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The use of polymeric materials from renewable resources has a long history, with naturally
occurring polymers being among the first materials used by men. In the 19th century, natural materials,
such as casein, natural rubber, and cellulose, were modified to obtain useful polymeric materials.
Over the past few decades, the production and application of synthetic polymers have seen an almost
exponential increase. However, concerns regarding depletion of fossil resources, disposal and related
issues, as well as government policies, have led to a continuously growing interest in the development
of sustainable, safe, and environmentally friendly plastics from renewable resources [1,2].

Sustainable polymers from renewable resources can be obtained through chemical modification
of natural polymers, such as starch, cellulose, or chitin [3,4].

Biobased polymers can also be synthesized through a two-step process from biomass
(lignin, cellulose, starch, plant oils) [5-7].

Traditional (drop-in) monomers such as ethylene, 1,2-ethanediol, terephthalic acid, or novel
monomers like lactide, 2,5-furandicarboxylic acid, 1,4-cyclohexane dicarboxylic acid, furfuryl alcohol,
or isosorbide can be obtained through chemical or biochemical conversion [8,9]. All the above
can then be polymerized to produce biobased plastics. Therefore, biopolyethylene (bio-PE),
bio-poly(ethylene terephthalate) (bio-PET), new polymers such as poly(lactic acid) and poly(ethylene
2,5-furandicarboxylate) (PEF), and even thermosetting polymers can be synthesized from renewable
monomers and are expected to play a key role in biobased economy in the near future [10,11].

Finally, polymer synthesis can be achieved in plants through photosynthesis using carbon dioxide
(CO,) or by microorganisms, e.g., synthesis of poly(hydroxy-alkanoate)s [2]. CO, is also used to
synthesize nonisocyanate polyurethanes [12,13].

In general, there are four main strategies to arrive at polymers with tailored properties:
(a) selection of the most appropriate monomers for homopolymer production; (b) copolymerization;
(c) blending; and (d) use of fillers, fibers, and additives to obtain composites. Apart from the
commercialization of the abovementioned biobased and recyclable, but nondegradable, homopolymers
(PEE, bio-PE, bio-PET), the use of biodegradable polyesters, such as poly(lactic acid) (PLA),
poly(B-hydroxybutyrate) (PHB), poly(butylene adipate) (PBA), poly(butylene succinate) (PBS),
or poly(e-caprolactone) is expected to expand in near future due to their favoring life cycle [14,15].

Biocomposites can be prepared by exploiting the characteristics of the above polymers as well
as those of lignocellulose fibers or other biobased fillers. Other biomass-derived materials can also
be elaborated for the modification of renewable or fossil-based polymers, e.g., internal plasticizers of
polyvinylchloride (PVC).

Uses of polymeric materials from biomass include packaging applications, antimicrobial films,
fibers, foams, or coatings production as well as applications in medicine and pharmaceutics [16].
Drug delivery systems, such as drug-loaded micro- or nanoparticles, are a topic of particular interest,
considering applications of biodegradable and biocompatible polymers from biomass.

Contents of This Issue

In this issue, the recent developments in biobased polymers toward general and engineering
applications are reviewed [17]. The development of antimicrobial films using plant secondary
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metabolite-derived polymers is also discussed [18]. Trends in PLA and poly(hydroxy-alkanoate)s
(PHA) nanocomposites are presented [19], and important features such as crystallization and
stereocomplexation of PLA in multiblock copolymers, as well as biodegradation and mechanical
properties of PLA in biocomposites, are studied [20-23].

Details of PEF synthesis applying solid state polymerization are given by Bikiaris and
co-workers [24], and the results of structural investigation of the polymorphic forms of this most
promising biobased polyester are reported by Maini et al. [25].

Studies on synthesis of poly(butylene 2,5-furandicarboxylate) (PBF)-related copolyesters
containing isophthalate units via ring-opening polymerization and also synthesis and characterization
of nanocomposites containing bacterial cellulose based on PBF and related copolymers with butylene
diglycolate are included in this issue [26,27].

Sanchez-Lopez et al. have prepared renewable polyesters from isosorbide, 2,5-furandicarboxylic
acid (FDCA) succinic acid, 1,3-propanediol, and 1,5-pentanediol for coating applications,
while copolyesters based on cyclohexanedicarboxylic acid are synthesized and the gas barrier
properties of them are evaluated [28,29].

Polymerization of furfuryl alcohol (FA), which is also a biobased monomer derived from
lignocellulosic biomass, is also investigated [30].

Starch-based materials play their own role in biobased materials. Thermoplastic potato
starch/halloysite nano-biocomposites are prepared and characterized in a paper in this issue [31].

Polyethylene biocomposites for 3D printing, as well as biocomposites of lignocellulosic biomass
and recycled PET, are prepared and characterized [32,33]. Biodegradable poly(e-caprolactone) blends
with ionic liquid are studied in regard to their crystallization characteristics [34]. Furthermore, the use
of a green binder based on enzymatically polymerized eucalypt kraft lignin for fiberboard applications
is tested [35].

Foamed polymeric composite materials based on polyurethane or PHB with lignin or cellulose are
prepared and studied. Lipase-catalyzed synthesis, properties, and application of biobased dimer acid
cyclocarbonate with potential applications in nonisocyanate polyurethanes are also studied [36-39].

Referring to improvements in thermoplastics with internal or external plasticization using
renewable materials, poly(vinyl chloride) is modified and plasticized by grafting cardanol groups.
Polystyrene is also modified with eugenol for liquid crystal orientation [40,41].

Membranes made of porous regenerated cellulose—suitable bioadsorbents for wastewater
treatment—are prepared in two modification stages involving oxidation on both sides and then
functionalization with polyethylenimine [42].

Pyrolysis is a technique that can be applied to arrive at monomers and starting materials from
renewable resources. In this context, Jiang et al. evaluate the effect of glycerol pretreatment on
levoglucosan production by fast pyrolysis [43].

The applications of biopolymers in medicine and pharmaceutics are also included in the scope of
this issue. The role of hyaluronic acid in promoting the osteogenesis of the human bone morphogenetic
protein-2 in an absorbable collagen sponge is investigated by Huang et al. [44].

Moreover, some cases of applications of polymers from renewable resources in drug delivery
systems are examined. An example of such a polymer with interest in drug delivery is chitosan.
The potential for tailoring drug release rates by changes in the particle engineering of chitosan-based
powders is examined, while thiolated chitosan masked microspheres with mesocellular silica foam are
proposed for intranasal delivery of paliperidone [45]. Starch-chitosan polyplexes are also tested as
carrier for anti-infectives and gene delivery by Yasar et al. [46,47].

Fucoidan is a polysaccharide composed of chemical units that can be specifically recognized by
alveolar macrophages. Inhalable fucoidan microparticles combining two antitubercular drugs—isoniazid
and rifabutin—are prepared and evaluated [48]. Furthermore, poly(lactic acid) and poly(lactic
acid-co-glycolic acid) (PLGA) nanoparticles are extensively used in drug delivery. In this issue,
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the dual drug delivery of sorafenib and doxorubicin from PLGA and poly(ethylene glycol)-poly(lactic
acid-co-glycolic acid) (PEG-PLGA) polymeric nanoparticles is investigated by Babos et al. [49].

Finally, novel isocyanate-modified carrageenans are prepared and characterized as sorbent

materials for preconcentration and removal of diclofenac (DCF) and carbamazepine (CBZ) in different
aqueous matrices (surface waters and wastewaters) [50].

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The main motivation for development of biobased polymers was their biodegradability,
which is becoming important due to strong public concern about waste. Reflecting recent changes
in the polymer industry, the sustainability of biobased polymers allows them to be used for general
and engineering applications. This expansion is driven by the remarkable progress in the processes
for refining biomass feedstocks to produce biobased building blocks that allow biobased polymers
to have more versatile and adaptable polymer chemical structures and to achieve target properties
and functionalities. In this review, biobased polymers are categorized as those that are: (1) upgrades
from biodegradable polylactides (PLA), polyhydroxyalkanoates (PHAs), and others; (2) analogous
to petroleum-derived polymers such as bio-poly(ethylene terephthalate) (bio-PET); and (3) new
biobased polymers such as poly(ethylene 2,5-furandicarboxylate) (PEF). The recent developments
and progresses concerning biobased polymers are described, and important technical aspects of
those polymers are introduced. Additionally, the recent scientific achievements regarding high-spec
engineering-grade biobased polymers are presented.

Keywords: biobased polymers; biodegradable polymers; polylactides (PLA); poly(hydroxy
alkanoates) (PHAs); bio-poly(ethylene terephthalate) (bio-PET); poly(ethylene 2,5-furandicarboxylate)
(PEF); biobased polyamides; succinate polymers; polyterpenes; modified lactide

1. Introduction

In the mid-20th century, the polymer industry completely relied on petroleum-derived chemistry,
refinery, and engineering processes. The negative impacts of these processes on the environment
was scientifically discussed in this period, but the processes were not changed in industrial settings
until their negative effects reached a critical level around the 1980s. At this point, biodegradable
polymers such as polylactides (PLA), poly(hydroxy alkanoates) (PHAs) succinate derived polymers,
and others began to develop, and practical biodegradable polymers were commercialized and launched,
solving many waste problems in the agricultural, marine fishery, and construction industries, among
others [1,2]. The development of biodegradable polymers is recognized as one of the most successful
innovations in the polymer industry to address environmental issues.

Since the late 1990s, the polymer industry has faced two serious problems: global warming
and depletion of fossil resources. One solution in combating these problems is to use sustainable
resources instead of fossil-based resources. Biomass feedstocks are a promising resource because
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of their sustainability. Although biomass is the oldest energy source, having been used for direct
combustion since the Stone Age, it is still uncommon to utilize biomass as chemical building blocks
and fuel during refinery processes [3]. The development of refinery processes has been dramatically
accelerated due to improvements in the combinations of chemical and biological pathways for
production of, for example, bio-ethanol, bio-diesel, and bio-olefins [4-6]. Biomass feedstock can be
converted into raw materials for polymer production, and the resulting polymers are called “biobased
polymers” [7-10]. As the term “biobased polymers” is still relatively new in polymer science and
industry, it is sometimes confused with other terms such as biopolymers, biodegradable polymers,
and bioabsorbable polymers. More specifically a biopolymer is classified as a natural polymer formed
by plants, microorganisms, and animals. Naturally derived biomass polymers are termed “1st class
biobased polymers” for and bio-engineered polymers (vide infra) as “2nd class biobased polymers”.
Biopolymers show biodegradability, but this class of polymers does not include artificially synthesized
biodegradable polymers. Biodegradable polymers include both naturally derived ones and artificially
synthesized ones. They are sometimes defined as biocompostable polymers, especially in waste,
agricultural, fishery and construction industries. The term biodegradable polymer is also used for
medical, pharmaceutical, and bioengineering applications. Biodegradable polymers consisting of
naturally derived building blocks are also called bioabsorbable polymers, when they are specifically
applied for medical, pharmaceutical, or other bioengineering applications.

The importance of biobased polymers is well known, and much research and development
activities concerns the use of biobased polymers in science, engineering, and industry. Generally,
biobased polymers are classified into three classes:

e  Ist class; naturally derived biomass polymers: direct use of biomass as polymeric material
including chemically modified ones such as cellulose, cellulose acetate, starches, chitin, modified
starch, etc.;

e 2nd class; bio-engineered polymers: bio-synthesized by using microorganisms and plants such as
poly(hydroxy alkanoates (PHAs), poly(glutamic acid), etc.;

e 3rd class; synthetic polymers such as polylactide (PLA), poly(butylene succinate) (PBS),
bio-polyolefins, bio-poly(ethylene terephtalic acid) (bio-PET) [8,9].

Usually, 1st class is directly used without any purification and 2nd class polymers are directly
produced from naturally derived polymers without any breakdown, and they play an important role
in situations that require biodegradability. Direct usage of 1st and 2nd class polymers allows for more
efficient production, which can produce desired functionalities and physical properties, but chemical
structure designs have limited flexibility. Monomers used in 3rd class polymers are produced from
naturally derived molecules or by the breakdown of naturally derived macromolecules through the
combination of chemical and biochemical processes. As breakdown processes allow monomers to have
versatile chemical structures, polymers comprised of these monomers also have extremely versatile
chemical structures. It is practically possible to introduce monomers in 3rd class polymers into the
existing production system of petroleum-derived polymers. For the above reasons, the 3rd class of
biobased polymers is the most promising. Some of these 3rd class polymers such as bio-polyolefines
and bio-PET are not supposed to enter natural biological cycles after use. Thus, the contribution
for reducing environmental impact from these polymer classes is mainly derived from reducing the
carbon footprint. In Table 1, the chronological development and categorization of biobased polymers
that are based on application fields are displayed and compared with those of petroleum-derived
polymers. From 1970 to 1990, PLA (low L-content) and poly(hydroxy alkanoates) (PHAs) are the most
important and representative development of biobased polymers [11]. During that period, scientists
developed a fundamental understanding of biobased polymers for future applications. Since the 1990s,
biobased polymers have gradually shifted from biodegradable applications to general and engineering
applications. High L-content PLLA, high molecular weight PHAs, and stereocomplexed-PLA (sc-PLA)
(low T, grade) are important examples of this development. The deliverables of these were effectively
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applied to industrialize general applications of PLLA, PHAs, and succinate polymers. In this period,
high-performance new-generation PLAs, such as sc-PLA (high Ty, grade) [12] and stereoblock-PLA
(sb-PLA) [13], were proactively created. After the successful upgrading of these biodegradable
polymers, more promising building blocks have been identified to create more attractive chemical
structures for biobased polymers [6], which are known as the US Department of Energy’s (DOE’s) 12
top biobased molecules [14]. Around 2010, engineering-grade biobased polymers that were analogous
to petroleum-derived polymers such as poly(ethylene terephthalate) (PET) and polyamides began to
be applied to industry. Completely new biobased polymers with the potential for super-engineering
applications also started to appear around 2010. It is expected these will be applied to new applications
and conventional petroleum-derived polymers will rarely be used in the distant future.

Table 1. Development of biobased polymers and comparison with petroleum-derived polymers.

Petroleum-derived

Biobased polymers

polymers
Industry Industrial approach Scientific approach
Super-engineerin, since 1960 not vet since 2010
D oen® PEEK, PSU, PES, PPS, v bio-LCP, bio-PEEK
PP PEI, PAI, LCP (new generation)
since 1950 since 2010 since 2000

Engineering/semi-engineering
applications

Polyamide, POM, PC,
PPO, PET, PTT, PBT,
ultra-high MW PE, HIPS

bio-PET, bio-PTT, bio-PBT,
bio-polyamide (analogous to
petroleum-derived ones)

polyterpenes, PEF,
bio-polyamide, sc-PLA
(high Try), sb-PLA (high Try)

(new generation)

since 1930

General applications PE, PP, PS, PMMA,

since 2000
PLLA (high-L content)
reinforced PHAs, PHAs

since 1990
sc-PLA (low Ty), PHAs
(super high MW), succinate

PVC, ABS blends, succinate polymers, polymers (upgrading from
bio-PE/PP biodegradable polymers)
. . . i 1970 since 1990 since 1970
Biodegradable/biocompatible sinee
applications PCL, PEG PLLA (low-L content) PBS, PLA, PHAs,

PHAs, PGA, polysaccharides succinate polymers

Recent economic studies have revealed that biobased polymers can create new business opportunities
and stable growth in new, plastic markets [15,16]. Actual growth is influenced by the current events and
issues concerning economics, politics, and international affairs, but stable growth of the biobased polymer
industry was observed in all proposed scenarios [15]. The strong social interest in a sustainable society
is still the most important factor in the development of these polymers, but recent improvements in the
quality and functionality of biobased polymers have led the growth of these plastic markets. There are
several successful examples of industrialization of these polymers, including pilot-scale production of
polylactide (PLA) at NatureWorks and Corbion/Total; poly(trimethylene terephthalate) (PTT) at DuPont;
poly(isosorbide carbonate) at Mitsubishi Chemicals; biobased polyamides at Arkema, Toray, BASE, DSM,
and others; and poly(ethylene 2,5-furandicarboxylate) (PEF) at Synvina.

Biobased polymers are being applied to general and engineering situations. For example, because
of improvements in the physical durability and processability of PLA, it has been used in the
packaging industry [17-19]. In addition, due to the superior gas barrier properties of PEF, it is
being used for bottles, films, and other packaging materials in the food and beverage industry [20,21].
Further, biobased PTT is analogous to petroleum-derived PTT, and its biobased, sustainable nature
and intrinsic flexible chain properties allow comfortable stretching and shape recovery properties
are attractive promising [22]. However, the stability of the production and processability of these
biobased polymers can still be improved. The current general approach to improving processability is
physical modification and optimization of polymer processing, including optimization of processing
parameters, extruder screw design, selection of appropriate additives, and post-orientation for
strain-induced crystallization. These developments in processing conditions have made biobased
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polymers analogous to certain petroleum-derived polymers. In addition to physical modification and
optimization, the importance of chemical modification and optimization has been emphasized as they
allow for further improvement and new functionalities of biobased polymers. This review introduces
recent important developments in chemical modifications of biobased polymers and development of
new biobased building blocks for new generation biobased polymers.

2. Biobased Polymers: Upgraded from Biodegradable-Grade Polymers

PLA, PHAs, and succinate polymers are the most common biobased polymers since they have
been successfully applied in the biodegradable plastic industry. The biodegradability of these polymers
has been utilized to solve environmental issues, such as waste and public pollution. Due to changes
in the social requirements for biodegradable polymers, it is necessary to improve the performance
of biodegradable polymers so they can be used for general and engineering applications. The recent
examples of development and applications of PLA, PHAs, and succinate polymers are described. Their
fundamental properties and chemistries are also introduced.

2.1. Polylactide (PLA)

2.1.1. High L-Content PLA (PLLA)

PLA is generally prepared via ring-opening polymerization (ROP) of lactide, which is a cyclic
dimer from lactic acid. Direct polycondensation from lactic acid is also performed, but ROP is the
standard process in most industries. PLA has a chiral active chain structure, and controlling it allows
one to determine the physical properties of PLA. The relationship between the physical properties
and L-unit content of PLA has been comprehensively studied [23]. Regarding the effectiveness of
biological production, L-lactic acid has superior productivity compared to D-lactic acid. Therefore,
poly(L-lactide) (PLLA) is more commonly commercialized. The parameters listed in Table 2 are related
to crystallinity. The table shows a clear trend in which the physical properties of PLA are improved by
increasing the purity of the L-unit content. The growth rate of spherulite and increase in L-unit content
are almost proportional; when the L-unit content is increased 1.0%, the growth rate of spherulite is
increased about 2.0 times. Other parameters concerning the crystallization properties of PLA show a
similar trend; crystallinity depends on crystallization conditions, but in this report, it is described that
crystallinity increases 1.3 times when L-unit content is increased 1.0%. The common crystal structure
of highly pure homo-chiral PLA is pseudo-orthorhombic and consists of left-handed 103-helical chains,
which are generally called x-forms [24-26]. A slightly disordered pseudo-orthorhombic PLA is called
an o’-form [27,28]. Because of the slightly disordered structure of the a’-form, an «’-form based PLA
crystal has lower thermal and physical properties than those of a-form. Table 3 summarizes the
infrared spectroscopy (IR) frequencies of x-forms and «’-forms. Although both a-forms and o’-forms
have the same helical conformation, IR analysis of these forms reveals different results, which can be
utilized for detection of crystallization form of PLA [29]. The chemical structure and conformation of
homo-chiral PLLA are shown in Figure 1.

Table 2. Poly(L-lactide) (PLLA) crystallization parameters [23].

Approximate value of growth

_Purity (° 5 s 02 L3 R s s
L-Purity (%) My (X10°) rate of spherulite (um/min) ! ts (min) ty1/, (min) te (min) Crystallinity (%)
99.75 1.39 52 0.97 3.02 8.12 37.8
98.82 1.55 42 247 8.04 16.48 31.9
97.79 1.42 24 5.19 14.2 28.69 23.7

! From analysis performed using polarized optical microscopy for isothermal crystallization at 130 °C (Approximate
values from plot of Figure 2 in Reference [23]); 2 starting time of crystallization at 110 °C; 3 half-crystallization time
at110 °C; 4 ending time of crystallization at 110 °C; 5 Crystallinity after completion of crystallization at 110 °C.
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Table 3. IR frequencies of amorphous, o’-form, and a-form PLLA [29].

Amorphous (em™1) o’-Form (cm™1) «-Form (cm™1)
Vas (CH3) 2995 2997 ;(9)(9)2
vs (CH3s) 2945 2946 ;322
v (C=0) 1757 1761 i;ig
das (CH3) 1454 1457 }jii
55 (CHj) 1387 1386 ggg

2.1.2. Stereocomplexed PLA

Sc-PLA is a complex form of PLLA and poly(D-lactide) (PDLA) that was initially reported as
an insoluble precipitant for solutions [30]. As the chemical properties of PLA change during the
formation of sc-PLA, the original solubilities of homo-chiral PLAs are lost. As a result, sc-PLA is
selectively precipitated as granules made from sc-PLA crystallites. A sc-PLA film is created from the
Langmuir-Blodgett membrane when PLLA and PDLA are combined [31]. In addition, PLLA and
PDLA with molecular weights as high as 1000 kDa have preferable stereocomplexation on the water
surface. Further, sc-PLA is assembled on a quartz crystal microbalance (QCM) substrate by stepwise
immersion of the QCM in acetonitrile solutions of PLLA and PDLA [32]. The Langmuir-Blodgett
membrane and assembled methods are interesting new approaches to achieve nano-ordered structural
control of sc-PLA layers.

A striking property of sc-PLA is its high Tr, (around 230 °C). This is 50 °C higher than the
conventional Ty, of homo-chiral high L-content PLLA. In contrast to the stereocomplexation of high
molecular weight PLA in a solution state, a simple polymer melt-blend of PLLA and PDLA is usually
accompanied by homo-chiral crystallization of PLLA and PDLA, particularly when their molecular
weight is sufficient for general industrial applications.

The homo-chiral crystals deteriorate the intrinsic properties of sc-PLA, but this drawback can be
overcome using sb-PLA. A sb-PLA with an equimolar or moderate non-equimolar PLLA to PDLA ratio
features 100% selective stereocomplexation [13]. Therefore, formation of homo-chiral PLA-derived
crystallization, which is known to cause poor physical performance of sc-PLA produced from direct
combination of PLLA and PDLA, is prevented. An important issue with sb-PLA is that its Tg is
identical to that of homo-chiral PLA, and thus the final thermal durability of sb-PLA is controlled by
Tg due to its relatively low crystallinity. The chemical structure of sb-PLA and conformation of sc-PLA
from a combination of PLLA/PDLA are shown in Figure 1.
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Figure 1. Chemical structures and conformation of PLA: (a) chemical structures and chirality;
(b) conformation of PLLA (homo-chiral) [33]; and (c) conformation of sc-PLA from a combination of
PLLA and PDLA [34].

(¢)

2.1.3. Examples of PLA Applications

Although the application of PLA was limited to biodegradable plastics in the early stage of
its development, it has been successfully applied to general and semi-engineering situations and
achieved successful commercialization. The most common commercialized PLA in the world is
made by NatureWorks, which trademarked their PLA “Ingeo” [35]. Currently, there are more than
20 commercialized types of Ingeo with both amorphous and semi-crystalline structures, allowing
customers to choose the PLA that is appropriate for their specific situations (Table 4). Another important
player affecting the industrialization of PLA is Corbion/Total. Now, there are many commercial-grade
PLAs on the market, such as Biofoam, made by Synbra; Revode, made by Zhejiang Hisun Biomaterials
Biological Engineering; Futerro, made by Futerro; Lacea, made by Mitsu Chemicals; and Terramac, made
by Unitika. sc-PLA will play a key role in future engineering applications of PLA. Biofront, made by
Teijin, is a good example of the industrial development of sc-PLA [36]. This product features high physical
properties, including a melting point of 215 °C, HDT of 130 °C to 0.45 MPa, and a modulus of 115 MPa
at 23 °C. These properties are considered suitable enough for sc-PLA to replace petroleum-derived
engineering plastics.

Table 4. Properties of commercial-grade Ingeo PLA [9].

Ingeo type Application MEFR (g/10 min, 210 °C/2.16 kg) Tm (°O) Tg (°C)
2003D 6 145-160 55-60
3001D extrusion, injection 22 155-170 55-60
3251D -1 80 155-170 55-60
3801X 155-170 45
4032D il heet 7 155-170 55-60
4060D i, shee 10 - 55-60
6060D 8 122-135 55-60
6252D fiber, non-woven 80 155-170 55-60
6752D 14 145-160 55-60
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2.2. Poly(hydroxyalkanoates) (PHAs)

PHAs are members of a family of polyesters that consist of hydroxyalkanoate monomers.
In nature, they exist as homopolymers such as poly(3-hydroxybutyrate) (P3HB) or copolymer
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) [37]. PHAs exist as granules of pure
polymer in bacteria, which are used as an energy storage medium (akin to fat for animals and starch for
plants). PHAs are commercially produced using energy-rich feedstock, which is transformed into fatty
acids on which the bacteria feed. During industrial production of PHAs, after a few “feast-famine”
cycles, cells are isolated and lysed. The polymer is extracted from the remains of the cells, purified,
and processed into pellets or powder [37]. In addition to using pure feedstock as a source of energy for
PHAs production, there are on-going efforts to use energy-rich waste water as feedstock and thus as
PHAs [38]. Production of PHAs can be improved using genetic modification, either by increasing the
amount of PHAs-producing bacteria or by modifying plants to start making PHAs [39,40]. As chemical
synthesis of PHAs via the ROP of a corresponding lactone is feasible, ROP of lactones for PHAs can
be done via metal-based or enzymatic catalysts [41]. However, the chain of chemically synthesized
PHAs is shorter in length than that of biologically synthesized PHAs. The latter also ensures great
stereo control and enantiomeric pure (R) configuration in almost all PHAs. Through depolymerization,
enantiomeric purity allows for the creation of an enantiomeric monomer that can be used as a building
block [42]. On the other hand, when pure (S)-methyl 3-hydroxybutyrate is used as feedstock for the
production of PHAs, the corresponding (S)-configuration polymer is produced [43].

The biological synthesis of P3HB is displayed in Figure 2. Sugars in the feedstock are converted
to acetates, which are complexed to coenzyme A and form acetyl CoA. This product is dimerized to
acetoacetyl A. Additionally, through reduction, hydroxy butyryl CoA is polymerized.

)Ol\ o 0 OH © 0
Sugars — = — - — - N i
SCoA MSCGA /\)J\SCDA o)

n

Figure 2. Biological synthesis scheme of P3HB.

PHAs consisting of 4-14 carbon atoms in the repeating unit are called “short chain length
PHAs” (sCL-PHAs) or “medium chain length PHAs” (mCL-PHAs) [44]. Some of these PHAs
are commercialized. The average molecular weight (My,) of PHAs corresponds to their chain
length. Typically, the M, of sCL-PHAs is around 500,000, while that of mCL-PHAs is lower than
100,000. In large part, the chain length of PHAs determines the flexibility of the polymer, with
short chain butyrate providing the most rigidity and longer side chains disturbing crystal packing,
resulting in more flexibility. Long chain length PHAs, which consist of repeating units of more
than 14 carbon atoms, and PHAs that consist of either aromatic or unsaturated side-chains are
rarely commercialized. The most commonly commercialized PHAs are P3HB, P(3HB-co-3HV) and
P(3HB-co-3-hydroxyhexanoate) (P(3HB-co-3HH)), the thermal and physical properties of which are
displayed in Table 5. P3HB has a Tg of 4 °C, which becomes lower when the PHAs has a longer chain
length. The Ty, of PHAs decreases with increasing chain length; P3HB has a melt temperature of
160 °C, while the melt temperature of PBHB-co-3HV is only 145 °C. Both Ty and T, can be altered by
changing the ratio of repeating units. The chemical structures of PHAs are shown in Figure 3.

12



Polymers 2017, 9, 523

Table 5. Thermal and mechanical properties of representative PHAs [45].
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Figure 3. Chemical structures of PHAs.

P3HB crystalizes in an orthorhombic structure (P3HB: a = 5.76 A,b=1320 A, and c = 5.96 A),
and its crystallinity can reach 80% [46]. Pure P3HB has poor nucleation density, leading to slow
crystallization, due to the formation of large crystallites induced by poorly dispersed nucleation points.
A promising way to improve crystallization speed is quiescent crystallization in isothermal conditions,
which are 10-20 °C lower in temperature than crystallization conditions. This allows crystallization
with the most possibility for arranging chains. It should be applied with appropriate nucleation
agents for optimum processing in industry. Processing PHAs is challenging compared to conventional
petroleum-derived polymers because of their sensitivity to thermal degradation and slow solidification
due to slow crystallization. The degradation temperature of PHAs is around 180 °C, which is near
the optimum processing temperature for polyester. A rapid increase of shear-induced internal heat
can cause severe degradation, leading to a drop in molecular weight and discoloration. For these
reasons, it is important to precisely monitor and control the practical temperature in extruders during
processing of PHAs. Processing PHAs is challenging also due to their low durability and tackiness in
the final product due to insufficient crystallinity. Cooling below the T can easily decrease tackiness,
but the Tg of PHAs is 0 °C or lower, which is not an easily controllable temperature for the conventional
extruders and molders used in the plastic industry.

2.3. Polysaccharides

Carbohydrates are probably the most prevalent group of organic chemicals on earth.
Encompassing monosaccharides, disaccharides (commonly known as sugars), oligosaccharides, and
polysaccharides, they are present in all lifeforms. Polysaccharides include well known polymers, such
as cellulose and starch and their derivatives, as well as more exotic polymers, such as chitosan and
pectin. In this review, we will briefly focus on cellulose and starch. The chemical structures of cellulose
and starch are shown in Figure 4.
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Cellulose ™~ gy
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Figure 4. Chemical structure of cellulose and starch.

Cellulose, or more specifically, cellulose nitrate, has a special place in the history of polymer chemistry:
it is the first polymer to be deliberately synthesized by human beings during the quest for synthetic ivory.
Cellulose nitrate resulted in further derivatives of cellulose, such as cellulose acetate because of the safety
aspects in handling and processing. Cellulose derivatives are still used on a wide scale in film, cigarette
filters, and biomedical applications [47]. Other cellulose products, such as paper and cotton clothes, can
be viewed as polymeric products. Cellulose is important to the polymer industry due to its abundance
in plant fibers. It is not used as a polymer matrix but as an additive; the incorporation of natural fibers
(e.g., wood, hemp, and flax) into a polymer compound improves the mechanical properties of the final
product. The current focus of cellulose research is nano-cellulose, including cellulose nano-fibers and
nano-crystalline cellulose [48-50]. Cellulose nanofibers are delaminated fibrils with a small diameter
(5-25 nm) and long length (micrometer scale). Cellulose nano-fibers have interesting properties, such as
high tensile strength and absorbance ratio. Nano-crystalline cellulose—tiny crystals of cellulose—is of
interest due to its high mechanical load and shear thinning properties. Both materials are produced from
wood fibers after intensive physical, chemical, and separation procedures.

As previously mentioned, starch is a means for obtaining and storing energy in plants. Starch-rich
plants have been used for ages as sources of food, and starch is very commonly extracted for use
in industry. Starch is stored in granules containing linear amylose and branched amylopectin. Both
feature repeating units of D-glucose linked in « 1,4 fashion, with amylopectin containing about
6% of 1,6 linkages. A natural starch is not directly applicable for a processing, rather starch and
water are passed through an extruder which produces thermoplastic starch (TPS) [51,52]. TPS is
however not stable and retrodegradation is an issue; i.e., TPS tries to revert to its natural starch
form. The main process hereby is the gelatinization of the starch granules which causes swelling of
the amorphous parts of the granules. To stabilize the thermoplastic starch plasticizers (e.g., glycol
and sugars) are added. An interesting approach to improve starch processability is a formation of
amylose-lysophosphatidylcholine complexation to control rheological behaviors [53]. The induced
lower modulus proved the formation of particle gel, resulting in less retrogradation. The complexation
is also able to decrease the susceptibility of starch granules against amylase digestion [54,55].

2.4. Succinate Polymers

As biobased succinic acid (SA) becomes more commercially available, more biobased succinate
polymers are being developed [56,57]. Poly(butylene succinate) (PBS), which is produced by direct
polycondensation of SA and butanediol (BD), is one of the most well-known succinate polymers [58].
Both SA and BD for commercialized PBS were only produced from fossil fuel resources until recently,
but the high interest in green sources led to the discovery that the two monomers can be obtained from
refined biomass feedstock.

The widely commercialized PBS named “Bionolle” was launched by Showa Denko in 1993,
and 3000-10,000 tons are produced per year. Since 2013, Succinity, a joint venture of BASF and
Corbion, has been able to produce 10,000 tons of 100% biobased PBS. Poly(ethylene succinate) (PES)
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produced via polymerization of succinic acid and ethylene glycol is biodegradable and could also
be sourced from biobased building blocks [59]. PES was commercialized by Nippon Shokubai from
fossil resources. It has been claimed that PES is suited for film applications due to its good oxygen
barrier properties and elongation. Copolymers of succinic acid and other dicarboxylic acids, such as
adipic acid for poly(butylene succinate-co-butylene adipate) [60], poly(butylene succinate-co-butylene
terephthalic acid) [61], and poly(butylene succinate-co-butylene furandicarboxylate) [62], have been
reported. Figure 5 shows the chemical structures of the presented succinate polymers. Because of
these polymers’ relatively long alkyl chains, they usually have soft properties; for instance, PBS has a
T'm of 115 °C and tensile strength of 30-35 MPa. Thus, succinate polymers are usually considered an
alternative to polyolefins in the packaging industry.
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Figure 5. Chemical structures of succinate polymers.

3. Biobased Polymers Analogous to Conventional Petroleum-Derived Polymers

3.1. Biobased Polyethylene (Bio-PE)

Due to soaring oil prices, bio-ethanol produced by fermentation of sugar streams attracted the fuel
industry in the 1970s. Bio-ethanol could also be chemically converted to bio-ethylene for production
of biobased polyethylene (bio-PE) [63]. A drop in the price of oil diminished the bio-PE market,
but the polymer continues to be exploited by important players such as Braskem due to increasing oil
prices and environmental awareness [64]. The big advantage of bio-PE is the fact that its properties
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are identical to fossil-based PE, which has a complete infrastructure for processing and recycling.
However, it faces direct competition with fossil-based feedstock, the price of which heavily fluctuates
(e.g., shale gas is cheap) [65]. The downside of biobased PE is that it is not biodegradable. However,
as will be shown next, some plastics produced from fossil fuel feedstock are biodegradable.

3.2. Biobased Poly(Ethylene Terephthalate) (PET) and Poly(Trimethylene Terephthalate) (PTT)

PET is a high-performance engineering plastic with physical properties that are suitable enough to
be applied to bottles, fibers, films, and engineering applications. While PET plays an important role in
the plastic market, huge consumption of this polymer results in serious environmental issues, especially
regarding waste, because of its poor sustainability and degradability. Polymer-to-polymer material
recycling of PET has been launched in some fields, but it is always accompanied by non-negligible
deterioration of the polymer’s physical properties in the final recycled products due to side-reactions
and thermal degradation, hydrolysis, and thermo-oxidative degradation during recycling. Ways to
chemically recycle PET are under development, but many technical difficulties, such as the high stability
of PET under normal hydrolysis, alcoholysis, or breakdown processes, must be overcome. To realize a
truly sustainable PET industry, it is important to establish sustainable production of monomers for
biobased PET (bio-PET) from sustainable resources, such as biomass. First, ethylene glycol (EG) from
petroleum-derived sources must be replaced by EG from biobased sources. The Coca-Cola Company
(TCCC), a beverage giant, has accelerated the production of bio-PET known as “PlantBottle” [66].
PlantBottle, which was launched in 2009, consists of 30% biobased materials, 100% biobased EG
(bio-EG) and petroleum-derived terephthalic acid (TPA).

Following this, biobased terephthalic acid (bio-TPA) is being developed to further improve the
sustainability of PET, as bio-TPA is produced from naturally derived sustainable biomass feedstock.
Theoretically, combining bio-EG and bio-TPA could achieve 100% natural biomass feedstock derived
bio-PET. Figure 6 shows the proposed development of bio-TPA from biomass feedstock. One of the
most important players in the development of bio-TPA is Gevo [67]. Based on technology announced
by Gevo, biobased isobutylene obtained from iso-butanol, which is produced by dehydration of sugar,
is a key building block in various chemicals, such as ethyl tert-butyl ether, methyl methacrylate,
isooctane, and other alkanes. For bio-TPA production, p-xylene is first produced by cyclization of
two isooctane molecules via dehydrogenation. Second, the p-xylene is converted to bio-TPA via
oxidation. However, this is not the only way to obtain bio-TPA; it has been proposed that bio-TPA
could be obtained from other biomass-derived products. Muconic acid, which is produced from sugar
through a combination of chemical processes and biorefinery, is one interesting building block for
bio-TPA [68]. After a series of stepwise cis—cis to trans—trans transitions of muconic acid, a tetrahydro
terephthalic acid (THTA) can be produced by an ethylene addition reaction, dehydrogenation of
which produces bio-TPA. Bio-TPA produced from limonene-derived building blocks is also under
development. p-cymene is a limonene-derived precursor that can be produced from chemical refinery
of limonene [69]. Oxidation uses concentrated nitric acid for the iso-propyl group, which reacts with
potassium permanganate. This oxidation results in 85% overall conversion from limonene, which is the
target in industrial applications. Bio-TPA from furan derivatives should be also featured, as biobased
furan derivatives such as 2,5-furan dicarboxylic acid (FDCA) are already in large scale pilot production
state [70-73]. Diels-Alder (DA) reaction is the key chemical reaction in the bio-TPA production
from furan derivatives. First, furfural is oxidized and dehydrated to produce maleic anhydride,
which is then reacted with furan to produce a DA adduct. Dehydration of the DA adduct results
in phthalic anhydride, which is converted to bio-TPA via phthalic acid and dipotassium phthalate.
Another interesting bio-TPA synthesis pathway involving DA was reported by Avantium, the leading
developer of biobased FDCA. Hydroxymethylfurfural (HMF) from fructose is an important precursor
of FDCA and is produced by hydrogenation to convert HMF to dimethyl furan (DMF). DMF is
converted to p-xylene through several steps, such as cyclization with ethylene by DA and dehydration,
and then the p-xylene is converted to bio-TPA. Another interesting approach is reported by BioBTX,
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which is building a pilot plant to produce aromatics (benzene, toluene, and terephthalate or BTX)
by means of catalytic pyrolysis of biomass (e.g., wood and other lignin-rich biomass resources) [74].
Figure 6 shows the four methods of bio-TPA production discussed above. Similar to bio-EG, bio-based
1,3-propoane diol (bio-PDO) is used for development of biobased poly(trimethylene terephthalate)
(PTT). Because of the good shape recovery properties of PTT due to its unique chain conformation,
PTT fibers are used in the carpet and textile industries. Partnering with Tate & Lyle and Genencor,
DuPont produces bio-PDO named “Susterra” by fermenting sugars from starches [75]. Susterra is
used as building block for biobased PTT named “Sorona”, which consists of 37 wt % sustainable
components. Biobased poly(butylene terephthalate) (PBT) will become an available biobased polyester,
since biobased production of monomer component BD is under steady development [76]. PBT is used
for special applications that require high dimensional stability and excellent slidability. It explores new
applications of biobased polymers when PET and PTT are rarely used.
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Figure 6. Proposed methods to achieve biobased TPA: (a) the iso-butanol method [67]; (b) the muconic

acid method [68]; (c) the limonene method [69]; and (d) the furfural method [70-73].

3.3. Biobased Polyamides

Development of biobased polyamides is accelerated by the recent progress in the refinery of
biobased building blocks. Table 6 lists the chemical structures, typical Ty, moduli, and suppliers of
commercialized biobased polyamides. Polyamides 6 and 6.6 are representative petroleum-derived
polyamides that are widely used for many general and engineering applications. Thus, making the
properties of biobased polyamides similar to those of polyamides 6 and 6.6 is a reasonable milestone
to set when creating realistic development strategies. Figure 7 shows the typical methods producing
building blocks and polymerizing biobased polyamides. As shown in Table 6, the thermal properties of
biobased polyamides containing four carbons (4C) are comparable or higher than those of polyamides
6 and 6.6. The high Tp, of 4C polyamides is accompanied by high thermal durability and mechanical
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strength, but the rigidity of these polyamides should be moderated to ensure stable processing in
practical extrusion and injection molding.

Table 6. Chemical structures, suppliers, Tr,, and moduli of biobased polyamides [77-79].

Source Chemical structure Examples of commercial suppliers Tm (°O) Modulus (GPa)

Polyamide 4 N.A. 265

Polyamide 4.6 DSM 295
Polyamide 4.10 DSM 250 13
Biobased Polyamide 6.10 Evonik 206 2.1
Polyamide 10.10 Arkema, Evonik 191 1.8
Polyamide 11 Arkema 185 1.0
Polyamide 12 Evonik 178 1.6
Petrol derived Polyamide 6 Chemical companies 218 3.0
etroleum derive Polyamide 6.6 Chemical companies 258 2.5
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Figure 7. Method of building block production and biobased polyamide polymerization: (a) biobased
polyamides from sugar; (b) from castor oil [78].
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Among the general techniques for moderation of rigidness, branching in the main chain
of a polymer may be the most promising for polyamide 4 [77]. In this report, 3- and 4-arm
branched polyamide 4 were prepared with high molecular weight, comparable to linear polyamides.
The branched structure improved mechanical properties without decreasing Tr,. Although promising
improvements were made in physical properties, there are some technical issues regarding polyamide
4 that must be overcome, including the level of gel formation during polymerization. When the
amount of initiator for branched polyamide 4 is higher than 3.0 mol %, some gelation occurs,
which might negatively affect the physical properties of the final product. For stable industrial
production of polyamide 4, the optimum polymerization process must be determined. Table 6 displays
polyamides that consist of 4C, 10-carbon (10C), 11-carbon (11C), and 12-carbon (12C) biobased building
blocks [77-79]. The 10C, 11C, and 12C comprising biobased polyamides have milder and softer physical
properties. However, these properties are prized for applications such as automotive fuel lines, bike
tubing, and cable coating, which require flexibility. Sebacic acid for C10 and 11-aminoundecanoic
acid for C11 are the building blocks for polyamides 4.10, 6.10, 10.10 and 11. The long alkyl chains of
these result in low water uptake and low density, which are advantages over conventional polyamides.
Besides the relatively low T, of polyamides 6.10, 10.10 and 11 compared to polyamides 6 and 6.6,
the flexibility of long alkyl chains is attractive for engineering applications that require high impact
resistance and resilience.

Another interesting approach to creating biobased polyamides is the development of biobased
lactams [80-82]. The proposed steps of lactam synthesis are rather complicated, but it is expected that
the tunable aspects of biobased lactams will lead to new functionalized polyamides in the near future.

4. Newly Developed Biobased Polymers
4.1. Poly(Ethylene 2,5-Furandicarboxylate) (PEF)

4.1.1. PEF from Condensation of Diol and FDCA

In the past, PEF was not considered special; it was a downgraded PET because of its slow
crystallization and low Tr,. Although the general flow of polymerization processes, physical properties,
and fundamental crystallography of PEF had been reported in the 1940s, the available information
was not sufficient for practical application. However, in 2008, some reliable information about PEF,
including its currently known polymerizations, was reported [83]. Around the same time, the widely
known thermal properties of PEF—Tr, around 210 °C and T around 80 °C—were reported [84]. Other
studies followed, increasing the scientific understanding of the physical properties of PEF. The thermal
decomposition temperature of PEF is approximately 300 °C, which also results in -hydrogen
bonds [85]. The brittleness and rigidity of PEF result in about 4% elongation at break [86]. PEF
is generally produced by polycondensation and polytransesterification of EG and FDCA, derivatives
of dichloride-FDCA, dimethyl-FDCA, diethyl-FDCA, or bis-(hydroxyethyl)-FDCA [85]. Solid-state
polymerization (SSP) is the key to obtaining high molecular weight, which enables PEF to be suitable
for engineering applications. These steps are analogous to industrial processes for producing PET. The
results of scientific studies have been successfully applied to pilot and upcoming industrial production
of PEF. The most widely known example of industrial PEF production is that of Synvina, a joint venture
of Avantium and BASEF. Figure 8 shows Avantium’s plan for production of PEF from FDCA derived
from fructose [87]. First, fructose is converted to 5-methoxy methyl furfural (MMF) by dehydration.
MMF is then treated by oxidation to produce crude FDCA, which can be highly purified to achieve
high-grade FDCA that can be used for production of PEF. With optimal modification, MMF and
hydromethyl furfural can serve as important intermediate biobased building blocks for fine chemicals.
Therefore, the side products of FDCA may create a new biobased industry. In Avantium’s plan, the
side product methyl levulinate is also considered an interesting chemical for development of biobased
building blocks. The important properties and functionalities of PEF are compared with those of
PET in Table 7 [88]. The remarkably high gas barrier properties of PEF should be emphasized; the
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high O, barrier is advantageous for packaging, leading to PEF’s practical application in the food and
beverage industry. Thermal properties of other poly(alkylene furanoates) (PAF) from FDCA and other
biobased aliphatic diols such as C3—C18 long alkyl chain liner alkyls are also reported [85,86,89-94].
The Tr and Tg of them constantly drop, as length of alkylene chain becomes longer, as it is represented
by Tm and Ty of PEF are 211 °C and 86 °C, poly(trimethylene furanoate) are 172 °C and 57 °C,
poly(butylene furanoate) (PBF) are 172 °C and 44 °C, and poly(1,6-hexanediol furanoate) are 144
°Cand 13 °C, respectively [92]. PAF consisting of isosorbide which has rigid and bulky structure is
also an interesting polymer because of its outstanding Tg [93]. The reported isosorbide containing
PAF shows Ty 196 °C with excellent amorphous properties. Long alkylene chain containing PAF
are also prepared by environmentally benign process i.e., enzymatic polymerization [95]. In this
report, the structure-property relationships for example, alkylene chain length and thermal properties,
crystallinity, and alkylene component were scientifically discussed and summarized. The enzymatic
polymerization was applied for FDCA based polyamide [96] and furan containing polyester from
2,5-bis(hydroxymethyl)furan and aliphatic dicarboxylic acid [97].
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Figure 8. Avantium’s PEF production process [87].

Table 7. Comparison of the physical properties of PEF and PET [88].

PEF PET
Density (g/cm?) 1.43 1.36
O, permeability 0.0107 0.114
CO, permeability 0.026 0.46
Ty (°C) 88 76
Tm (°C) 210-230 250-270
E-modulus (GPa) 3.1-3.3 21-22
Yield stress (MPa) 90-100 50-60
Quiescent crystallization time (min) 20-30 2-3

4.1.2. PEF from ROP

Although the improvements in polycondensation, polytransesterification, and SSP have enabled
PEF with a high molecular weight to be consistently and stably produced, it is still important to develop
an alternative method of polymerization of PEF for further functionalization and minimization of side
reactions. One interesting alternative is ROP from cyclic compounds consisting of FDCA and liner
alkyl diols (Figure 9). ROP is advantageous as it can precisely control molecular weight by adjusting
initiator and monomer ratio. Precise control of polydispersity can also be attained by reducing
trans-esterification. In addition, various sequence structures can be prepared by copolymerization
with other lactones, and end group functionalization. One study reported ROP of poly(butylene
2,5-furandicarboxylate) (PBF) [98]. In this report, cyclic oligomers of PBF are synthesized by reaction of
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furandicarbonyl dichloride (FDCC) and 1,4-butanediol in solution, and the obtained cyclic oligomers

were used for ROP at 270 °C in a bulk state. The molecular weight of the obtained PBF was too

low for practical applications, but the thermal properties were comparable to those achieved using
m=1or2

conventional polymerization.
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Figure 9. Synthetic scheme of cyclic oligomers for PEF and PBF [98,99].
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High molecular weight PBF and PEF were also obtained in another study [99]. The starting
cyclic oligomers were prepared by reaction of FDCC and corresponding diols, and the remaining
liner oligomer was carefully removed. The obtained cyclic oligomers were used for ROP, which was
catalyzed by stannous octoate. The final molecular weight was 50,000 with M, /My, of 1.4 for PEF
and 65,000 with My, /My of 1.9 for PBF. Differences in the physical properties of PEF obtained using
polycondensation/SSP and ROP have not been deeply studied yet, but these differences will lead to
new applications of PEF.

4.2. High-Performance PLA from Modified Lactides

The functional groups in the main chains of polylactones such as methylene, ester, and ether
control the properties and functionalities of these polylactones, but the functional groups in side chains
also play an important role. A simple example of an effect from difference in side group structure is the
difference in the thermal properties of polyglycolide (PGL) and PLA. The Tg and Tr, of PGL are around
40 °C and 230 °C, respectively, and those of PLA are 55 °C and 170 °C, respectively. In addition, methyl
substitution results in higher hydrophobicity, so the hydrolytic stability of PLA is higher than that of
PGL. This indicates that a desired functionalization of PLA can be managed by optimum substitution
of the methyl group of lactide for other functional groups to overcome the drawbacks of PLA, such as
low Ty and transparency.

It has been proposed that Tz can be improved by substituting methyl for a bulky functional group,
such as a phenyl group, and a phenyl-substituted lactide is practically reported by using naturally
derived phenyl containing mandelic acid [100]. Mandelic acid is a biobased «-hydroxy acid that is
widely used as a precursor for cosmetics, food additives, and other chemicals. Phenyl-substituted
lactide can be synthesized by cyclic dimerization of mandelic acid, also called mandelide, and the
reported Ty of polymandelide (PMA) is higher than 100 °C, which is high enough to be an alternative to
high-Tg petroleum-derived amorphous polymers such as polystyrene. The reported ROP of mandelide
is only applicable for meso-mandelide, which produces completely amorphous PMA, because the high
Tm and poor solubility of racemic mandelide are not suitable for ordinal ROP in bulk or solution state.

Another interesting polymerization of PMA is ROP of phenyl containing 1,3-dioxolan-4-one
(Ph-DXO) [101]. This method allows for control of the chiral structure of the final PMA by preparing
homo-chiral Ph-DXO, as Ph-DXO with any chirality has moderate solubility.

In addition, ROP of cyclic 0-carboxyanhydride can be used for synthesis of isotactic PMA. This
report is the first about isotactic PMA for crystalline PMA, and its Ty, is reportedly higher than
310 °C [102]. These thermal properties of PMA allow for new applications of biobased polymers.

Norbornene-substituted lactide also yields high-Tg PLA [103]. For norbornene substitution,
L-lactide is brominated, and then an elimination reaction produces (6S)-3-methylene-6-methyl-
1,4-dioxane, which is modified by DA reaction, producing norbornene modified lactide is produced.
When the norbornene-modified lactide is involved in a ring-opening metathesis reaction, a polymer
with narrow polydispersity and Tg of 192 °C is obtained.
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Substitution of methyl with a longer alkyl chain can be used to soften PLA by decreasing its Tg.
For example, ethylene-modified lactide results in T of 66 °C, n-hexyl-modified lactide results in Ty of
—37 °C, and iso-butyl modified lactide results in Tg of 22 °C [104]. The ROP scheme of high-Tg PLA is
shown in Figure 10, and the Tg values of the abovementioned substituted PLAs are listed in Table 8.

(@ (b)
0 —
o o o o o
P o OIQH
o) o OJ & a
Norbornene
meso-mandelide Ph-DXO OCA substituted lactide
Ring-opening
ROP -CH,0 -CO, methathesis
polymerization
0
0{; o
0 0
Phenyl substituted PLA
CH;

Figure 10. (a) Phenyl-substituted PLA; and (b) high-Ty polymer produced from norbornene-
substituted lactide.

Table 8. Chemical structure of modified lactides and their Ty values [100-104].

Modified lactide Tg of Polymers (°C)
Glycolide 40
methyl glycolide(lactide) 66
ethylglycolide 15
hexyl glycolide —37
isobutyl glycolide 22
cyclohexyl glycolide (meso) 96
cyclohexyl glycolide (iso) 104
meso-mandelide 100
Norbornene 192

4.3. Terpen-Derived Biobased Polymers

Terpens are a class of naturally abundant organic compounds that are the main component of
resins from a variety of plants, especially conifers. Terpens are used by plants for defense, deterring
herbivores and attracting predators or parasites to those herbivores. In addition, some insects emit
terpens from their osmeteria, such as termites and the caterpillars of swallowtail butterflies, also for
defensive reasons. A variety of chemical modifications and functionalizations, such as oxidation,
hydrogenation, and rearrangement of the carbon skeleton, can be applied to terpens, resulting in
compounds called terpenoids. Both terpens and terpenoids are used in essential oils and fragrances for
perfumes, cosmetics, and pharmaceuticals. The polymerizability of economically reasonable terpens
and terpenoids is being studied, and there are interesting reports of biobased polyterpenes, especially
in high-Ty polymers with excellent amorphous properties.
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Pinenes are an important and widely known class of terpen. Polypinenes consisting of alicyclic
hydrocarbon polymers comprised of 3-pinene or a-phellandrene have high T, (>130 °C), excellent
transparency, and amorphous character [105-107]. In the early stage of development, polypinenes
with high molecular weight are prepared by cationic polymerization using an optimum Lewis acid
under polymerization conditions. However, the temperature required for polymerization (lower than
—70 °C) is too low for industrial production.

Radical polymerization of modified pinenes has been reported to be an alternative to
cationic polymerization of pinenes [108]. In this report, a-pinene is transformed into pinocarvone,
which contains a reactive exo-methylene group involved in radical polymerization by chemical
photo-oxidation and visible-light irradiation. Radical polymerization of pinocarvone is performed in
relatively uncommon solvent to achieve high molecular weight and conversion as well as excellent
thermal properties (Tg higher than 160 °C). The above mentioned cationic and radical polymerization
methods are shown in Figure 11.

Limonene is classified as a cyclic terpen and the reason for the attractive smell of citrus fruits.
Limonene is an optically active molecule, and its D-isomer is common in nature. D-limonene is widely
used in the cosmetics and food industries. In addition to the economic value of limonene, it features
high reactivity during radical polymerization in biobased polymer applications. High-T, limonene
homo-polymers can achieve excellent glass morphology [109]. The kinetics study in that report also
indicates the possibility of high molecular weight and high polylimonene yield by optimizing the
polymerization conditions.

Copolymerization of limonene and other vinyl groups containing monomers is an approach to
synthesis of limonene copolymers [110]. One report presented a striking example of copolymerization
of limonene and carbon dioxide to yield a high molecular weight polycarbonate [111]. In this report,
limonene is converted to limonene-oxide, and polycarbonate obtained from copolymerization and
thiol-ene coupling achieved excellent T (>150 °C). There are also interesting reports of chiral active
polylimonens, as these show unique properties and stereocomplexability due to the interaction of
chiral counterparts [112-114]. A interaction of L-configured and D-configured polylimonene carbonate
forms a stereocomplex with Ty of >120 °C. Interestingly, the preferred crystallization of poly(limonene
carbonate) occurs only in a stereocomplexed formation.

_— —
O.

—
(b) Radical route o
n

(e)

T O |
Figure 11. Production of polyterpenes from (3-pinene using: (a) cationic polymerization [105]; and (b)
radical polymerization [108]; and (c) production from myrcene [115].

Myrcene is an organic olefinic hydrocarbon consisting of optically active carbon. 3-myrcene is
one of the main components of essential oils, but x-myrcene has not been found in nature and is used
in extremely few situations. In industry, 3-myrcene can be cheaply produced by pyrolysis of pinene.
There are several interesting reports concerning polymers comprised of myrcenes and their derivatives.
For example, myrcene can be converted to cyclic diene monomer, which produces an amorphous
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polymer (Figure 11) [115]. In addition, a copolymer of myrcene and dibutyl itaconate can be used for
functionalized applications [116], and the low Ty of the copolymer is promising for biobased elastomer
applications. The polymerization process and T of the featured polyterpenes are listed in Table 9.

Table 9. Polymerization process and thermal properties of polyterpenes [105-115].

Polymerization Ty (°C)

«-pinene free radical 162

B-pinene cationic 132

B-pinene cat%on%c 90

cationic 130

limonene oxide trans—carbonat%on 95
trans-carbonation 114

limonene oxide/phthalic anhydride ROP, ester 82
Myrcene/styrene emulsion —61
myrcene(3-methylenecyclopentene) cationic polymerization 11

4.4. Other Noteworthy Biobased Polymers

This section presents recent studies about new biobased polymers with physical properties that are
superior to conventional petroleum-derived polymers. By utilizing naturally derived phenols, which
contain aromatic rings, biobased liquid crystalline polymers (bio-LCP) can be developed. As the main
chemical bonds of bio-LCP are ester bonds, hydroxy and carboxylic acid, biobased building blocks
from natural phenols, can be used to produce bio-LCP. For example, 4-hydroxycinnamic acid (4HCA) is
one important phenol that can be used to introduce liquid crystalline properties into polyesters via its
aromatic function. 4HCA exists in plant cells that are intermediates of metabolites of the biosynthetic
pathway of lignin. The mechanical properties of 4HCA-derived bio-LCP are superior to those of other
commercialized biobased plastics, with a mechanical strength (o) of 63 MPa, a Young’s modulus (E) of
16 GPa, and a maximum softening temperature of 169 °C [117,118].

One study reported a high-performance biobased polyamide with Tg of >250 °C [119].
This polyamide consists of repeating units from {(4,4-diyl-a-truxillic acid dimethyl ester) 4,4'-
diacetamido-«-truxillamide}. Monomers are prepared through conversion from naturally derived
4-aminophenylalanine, which involves UV coupling of cinnamic acid-derived vinyl groups from each
monomer. Scientific investigation into monomer production and polymerization processes is still being
performed, but this innovation indicates the possibility of development of super-engineering-grade
polymers from naturally derived feed stock.

High-Ty, biobased esterified poly(a-glucan) can undergo in vitro enzymatic synthesis [120].
Naturally available sucrose is used as the starting material for polymerization of linear poly(x-glucan),
which is then enzymatically catalyzed and esterified on acetic or propionic anhydride. The Ty and
Tm of acetated poly(a-glucan) are 177 °C and 339 °C, respectively, and the Ty and T, of propionated
poly(x-glucan) are 119 °C and 299 °C, respectively. The molecular weight of these polymers is higher
than 150,000; therefore, it is expected that they have reliable mechanical strength when processed
using the right procedures. The in vitro process is technically challenging in terms of scaling up and
stabilizing production, but the promising thermal properties should be featured for future applications.

Biobased poly(ether-ether ketone) (bio-PEEK) consisting of FDCA derivatives is a representative
super-engineering biobased polymer. Bio-PEEK has a Ty, of >300 °C, which is comparable to that
of PEEK created from petroleum-derived resources [121]. Synthesis with TPA-derived biobased
monomers is a way to replicate conventional PEEK. Thus, it is easily applicable to industrial processes
as long as a supply chain of biobased furan derivatives are created. Figure 12 displays the chemical
structures of the aforementioned biobased polymers.
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Figure 12. Chemical structures of: (a) poly(4-hydroxycinnamic acid); (b) poly((4,4’-diyl-a-truxillic acid
dimethyl ester) 4,4’-diacetamido-a-truxillamide); (c) poly(a-glucan); and (d) poly(ether-ether ketone)
consisting of FDCA derivatives.

5. Discussion

There have been constant and stable improvements in the production of biobased polymers
(i.e., in the polymerization and refinery processes that yield biobased building blocks) in the past few
decades. As a result, the application of biobased polymers has been expanded. In the early stage of
development of biobased polymers, they were recognized as biodegradable polymers for temporary
applications, which is still an important part of their applications. However, upgraded biodegradable
polymers can now be used for general and engineering applications. These polymers as well as those
that are analogous to conventional petroleum-derived polymers play an important role in further
growth of biobased polymer applications. As the scaling-up of production of monomers for polymers
that are analogous to conventional polymers has been successful, production of biobased polymers
will also be scaled up. This will result in prices that are competitive with those of petroleum-derived
polymers. Moreover, new biobased polymers comprised only of biobased building blocks, such as
PEF and biobased polyamides, have unique and promising functionalities and applications. Thus,
the goal of biobased polymer production is no longer to simply replace petroleum-derived polymers.
Explorations into the topic will be accelerated by the development of high-spec engineering-grade
biobased polymers, which have already been reported at the scientific level. We are confident that
industrialization of these polymers will be discussed in the near future.
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Abstract: The persistent issue of bacterial and fungal colonization of artificial implantable materials
and the decreasing efficacy of conventional systemic antibiotics used to treat implant-associated
infections has led to the development of a wide range of antifouling and antibacterial strategies.
This article reviews one such strategy where inherently biologically active renewable resources,
i.e., plant secondary metabolites (PSMs) and their naturally occurring combinations (i.e., essential
oils) are used for surface functionalization and synthesis of polymer thin films. With a distinct
mode of antibacterial activity, broad spectrum of action, and diversity of available chemistries,
plant secondary metabolites present an attractive alternative to conventional antibiotics. However,
their conversion from liquid to solid phase without a significant loss of activity is not trivial. Using
selected examples, this article shows how plasma techniques provide a sufficiently flexible and
chemically reactive environment to enable the synthesis of biologically-active polymer coatings from
volatile renewable resources.

Keywords: volatile renewable resources; microbial infection; plant secondary metabolites;
antimicrobial essential oils; biologically-active polymers; plasma-assisted technique

1. Introduction

In 1963, Lieutenant W. Sanborn was the first to systematically relate surface contamination to
the transmission of microorganisms [1]. Later, numerous studies have confirmed the attachment and
proliferation of microbial cells on artificial surfaces, such as that of medical devices [2,3]. In spite of
significant progress in the development of antibacterial and antifouling surfaces, microbial adhesion
and the resulting development of a thick sessile layer, i.e., the biofilm, on the surfaces of synthetic
implants remains a major issue with their clinical use [4]. Therapeutic statistics have demonstrated
that approximately 80% of worldwide surgical site associated-infections may relate to microscopic
biofilm formation [5]. Further, owing to microbial infection, and the subsequent failure of medical
devices, there has been a significant increase in the number of revision surgeries [6,7]. In the United
States alone, approximately 17 million new biofilm-related infections are reported annually, leading to
approximately 550,000 fatalities each year [8].

The emergence of bacteria that are resistant to typically used antibiotics is now well recognized [9,10].
The most serious problem caused by antibiotic resistance is that some pathogenic bacteria have now
become resistant to virtually all standard antibiotics [11,12]. Significant examples are methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus (VRE), multi-drug-resistant Mycobacterium
tuberculosis (MDR-TB), and Klebsiella pneumoniae carbapenemase-producing bacteria [13]. Moreover,
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today, MRSA, a leading cause of most common hospital infections, and Neisseria gonorrhoeae, the
pathogen responsible for gonorrhea, are almost resistant to benzyl penicillin, while in the past,
these pathogens were highly susceptible to the drug [14]. The impact of microbial resistance can
be diminished considerably through reduced antibiotic consumption.

Renewable resources have attracted some research attention as precursors for developing tailored
bioactive polymers that are capable of minimizing the rate of bacterial adhesion and biofilm growth in
healthcare facilities. Within the therapeutic arsenal of naturally-available alternatives that have been
explored, plant secondary metabolites (PSMs), such as essential oils and herb extracts, have revealed
relatively powerful broad-spectrum antibacterial activities [15,16]. Good examples of currently used
PSMs are tea tree (Melaleuca alternifolia), geranium, zataria, and cinnamon oils that have shown
inherent bactericidal performance in their liquid and/or vapor form toward important pathogenic
microbes. Due to the presence of a large number of active molecules within a single essential oil
or plant extract, their antimicrobial pathway is not fully understood and cannot be attributed to a
particular mechanism [17]. However, the pharmaceutical, cosmetic, and food industries have recently
paid great attention to bioactive PSMs, by way of the usage of natural additives as a substitute for
synthetic preservatives [18]. Indeed, PSMs are a relatively low-cost renewable resource available in
commercial quantities, with limited toxicity, and potentially, different biocidal mechanisms to synthetic
antibiotics, which make them an appropriate precursor for “green” functional polymeric materials.
On the other hand, using PSMs for surface functionalization through immobilization or synthesis
of coatings without loss of functionality is challenging, in part due to the issues with solubility and
volatility of these precursors. The plasma-assisted technique overcomes these challenges, allowing
the fabrication of a polymerized 3D matrix from renewable precursors with control over its surface
properties and chemical functionality. Under appropriate fabrication conditions, plasma-enabled
synthesis may help preserve/retain the inherent antimicrobial functionality of PSMs within the solid
polymer-like thin films. Plasma polymers of PSMs (PP-PSMs) have several advantages including
low cytotoxicity, long-term stability, and a reduced risk of developing microbial resistance. These
advantageous properties render PP-PSMs a suitable candidate for bioactive coating applications.

Thus, the focus of this article is on:

e The challenge of bacterial adhesion, biofilms formation, and medical device-associated infections.
e  The retention of inherent antimicrobial activity of sustainable monomers, e.g., plant secondary
metabolites within solid polymers with the aim of applying them as bioactive coatings.

2. Microbial Contamination

Global production of medical devices and associated materials is an industry worth over $180
billion, and is expanding swiftly [19]. Microbial contamination of these biomaterials is a serious and
widespread problem facing current health systems, because it often leads to devastating infections and
the failure of the affected device. Adhesion of planktonic microorganisms (e.g., bacteria and fungi)
to surfaces is the first stage during surface colonization, followed by the subsequent formation of
biofilms which provide an ideal environment for the microbial community to flourish and effectively
evade treatment. An active biofilm can be up to 1000 times more resistant to an antimicrobial
treatment than planktonic bacteria of the same species [20,21]. Biofilms act as a nidus for systemic
pathogenic infections, including dental cavities, periodontal disease, pneumonia associated with
cystic fibrosis, otitis media, osteomyelitis, bacterial prostatitis, native valve endocarditis, meloidosis,
and musculoskeletal infections [22,23]. Thus, a thorough understanding of the mechanisms by which
microorganisms attach to the substrate, and the structure and dynamics of biofilm formation is
necessary to develop bio-active coatings that reduce or prevent medical device-associated infections.

2.1. Bacterial Adhesion

Bacterial cells are essentially capable of attaching to all natural and artificial surfaces [24]. Yet it
has been assumed that bacteria favorably stick to rougher surfaces for three reasons: (i) A higher
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surface area available for attachment; (ii) protection from shear forces; and (iii) chemical changes that
cause preferential physico-chemical interactions [25]. Also, there is consensus among scientists that
the solid-liquid interface between a surface and an aqueous medium (e.g., water and blood) provides
a suitable environment for the adhesion and propagation of bacteria [26].

Before the first microorganism reaches the surface, water, salt ions, or proteins that exist in the
environment will adhere to the substrate because of the nature of the attachment, which is dependent
on the properties of the material [27] and the chemistry of the environment. Consequently, a single
layer of organic macromolecules called a ‘conditioning film” is formed [28]. The characteristics
of conditioning films in turn significantly influence the surface colonization. As the bacterial cell
approaches the surface (a few nanometers), the initial stage of adhesion is governed by a number
of physico-chemical effects, which include long-range and short-range forces. The long range forces
include gravitational, van der Waals, and electrostatic interactions, while the short range forces include
hydrogen bonding, dipole-dipole, ionic, and hydrophobic interactions [21,29]. The initial microbial
attachment is considered reversible, as the cell will attach to the conditioning film not the surface
itself. During adhesion to the surface, various bacteria can transiently produce flagella that render
them very motile. Depending on the species, microorganisms may have appendages such as fimbriae,
or polymeric fibers, also called pili or curli, which enhance attachment to surfaces [30]. For example,
the curli fibres of E. coli are 4-6 nm wide unbranched filaments, having a distinctive morphology that
can be easily detected by electron microscopy [31]. If the microorganisms are not immediately removed
from the surface, they can anchor themselves more permanently by producing a large amount of
fibrous glycocalyx that performs the role of ‘cement’ to attach cells to the targeted surface [32].

2.2. Biofilm Formation

After adhering to solid surfaces, the next step of permanent attachment is growing a bacterial
“sanctuary”, which is the biofilm. Biofilm formation is a four stage process which includes:
(i) irreversible attachment; (ii) early development; (iii) maturation; and (iv) detachment or dispersal of
cells, as seen Figure 1 [29]. In the case of irreversible adhesion, major changes occur in gene/protein
expression of microbial cells. It has been shown conclusively that bacteria secrete a highly hydrated
layer (biofilm) that provides a shield against host defense system and antibiotics, and strengthens the
attachment of the microorganisms to the surface. Early steps of biofilm formation are controlled by
physical adsorption processes and evolution dynamics of planktonic pathogens [33].

A biofilm cluster consists of accumulations of extracellular polymeric substances (EPS), primarily
polysaccharides, proteins, nucleic acids, and lipids [34,35]. Typically, a viable biofilm involves three
organic layers. The first layer is attached to the surface of the tissue or biomaterial, the second layer
is called the “biofilm base”, which holds the bacterial aggregation, and the third layer, known as
the “surface film”, performs as an outer layer where planktonic organisms are released [6]. Biofilm
architecture is heterogeneous both in space and time. The thickness of a biofilm varies depending
on the microbial species. For example, the mean thickness of a P. aeruginosa biofilm is about 24 um,
while S. epidermidis has a mean biofilm thickness of 32.3 pum; thickness can reach more than 400 pm
in some species [36]. Active biofilms are highly hydrated, with 50%-90% of the overall area at each
sectioning depth comprising EPS and liquid [37]. Direct microscopic observation has shown that
biofilm clusters accumulate a large quantity of pathogens within a small area, with microorganism cell
densities on an infected surface reaching 10° cells/cm? [38]. Microorganisms communicate with each
other inside a biofilm by producing chemotactic particles or pheromones, in a process called “quorum
sensing” [39]. Biofilm sanctuaries can include a single infectious species or multiple infectious species,
as well as non-pathogenic microorganisms which nevertheless can produce substances that would
benefit the survival and proliferation of the pathogenic species. In the case of the infection of medical
devices and implants, a single bacterial species is usually responsible for biofilm formation. While in
environmental surfaces, groupings of various species will usually dominate the biofilm [40].
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Hydrodynamic, physiological, and ecological conditions, along with presence of other colonizers
and harmful agents (e.g., antibiotics and antimicrobial nanoparticles), considerably influence the
biofilm structure. For example, biofilm structures of P. fluorescens and P. aeruginosa are significantly
affected by nutritional cues, e.g., carbon and iron availability in their surroundings, respectively [41].
It has been reported that shear forces affect the distribution of microcolonies due to the passage of
fluid over the biofilm. At low shear forces, the colonies are formed like a channel, while at high
shear forces, the colonies are extended and susceptible to rapid vibrations [42]. These channels are
essential for bacteria to transport the necessary water, nutrients, and oxygen to the bacterial community
within the biofilm [43]. It has been shown that an increasing loading rate applied under a stable shear
stress induced the formation of thicker and rougher biofilms [44]. Detachment is a fundamental
process in biofilm development that benefits the bacterial life cycle by allowing planktonic cells to
return to the environment and settle new territories [45]. Three different biofilm strategies have been
suggested to elucidate biofilm detachment: (i) swarming dispersal, where planktonic cells are freed
from a bacterial cluster; (ii) clumping dispersal, where aggregates of microbial cells are separated
as clumps; and (iii) surface dispersal, where biofilm matrices move across infected surfaces through
shear-mediated transport [46]. Detachment initiation has been proposed to initiate in response to
specific endogenous or/and exogenous cues (e.g., a lack of nutrients that causes starvation, or high cell
densities) [47]. The event of detachment is complex and random. In some cases, separation of large
masses (cell clusters larger than 1000 pm?2) from mature biofilms represents only 10% of the detachment
process, yet accounts for more than 60% of the microorganisms detached [48]. A considerable amount
of literature has been published on biofilms, yet the mechanisms of biofilm detachment are poorly
understood [49,50]. Better understanding of the detachment mechanisms is necessary to accurately
evaluate the spatial distribution of the bacterial cells in their environment, their ability to survive,
as well as their resistance to biocides.
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Figure 1. Schematic of the lifecycle of P. aeruginosa grown in glucose media. Images of inverted

EPS

fluorescence microscopy with 400 x magnification present stages of biofilm development. In stage I,
planktonic bacteria attach to a solid surface. In stage II, the attachment becomes irreversible. Stage
III elucidates the microcolony foundation. Stage IV illustrates the biofilm maturation and growth of
the three-dimensional bacterial sanctuaries. In stage V, dispersion occurs and free planktonic cells are
released from the cluster biofilm to colonize new locations. Images characterize a 250 x 250 pm? field.
Reproduced from [51].

2.3. The Impact of Biofilm Formation in the Healthcare Environment

Microbial infections related to bacterial attachment and biofilm formation have been detected
on various medical devices including prosthetic heart valves, orthopedic implants, intravascular
catheters, artificial hearts, left ventricular assist devices, cardiac pacemakers, vascular prostheses,
cerebrospinal fluid shunts, urinary catheters, ocular prostheses, contact lenses, and intrauterine
contraceptive devices [52]. The three most common device-related infections are central line-associated
bloodstream infection, ventilator-associated pneumonia (VAP), and Foley catheter-associated urinary
tract infection (UTI) [53]. Studies have shown that 60-70% of nosocomial infections are associated with
some type of an implanted medical device [54]. More specifically, the Centre for Disease Control and
Prevention in the USA reported that of the infections in medical devices, 32% are urinary tract infections,
22% are surgical site infections, 15% can be attributed to pneumonia and lung infections, and 14%
constitute bloodstream infections [55]. Microorganisms also form biofilms on the damaged vascular
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endothelium of native heart valves in patients with pre-existing cardiac disease, causing Candida
infectious endocarditis [35]. It is known that biofilms of Candida species cause malfunctioning of the
valve in tracheo-esophageal voice prostheses, leading to an increase in air flow resistance and potential
fluid leakage [56]. Furthermore, scanning electron microscopy confirmed biofilm development at the
tip of urinary catheters even after a short period of exposure [29].

While a large number of microorganisms are capable of causing infections, those that are able to
survive and thrive in clean sites, such as that of clinics and hospitals, present a considerable threat [57].
These organisms include Gram-positive Enterococcus faecalis, Candida albicans, Staphylococcus aureus,
Staphylococcus epidermidis, and Streptococcus viridans; and Gram-negative Escherichia coli, Klebsiella
pneumoniae, Proteus mirabilis, and Pseudomonas aeruginosa. Prevalence of these pathogens is a serious
problem in modern societies. For example, C. albicans causes superficial and serious systemic diseases,
and is known as one of the major agents of contamination in indwelling medical devices [58-60].
P. aeruginosa is an opportunistic pathogen of immunocompromised hosts and can cause native acute
and chronic lung infections that result in significant morbidity and mortality, especially in cystic
fibrosis patients [61,62]. S. aureus and S. epidermidis have been shown to strongly adhere and form
biofilms on metallic implants, e.g., orthopaedic screws, leading to potential device failure [6].

Overview on plant extracts:

In ancient times, plant extracts and natural oils were used in various treatment procedures as
antiviral, antimitotic, and antitoxigenic agents due to their strong and broad-spectrum antimicrobial
activity. These products can be extracted from all plant organs such as leaves, buds, flowers, roots,
stems, seeds, fruits, bark, twigs, or wood. The earliest recorded reference to the techniques and
methods used to yield essential oils is believed to be that of Ibn al-Baitar (1188-1248) [63]. Nowadays,
natural oils are used in numerous pharmaceutical and therapeutic applications, including ethical
medicines for colds, perfumes, make-up products, in dentistry, as food preservatives, and recently,
also in the field of sustainable conservation of cultural heritage [64-68]. More than 250 types of these
naturally generated oils are traded annually on the global market, at a value of 1.2 billion USD [69].

PSMs are extracted as part of highly complex mixtures of various individual constituents (often
hundreds of components) [70]. PSMs were reported to contain a variety of chemical groups in their
structure, such as alcohols (terpineol, menthol, geraniol, linalool, citronellol, and borneol), aldehydes
(benzaldehyde, citral, cinnamaldehyde, citronellal, and vanillin), acids (benzoic, cinnamic, isovaleric,
and myristic), esters (acetates, cinnamates, benzoates, and salicylates), hydrocarbons (cymene,
sabinene, myrcene, and storene), ketones (carvone, camphor, pulegone, menthone, and thujone),
phenol ethers (safrol and anethol), phenols (carvacrol, eugenol, and thymol), terpenes (camphene,
cedrene, limonene, pinene, and phellandrene), and oxides (cineol) [71].

3. The Antibacterial Activities of PSMs

Even though synthetic antibiotics have been the best weapon for eradicating microbial infections
since the arrival of penicillin, the overuse of these medications is gradually rendering them ineffective.
Itis anticipated that if new strategies are not developed soon, medical treatments could retreat to the era
where slight injuries and common infections develop into a serious medical problems. One promising
strategy has been inspired by the inherent bioactivity of plant secondary metabolites [72]. It is
known that most plants produce these organic molecules as antimicrobial agents to combat harmful
microorganisms [73,74]. In the past few decades, the progress in the synthesis of nanoscale materials,
in particular plasma-assisted fabrication provides the means to retain the antimicrobial activities of
PSMs within bioactive coatings. This family of techniques is compatible with PSMs, and offers several
advantages such as being an environmentally friendly, versatile, and low-cost technology (discussed
further in this article).

In their liquid form, lavender, garlic, oregano, lemongrass, and cinnamon oils are good examples of
naturally-occurring substances with strong antibacterial activity [75,76]. Their individual constituents,
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e.g., citronellol and geraniol are aromatic acyclic monoterpene alcohols that are very powerful
bactericides [77-80]. Terpinene-4-ol, a major component of tea tree oil, is a broad-spectrum nonspecific
biocide well-known as a natural agent against microbial species such as E. coli, P. aeruginosa,
Acinetobacter baumannii, and several drug-resistant bacteria (e.g., MRSA) [81]. A number of PSMs have
been used against cancer cells, whereas others are currently used in food preservation [82,83]. In their
vapor phase, a number of PSMs have demonstrated strong antibacterial activities [84,85]. So far, there
are thousands of natural oils currently known. Among them, 300 oils are important and commonly
used in the pharmaceutical, food, sanitary, agronomic, perfume, and cosmetic productions [86].

3.1. The Antibacterial Mechanisms of PSMs

The antibacterial action of PSMs (in their liquid form) is complex and not yet fully understood;
it potentially involves several mechanisms, as summarized in Figure 2. A number of researchers
have proposed that the hydrophobic nature of PSMs allows them to accumulate and perturb the
structure and function of lipids of the microbial cell membrane, disturbing biological function, and
causing the failure of chemiosmotic control, thus rendering the membrane more permeable [75,87].
An increase in membrane fluidity and permeability results in membrane expansion and the damage of
membrane-embedded proteins which triggers inhibition of the respiration system and alteration of
ion transport activities of bacterial cells [88]. For example, carvacrol oil was reported to make the cell
membrane permeable to K* and H*, consequently dissipating the proton motive force and inhibiting
ATP production [89]. Similarly, menthol and citronellol cause an expansion of the cell membrane,
leading to the passive diffusion of ions between the stretched phospholipids [69]. Ultee and Smid
(2001) hypothesized that during exposure to PSMs, the driving force for the optimal secretion of the
toxin (ATP or the proton motive force) is not sufficient, causing accumulation of the toxin inside
the cell, which in turn inhibits normal microbial metabolism [90]. Some active PSMs are capable to
coagulate the microbial cytoplasm, leading to cell inactivation [91]. For example, it has been observed
that coagulated materials (related to denatured membranes, cytoplasmic constituents, and proteins)
were formed outside of the bacterial body when cells (E. coli) were grown in the presence of tea tree oil.
These coagulates were released through microscopic holes produced in the cell wall as a result of the
interaction with the oil [92].
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Figure 2. Scheme represents the proposed antibacterial mechanisms of secondary planet metabolizes
in their liquid form.
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Exposure to PSMs can lead to the reduction in enzymatic activities, loss of turgor pressure,
changes in DNA synthesis and inhibition of different metabolic functions [89]. Moreover, some oils,
such as rose, geranium, lavender, and rosemary have been shown to inhibit cell-cell communication,
affecting the quorum sensing (QS) network in the bacterial community [93]. The QS system is vital
for bacterial growth, and hence, any interference with the sensing network may reduce pathogenicity,
biofilm formation, and antibiotic resistance during infection events.

The antimicrobial performance of PSMs is linked to their chemical structure, particularly the
presence of -OH functional groups [94]. Each compound may reveal a different biocidal mechanism
toward microorganisms [69]. The bioactivity of several active oils is associated with the presence of
phenolic groups. For example, the antimicrobial efficacy of clove, thyme, and oregano oils is related
to the presence of phenol-containing eugenol, thymol, and carvacrol, respectively [95]. However,
other findings indicate that the components present in high quantities in the oil are not necessarily
responsible for the entire biological activity of a PSM. The antibacterial performance of these complex
mixtures relies on a variety of synergistic effects of different sub-components in the oil. Furthermore,
it can also be attributed to the presence of other components that may be effective even in small
quantities [96,97]. In the case of essential oils containing a high percentage of phenolic compounds (e.g.,
carvacrol, thymol), it can be assumed that their bactericidal action would be similar to other phenolic
groups, e.g., by way of the disturbance of the membrane, disorder the proton motive force, electron flow,
and coagulation of cell contents [87]. In the case of complex mixtures, where numerous active molecules
are present, potential synergistic and antagonistic influences, as well as minor compounds that can
have an important contribution to the oil’s activity, need to be considered [64,98]. It is important to state
that the biocidal mechanisms of PSMs are dissimilar from currently used synthetic antibiotics, which
should minimize the likelihood of the development of microbial cross-drug resistance [99].

3.2. Sustainable Polymers from Bioactive Essential Oils

The ecological concerns of current petroleum processing, along with the economic recession,
depleting reserves, and political aspects, have led to increased interest in the production of sustainable
polymers derived from renewable resources [100,101]. These eco-friendly polymers can be derived
from a wide range of possible precursor materials, including oxygen-rich monomers (e.g., carboxylic
acids), hydrocarbon-rich monomers (fatty acids, terpenes, and vegetable oils), and non-hydrocarbon
monomers (carbon dioxide) [102]. So far, polymers derived from essential oils, vegetable oils,
bio-ethanol, cellulose, fats, resins, naturally occurring polysaccharides, microbial syntheses, and other
natural ingredients have been widely used for a variety of applications [103-108]. Essential oils,
in particular, are renewable in nature, relatively inexpensive, available in commercial quantities,
and display minimal toxicity compared to many conventionally-used precursors, which make them an
appropriate precursor for “green” functional materials. Among them, terpenes (major components in
a large number of essential oils) have received considerable attention. Their structure contains one or
more carbon-carbon double bonds, showing a carbon skeleton of isoprene. The abundance of double
bonds allows for cationic and radical polymerization of terpenes, along with epoxidation as a path to
biodegradable oxygenated polymers [109]. Cationic polymerization has been generally accepted to be
the most appropriate kind of chain reaction for these monomers [110]. However, essential oils have
not been widely applied to the production of bioactive polymers due to limitations associated with
fabrication systems and oil properties [111,112]. These limitations include challenges in controlling the
surface chemistry and morphology of the synthesized materials, and solubility and/or volatility of the
natural monomers.

Recent technological advances in the field of controlled polymerization, catalysis,
nanoencapsulation, and effective organic functionalization, give great potential for the application of
essential oils in manufacturing of sustainable polymers with innovative designs and characteristics.
This allows the fabrication of organic films with good control over film thickness, physico-chemical
properties, and, importantly, biological functionality. For instance, it was possible to successfully
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engineer antibacterial UV-cured networks by using a thiol-ene route with covalent immobilization
of natural terpenes (linalool and a trithiol) as antibacterial agents, without employing any organic
solvent. These bio-based materials exhibited attractive thermal properties, were not affected by water
penetration under high moisture conditions, and displayed strong inhibition of microorganisms [113].
Chen et al., (2012) developed the reversible transfer polymerization approach to design a series
of cationic rosin-containing methacrylate bioactive-copolymers. The antibacterial activities of these
rosin-containing copolymers were found to be dependent on both the degree of quaternization of the
rosin group, the molecular weight of copolymers, and the conformation of hydrophobic group [114].
Furthermore, a cinnamon essential oil /cyclodextrin integrated into a polylactic acid nanofilm made by
electrospinning and co-precipitation showed strong antimicrobial activity [115].

Several studies have been carried out in order to incorporate active essential oils into selected
polymers through applying emulsification or homogenization methods, where ultra-fine emulsions
of oils are formed containing polymer at the continuous aqueous phase. Upon drying, lipid droplets
remain incorporated into the polymer structure. The releasing rate of the embedded-oils from films
is subject to multiple factors, such as electrostatic interactions between the oil and the polymer
chains, osmosis, structural variations induced by the presence of the oil, as well as environmental
circumstances [116]. Remarkably, a small fraction of an incorporated essential oil within a polymer
structure is sufficient to achieve the desired antimicrobial properties. For example, quince seed
mucilage films containing a low percentage (1.5-2%) of oregano essential oil were reported to be
very effective against several microorganisms, including S. aureus, E. coli, and S. putrefaciens [117].
Other findings showed that inactive chitosan films were transformed into bioactive materials when a
small quantity (~1-2%) of extract from two endemic herbs (Thymus moroderi or Thymus piperella) were
integrated within the films [118].

Encapsulation of oils has been developed as one such technology that has great potential to
improve the physical stability of the active components, protecting them from degradation due
to environmental aspects (e.g., oxygen, light, moisture, and pH) [119]. Among the nanometric
encapsulation structures currently being used, nanoemulsions are mainly utilized due to the possibility
of formulation with natural components and the compatibility with industrially scalable manufacturing
processes by high pressure homogenization [120]. Nanoemulsions are defined as emulsions with
ultra-small droplet sizes of approximately 100 nm. At this scale, there is a potential of enhancing
physico-chemical properties and stability of the active compound. In addition, the oil bioactivity
can be considerably increased, since significant increases in the surface area per unit of mass can be
achieved, improving the passive mechanisms of cell absorption, which again allows for the reduction
of the oil quantity required to ensure antimicrobial action [121]. The encapsulated essential oils are
promising antimicrobial agents for biodegradable/edible coatings in food packaging industries to
inhibit pathogenic microorganisms [122]. It has been reported that the encapsulation in nanoemulsion
formulation of a terpenes mixture and limonene increased the antimicrobial performance of the pure
compounds against various microorganisms such as E. coli and Saccharomyces cerevisiae, through
increases of transport mechanisms in the membrane of the target cell [120]. Mohammadi et al., (2015)
also encapsulated Zataria multiflora essential oil in chitosan nanoparticles (average size of 125-175 nm)
and reported a controlled and sustained release of essential oil for 40 days, along with a superior
antifungal performance in comparison with the un-encapsulated oil [123]. Moreover, films with 1.5%
nanocomposite marjoram oil diminished the numbers of E. coli, S. aureus, and Listeria monocytogenes
populations with respect to the control of up to 4.52, 5.80, and 6.33 log, respectively [124]. Similarly,
introduction of carvacrol nanoemulsions into modified chitosan have led to the development of a
bioactive film, which was active against Gram-negative pathogenic bacteria [125].

It is worth mentioning that, in many cases, the vapor phase of essential oils exhibits strong
inhibitive performance against pathogens, even more effective than direct application [126,127].
For instance, Avila-Sosa et al. (2012) found that chitosan films incorporating cinnamon or Mexican
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oregano essential oils can inhibit fungi by vapor contact at lower oil concentrations than those required
for amaranth and starch polymeric coatings [116].

3.3. Plasma-Assisted Fabrication of PSMs

Among fabrication techniques, cold plasma polymerization is a multipurpose approach that is a
relatively fast and low-cost method for fabricating coatings from a wide array of natural precursors,
including those that do not usually polymerize by conventional methods, and do not require further
chemical or physical processing (e.g., annealing and catalysts) [128]. From a processing point of
view, many PSMs are compatible with plasma polymerization, which is in essence a chemical vapor
deposition process enhanced by the catalytic activity of plasma, because they are highly volatile at
room temperature no external heat or carrier gas are required to deliver the precursor macromolecules
to the fabrication zone.

Introduction of PSMs molecules, in vapor phase, into a highly reactive plasma field triggers a
wide range of reactions including fragmentation, oligomerization, rearrangement, and polymerization.
The degree of dissociation is highly dependent on the amount of energy provided into the plasma
system and the pressure in the chamber. Fragmentation is initiated by active electrons rather than
thermal excitation or chemical reactions, creating a unique mixture of chemically diverse species
(e.g., unsaturated bonds, ions, neutrals, and free radicals), which may not be reachable under other
conditions [129]. It is believed that weakly ionized plasma and relatively low substrate temperature
during deposition promotes condensation and adsorption of non-excited species, which help to
increase the proportion of non/partially-fragmented precursor molecules on the substrate [130].
The recombination of the reactive species and precursor molecules may lead to the formation of the
organic thin layer (polymer) on the surface of a given substrate. Due to the diversity of functional
groups and reactive species, the polymer can be formed in several ways, involving free-radicals and
induced-polymerization of fragments containing unsaturated carbon—carbon bonds; recombination
fragment/recombination is initiated by the plasma-generated and surface-attached reactive ions [131].
The formed polymer is often highly branched and highly cross-linked (amorphous), comprising large
quantities of trapped free radicals in its structure [132].

A large number of species that exists in the discharge (e.g., ions, electrons, stable molecules,
radicals, and photons) can react with each other and the forming chains through a range of interaction
mechanisms, as seen in Figure 3. The complexity of the process of PSM plasma makes the evaluation of
each specific reaction, along with the prediction of material properties, very challenging. In some cases,
few specific reactions can dominate the formation of the film, especially at low input power. Thus, it is
rational to propose that films fabricated from PSMs, using plasma under specific deposition conditions
(e.g., specific input power, frequency, flow rate, and temperature), could retain some/most of the
functional groups of the original PSMs within the bioactive three-dimensional solid film. In addition,
the unfragmented precursor molecules trapped within the polymer during the fabrication may elute
over time, acting as a drug release coating, with the capacity to retard microbial attachment and biofilm
development on the surface [133].

A number of attempts have been made to manufacture antibacterial surfaces, based on plasma
polymerization of essential oils, where antibacterial performance is based only on the natural
bioactivity of the polymerized surfaces, in the absence of synthetic additives, inorganic nanoparticles,
or conventional antibiotics. Using this information, we strongly encourage the reader to further research
this rapidly growing and highly-promising arena. Here, we highlight the successful manufacturing of
antimicrobial coatings from different PSMs using the cold plasma polymerization technique.
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3.3.1. Terpinen-4-ol

Terpinen-4-ol is a monocyclic terpene alcohol that is an active component of tea tree oil.
Terpinen-4-ol has demonstrated powerful antimicrobial and anti-inflammatory properties [134,135].
Upon interaction with microorganisms, cyclic terpene hydrocarbons have been shown to accumulate
in the cell membrane. This disturbs membrane integrity, triggering an increased passive flux of
protons through the membrane and dissipation of the proton motive force [136]. Bazaka et al.
(2011) prepared plasma polymerized coatings derived from terpinen-4-ol at various input power
levels, showing a considerable potential in minimizing bacterial attachment and metabolic activity of
S. aureus and P. aeruginosa. Fabrication at a low input power level, 10 W, resulted in a partial retention
of biologically-active groups of the original precursor, which led to significant antimicrobial and
antibiofouling activities of the terpenol-derived coatings [137]. Confocal laser scanning microscopy
evidently showed that around 90% of S. aureus cells retained on the films of the 10 W substrata were
non-viable, in comparison to that retained on the surface of 25 W films [138,139]. However, when
fabricated at higher input power (25 W), these films lost their biocidal activity, and promoted adhesion
and proliferation of tested bacterial cells and biofilm development. In a recent report, the decrease in
antibacterial activity with increasing radio frequency (RF) energy was also observed in the plasma
polymerization of polyterpenol films [140].

3.3.2. Carvone

Carvone is found in various essential oils, such as caraway, spearmint, and dill. This PSM has
shown a variety of antiproliferative effects with regards to microbial cells; likely due to the presence
of a monoterpene group in its structure [141,142]. In addition, carvone and its related compounds
were shown to be potential chemopreventive agents, due to their ability to induce increased activity
of detoxifying enzymes. The «,f-unsaturated ketone system in carvone is generally expected to
be responsible for the high enzyme-inducing action [143]. Recently, Chan et al., (2016) fabricated
polymer coatings resultant from plasma polymerization of carvone [144]. At an input power of 10 W,
carvone polymerized coatings demonstrated almost equal antimicrobial performance against both
Gram-negative and Gram-positive bacteria (86% decrease in E. coli and 84% reduction in S. aureus),
with no cytotoxic effect towards primary human endothelial cells. In addition, these coatings were
smooth, highly cross-linked hydrocarbons, with low fractions of carboxyl, hydroxyl, and amine-amide
functionalities. Although the carvone surfaces reduce bacterial adhesion, it was observed that some
cells were damaged and died after attaching to the surface. The scanning electron microscope
(SEM) images clearly exhibited membrane distortion, pore creation, and membrane rupture of
microorganisms attached on the surface of plasma polymers of carvone.

3.3.3. Eucalyptol

Eucalyptol, a major component of eucalyptus oil and a minor component of tea tree
oil, is a saturated monoterpene known by a variety of synonyms, such as 1,8-cineole,
1,8-epoxy-p-menthane, and cajeputol. This PSM has been demonstrated to retain strong biological
activities, including anti-inflammatory, antifungal, antibiofilm, and antiseptic properties toward a
range of bacteria [145-148]. The retention of the natural bio-active groups of the 1,8-cineole oil was
also achieved using plasma polymerization. Fabricated at 20 W, moderate hydrophobic coatings
were achieved, with the ability to reduce the attachment of E. coli and S. aureus cells by 98%
and 64%, respectively, compared to unmodified glass. In addition, the 1,8-cineole plasma films
resisted biofilm formation after 5 days of incubation in the presence of bacterial cells. The polymer
surface and any products that may be released from the film were also found not to be cytotoxic to
mammalian cells [149]. In the same way, Mann and Fisher (2017) used a range of applied RF powers
(P =50-150 W) and H>O(y) plasma-treatment during the plasma fabrication of 1,8-cineole polymers.
The fabricated films retained some antimicrobial behaviors characteristic of the precursor, in addition
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to the desired properties, such as being highly adherent to the substrate, conformal, and with smooth
surfaces. The in vitro studies showed that E. coli were largely nonviable and unable to colonize the
plasma—cineole surface over the 5 day biofilm development assay period. The biofilm coverage on
these surfaces was significantly lower (<10%) than the glass control [150].

3.3.4. Geranium

Geranium (Pelargonium graveolens) oil produces a mixture of various components (more than
80), such as linalool, citronellol, and geraniol [151]. Studies have revealed that geranium oil is able
to combat pathogens, including both Gram-negative and Gram-positive bacterial strains [82,152].
More recently, geranium oil-derived coatings were also found to have the potential to reduce the
microbial adhesion and biofilm formation of select human pathogens, such as S. aureus, P. aeruginosa,
and E. coli. The input RF power, in particular, played a substantial role in controlling the surface
biochemistry and extensively enhanced the biocidal activity of the fabricated coatings. Films deposited
at 10 W caused a significant decrease in the number of cells, biovolume, and biofilm thickness.
In contrast, there was no significant change in the bacterial colonization between films fabricated at
50 W and an unmodified glass control. In addition to their biological activities, geranium polymer films
showed several advantages, including low density, uniform coverage, good adhesion, and considerable
physical stability [153,154].

Despite the fact that the mechanism by which the deactivation process takes place is not fully
understood, the attractive antibacterial performance of PP-PSMs surfaces indicate that the original
active chemistry of the oils are partially retained within the structure of the fabricated films. Undeniably,
plasma parameters are the key factors that determine the extent of retention of biological functionality.
The degree of precursor fragmentation is directly related to the amount of applied energy (RF power).
For example, during the polymerization of geranium oil and terpinen-4-ol, a slight increase in the input
power resulted in the failure to preserve the desired functional groups within the polymer. One reason
for this loss of bactericidal activity could be the complete dissociation of the precursor functionalities
upon plasma exposure. Furthermore, these polymerized films demonstrated a wide range of functional
groups in their structure, such as primarily methyl/methylene functionalities, as well as hydroxyl,
alkene, and carbonyl groups. The hydroxyl group particularly is broadly accepted to be an antimicrobial
agent of polymer surfaces. It was previously reported that S. aureus cells do not preferentially attach
to polymers comprising ~OH functionality than those bearing carboxylic and methyl groups [155].
However, other surface parameters should be carefully considered during plasma fabrication. It is
well known that surface chemistry, hydrophobicity, free energy, and architecture of polymer films have
the potential to significantly influence the final antibacterial outcome. The synergistic effects of these
parameters may determine the inhibition of bacterial attachment and proliferation.
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Figure 3. Representative examples of plasma polymerization of plant secondary metabolites, where
retention of the antimicrobial activity was achieved. As soon as a bioactive secondary plant metabolite
(or an essential oil) is placed under low pressure, the molecules gain sufficient kinetic energy to separate
and begin independently moving towards the glow region within the deposition chamber. Exposure
of the molecules to the highly reactive plasma initiates various chemical reactions, such as bonds
fragmentation, oligomerization, and polymerization. At the chosen plasma parameters, the process
allows for the preservation of active functional groups of PSMs within the cross-linked solid polymeric
films. Direct observations of SEM demonstrated the powerful antimicrobial performance of geranium,
terpenen-4-ol, and carvone films in contact with different pathogens. The antimicrobial activities of
these films included antibiofouling effects and /or bactericidal actions (e.g., membrane distortion, pores
creation, and membrane damage). The SEM images are reproduced with permission from [137,144,153].

3.4. Properties of PSM-Derived Polymers

For a successful polymeric antibacterial coating to satisfy the requirements of biomedical
applications, the material should possess a range of specific biological, physical, and chemical
properties. Films fabricated from PSMs display a wide range of desired properties, including optical
transparency, moderate hydrophilicity, relatively high degradation temperature, low post-annealing
retention, and good biocompatibility, forming simple, useful, and versatile bioactive coatings. Hence,
a brief description of some important physico-chemical characteristics of PP-PSMs fabricated at a low
input power (below 100 W) is provided below.
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As a general trend observed in PP-PSMs, polymers deposited at a higher input power are
typically less susceptible to mechanical deformation. This trend is owing to an increase in the degree
of cross-linking correlated with higher input power, and hence, films are likely to be more stable and
less susceptible to wear [156]. Highly cross-linked polymers are expressively more stiff and dense
compared to conventional polymers (amorphous or crystalline arrangements). This is related to the
vibrational movement of the carbon backbone of the polymeric structure that is constrained by the
presence of a multiple covalent bonds between polymer chains [157].

The topographical features of PP-PSMs fabricated at suitable parameters have been shown to be
uniform, pinhole free, with films being highly-adherent to the substrate [154,158-163]. The uniformity
indicates that polymerization reactions occurred on the surface of the substrate in preference to the gas
phase. Moreover, ultra-smooth surfaces (with an average roughness of less than 1 nm) were attained
for plasma polymerization of various PSMs, which is a particularly significant factor that may influence
the initial microbial adhesion [164,165]. It is worth to mention that the properties of the surface of
plasma polymerized films make them highly susceptible to growth conditions, especially the input
power, where more energetic ions can cause more surface bombardment and etching. Furthermore,
the chosen precursor plays an important role in determining the overall surface properties, since to
a degree, it defines the chemical functionalities and determines the quantities of free radicals in the
plasma system [166,167].

A large number of plasma polymers developed from PSMs were reported to have favorable
optical properties. Although optical properties were affected by processing parameters during film
deposition, PP-PSMs were found to be optically transparent in the visible region and have high
absorption in the infrared region. The refractive index and extinction coefficient were in the range
of 1.5 and 0.001 (at 500 nm), respectively [168,169]. In addition, PSMs-derived polymer materials
had optical energy gap (Eg) values in the insulating and semiconducting region. For example, films
fabricated from terpinen-4-ol, linalool, y-terpinene, and geranium have E¢ =2.5,2.9, 3.0, and 3.6 eV,
respectively [153,165,170]. It is important to note that the optical properties of plasma films are
characteristically dependent on the structure of the p-conjugated chains in both the ground and excited
stats, as well as on the inter-chain orientation [171].

In general, PP-PSMs were moderately hydrophilic, with values of contact angles ranging from
~50° to 80°. The wetting characteristics were defined largely by plasma conditions and the chemistry
of the chosen precursor. For example, improved hydrophobicity of the surface was observed for films
fabricated from y-terpinene when increasing the deposition RF power from 61.0° (10 W) to 80.7°
(75 W). This polymer showed strong electron donor and negligible electron acceptor behavior [172].
The range of contact angle values of the plasma polymer are well-suited for biological uses, since they
enable and promote the adhesion of various cell types [153].

Given their potential application as an antibacterial coating for implants, the cytocompatibility of
PP-PSMs was examined for several types of mammalian cells. A study that tested the biocompatibility
of coatings fabricated from various oils (e.g., limonene, tea tree, lavender, and eucalyptus) at different
deposition powers showed minimum toxic effects. After being implanted in mice for 3 days, 14 days,
and 28 days, all PP-PSM films were demonstrated to be biocompatible. While in most cases, these
coatings did not produce an unwanted host or material response, in a number of cases mice sinus
formation was observed, however, it was deemed not significant [173]. The biocompatibility of
polymer films is a property that should be addressed carefully for protective coatings in medical
applications, in particular for implantable devices, since the film surface directly interfaces with
various bio-components including blood, proteins, cells, and tissue growth. Hence, non-biocompatible
coatings may lead to failure, toxic responses, abnormal cell/tissue responses, and device degradation.

It should be noted that PP-PSMs have shown some limitations. For example, they are generally
insoluble in organic solvents owing to their high degree of cross-linking. This feature, in particular,
greatly complicates the characterization of the polymers [131]. It was also observed that PP-PSMs are
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highly susceptible to changes brought by the chemical composition of the medium (e.g., the aqueous
solution and body fluid) that may affect their operation in some applications [174].

Essential oils variations:

Generally, it is accepted that the chemical composition of essential oils varies by plant health,
growth stage, climate, edaphic factors, and harvest time. On the other hand, the degradation kinetics of
these oils, due to external factors (e.g., temperature, light, and atmospheric oxygen exposure, presence
of impurities), should be thoroughly taken into account [175]. For example, pure cinnamaldehyde was
reported to decompose to benzaldehyde at temperatures approaching 60 °C. But, once it combined
with eugenol or cinnamon leaf oil, cinnamaldehyde remained stable at 200 °C [176]. The molecular
structures of natural oils have a substantial effect on the degree of degradation. Compounds rich in
allylic hydrogen atoms could be potential targets for autoxidation, where hydrogen atom abstraction
is giving rise to resonance-stabilized radicals, which are highly preferable due to their lower activation
energy [177]. Furthermore, essential oil components are generally known to easily convert into each
other (through processes such as isomerization, oxidation, cyclization, or dehydrogenation reactions),
because of their structural relationship within the same chemical group [175,177].

It is important to mention that several essential oils (e.g., tea tree, lavender, and terpenene-4-ol)
have shown some irritation and allergies in users (via inhalation or direct contact) [178-180].
The allergic reactions typically arise from certain components such as benzyl alcohol, cinnamyl
alcohol, iso-eugenol, eugenol, hydroxycitronellal, geraniol, and various others constituents [181-183].
However, sensitive symptoms due to essential oils can range from relatively minor incidences of
irritation and sensitization, to contact dermatitis and the most serious anaphylactic reaction, thus,
should be well considered [184,185].

4. Challenges

In the scientific and manufacturing field, replication or reproduction of consistent systematic
results is the key to success [186]. A major issue of plasma techniques is the constancy of the
result, particularly across different plasma systems, due to differences in processing parameters
(e.g., power, pressure, temperature, flow rate, and tube geometry). For example, changes in the design
of plasma equipment can affect the flow dynamics of vapors through the system, and the profile of the
plasma discharge zone, which could potentially alter the nature, homogeneity, and density of the gas
phase species inside the reactor. Indeed, this problem becomes more obvious during the fabrication
of functional coatings from PSMs, where retention of certain chemical moieties is essential [187].
To minimize the variation of films produced across different plasma systems, a scaling factor route can
be applied that takes into account both the actual energy consumed in the active plasma field, and the
differences in the geometry of the utilized reactors [188].

Another concern comes from the varying properties of the renewable precursor. It is well
documented that essential oil composition is very complex and depends on multiple interacting
factors. In addition, De Masi et al. (2006) reported that the chemical compounds of essential oils were
found to be extremely variable in various cultivars/genotypes of the same plant species and they
these differences were not necessarily correlated with genetic relationships [189]. Additionally, the oil
quality and biological activity can be affected storage conditions, e.g., temperature [190]. The potential
to obtain biopolymer films with consistent properties regardless of the base material source, method,
or time of harvest is important for successful integration into industrialized processes.

As mentioned previously, typical plasma polymerization of PSMs (continuous mode) yields the
fragmentation of large quantities of precursor molecules. The random recombination of fragments,
radicals, and atoms renders the chemical structure and configuration completely irregular. In fact,
the density of desired functional groups remain relatively insufficient even if the used fabrication
power is low. Pulsed-plasma polymerization can address this issue. This technique offers a sequence
of on-periods (a few ps-long periods during which fragmentation takes place) and off-periods (us to
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ms-long periods during which recombination and polymerization occurs), where the resultant polymer
should consist of more chemically regular structures than those of the continuous mode [191]. The idea
is to further reduce the degree of dissociation/fragmentation of the precursor molecules, and hence
the off-period reactions contributing more non-fragmented functionalities into the formed polymer.
To date, the pulsed-plasma polymerization has not been used for the synthesis of antibacterial
surfaces from PSMs. We highly encourage researchers to explore and expand the usage of the
pulsed-plasma method, where the optimization of the desired functionality will essentially include the
increasing/decreasing the off-period in pulsed polymerization.

5. Conclusions

A better understanding of the way to preserve/retain the bioactivity of essential oils within a
thin film is critical for the development of a wide range of bactericidal coatings suitable for medical
devices. The aforementioned polymer materials that were derived from renewable resources present a
promising approach toward producing antimicrobial and biocompatible materials and tissue contact
coatings. However, information on the long-term performance of plasma polymerized PSMs thin films
requires further exploration. Also, although a small number of systematic studies showed promising
antimicrobial activity using encapsulating essential oils, further research in this direction is warranted.
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Abstract: The increasing demand for environmental protection has led to the rapid development of
greener and biodegradable polymers, whose creation provided new challenges and opportunities for
the advancement of nanomaterial science. Biodegradable polymer materials and even nanofillers
(e.g., natural fibers) are important because of their application in greener industries. Polymers that
can be degraded naturally play an important role in solving public hazards of polymer materials and
maintaining ecological balance. The inherent shortcomings of some biodegradable polymers such as
weak mechanical properties, narrow processing windows, and low electrical and thermal properties
can be overcome by composites reinforced with various nanofillers. These biodegradable polymer
composites have wide-ranging applications in different areas based on their large surface area and
greater aspect ratio. Moreover, the polymer composites that exploit the synergistic effect between the
nanofiller and the biodegradable polymer matrix can lead to enhanced properties while still meeting
the environmental requirement. In this paper, a broad review on recent advances in the research and
development of nanofiller reinforced biodegradable polymer composites that are used in various
applications, including electronics, packing materials, and biomedical uses, is presented. We further
present information about different kinds of nanofillers, biodegradable polymer matrixes, and their
composites with specific concern to our daily applications.

Keywords: biodegradable; nanocellulose; carbon nanotubes; nanoclay; polymer composites

1. Introduction

With the depletion of energy and the worsening environmental problems associated with plastic
scrap disposal from petroleum production, there has been a growing interest in biodegradable and
renewable resources. With the increasing demand for biodegradable materials, the advancements in the
field of degradable composites are getting more and more attention [1-6]. However, most commercial
composites are carbon fiber or fiberglass-reinforced epoxy composites that are the subject of fossil-fuel-based
composites and are not in line with sustainable green development because of the difficulties in recovering
and disposing of these materials at their life-cycle end [7-11]. At the same time, traditional biodegradable
polymer materials exhibit poor mechanical properties, a narrow processing window, low electrical and
thermal properties and cannot meet the actual needs [12-14]. However, using biodegradable polymer
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materials as substrates, biodegradable polymer composites that can both degrade and meet practical
requirements can be developed by adding appropriate reinforcing fillers using advanced technologies
and methods. Biodegradable composite materials are used in many fields such as artificial joints,
wound treatment, delivery of corresponding drugs and body orthopedic devices, and are widely used
in food packaging and agricultural films [15-17]. To expand the range of applications of biodegradable
polymers in various fields, the performance of biodegradable polymers needs to be enhanced.
An example of this is the use of bio-based hybrid nanocomposites that would enhance the synergy of
natural fibers in bio-based polymers while improving performance and maintaining environmental
attractiveness [1,7,18]. With the changing environment, people are becoming increasingly integral
to waste treatment. With the biodegradability of bio-based polymers, sustainability is also enhanced
so that they can be applied in practical engineering. The rapid development of bio-based polymers is
due to the significant progress in the production of bio-based components from biomass feedstocks,
enabling bio-based polymers with more functional and chemical structures to achieve target performance
and functionality. However, the mechanical properties and barrier properties of biopolymers limit their
popularization and application [19]. There are three aspects related to the promotion of biopolymers:
performance, processing and cost. All biodegradable polymers have “performance and processing” issues.
Nano-enhanced biodegradable biomaterials can be used to improve the performance of biomaterials.
Bio-nanocomposites are comprised of biopolymer matrices and nanoparticles (sizes less than several
hundred nanometers) which are used for the reinforcement or functionalization [20-22]. With the high
depth to width ratio and high superficial area of nanoparticles, bio-nanocomposites are a new type
of material that has significantly improved performance compared to the basic bio-polymers [23-25].
In the packaging industry, the continuous impact of plastomer packaging castoff on the environment
has also attracted worldwide attention due to limited processing methods [26-29].

Thus, the biodegradable plastic packaging receives more attentions attribute to its sustainable
consumption of natural resources while the environmental burden is becoming more and more
serious [30,31]. At the same time, the increase of food security led to an increased need for
biodegradable wrappers made from renewable resources (biomacromolecules), as a substitute for
synthetic plastic wrappers, particularly for short period wrapping and single-use (i.e., single-use
tableware, single-use dishes, glass and tableware, garbage bags, drink vessels, farm mulching
films, fast food boxes, medical apparatus and instruments, etc.) [25]. From the current situations,
the application of nanotechnology in packaging is much faster than the food itself, because people
are suspicious of the safety of nanoparticles that are directly added to the food. For food packaging
materials, it is believed that nanoparticles will not affect the ingredients of the food itself. It will only
migrate from packaging to the food under high temperature level and longer heating time. Therefore,
the biodegradable nanocomposites used as packaging materials have minimum effect on the food
security [32-34]. Prior to mercantile use of bio-based wrappers, some elementary problems must be
solved including the rate of degradation, changes in mechanical behavior during conservation, possibility
of microbial proliferation, and contamination of packaged foods by harmful compounds. In fact, these
biopolymer wrappers have a higher hydrophilicity and are weaker during processing, resulting in industrial
restrictions [35]. Although researchers have done much research on improving the packaging performance
of biopolymer membranes, the issues of physics, thermology, and mechanical behavior still cannot meet
the requirements in industrial activities [31,36]. Consequently, we have been working on developing
biocomposites with improved mechanical behavior, separation properties, rheology and hot properties of
food packaging pellicles. There are many bio-based polymer fillers available. The nature of the nanofiller
can be organic or inorganic. For example, inorganic fillers include silicon dioxide (SiO5), titanium dioxide
(TiOy), calciumcarbonate (CaCOj3), polyhedral oligomeric silsesquioxane (POSS) and other particles.
Coconut shell nanofillers, cellulose nanofillers, and other organic and natural derivatives belong to
the class of organic fillers [37-41]. Different nanofillers can improve the mechanical properties, heat
resistance, barrier properties and can promote the development of biodegradable materials [6,42—44].
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This article summarizes the latest research progress of biologic macromolecule materials,
nanofillers and bio-nanocomposites in hardgoods, packing, electron and biomedical applications.
Bio-based composites can overcome the inherent disadvantages of some bio-based materials such
as narrow processing windows, poor barrier properties, poor biocompatibility and conductivity.
This article also looks forward to the future processing technology, product development and
application of nanofillers to enhance biocomposite materials [45].

2. Biodegradable Polymers

Biobased polymers [46-49] can be categorized into: (1) upgrades of biodegradable polylactic
acid (PLA), polyhydroxyalkanoates (PHA), and the like; (2) polymerization similar to fossil oil
derived materials, for instance bio aggregation (Bio-PET); and (3) new biologically based polymers,
for instance 2,5- furan two formate (PEF) [50]. Polymer materials from natural crops, including
corn-based isosorbide polycarbonate, can also be regarded as biologically based polymers. This article
generally describes two biopolymers of polylactic acid (PLA) and polyhydroxyalkanoates (PHA).
PLA, PHA and butanedioic acid polymers are the general biologically based polymers, which are
often used in biodegradable plastic operations for the addressing of environmental problems. With the
changing social demand for biodegradable polymers, the performance needs to be improved to make
it more applicable [51,52]. Recently, examples of the development and application of PLA, PHA
and succinate polymers have been described. The basic characteristics and chemical properties of
the nanocomposites made from PLA, PHA, and some other polymers are also introduced in the
following section.

2.1. Biodegradable Polylactic Acid (PLA)

PLA is made from the ring opening polymerization (ROP) of the ring two polymer lactide from lactic
acid [53]. The nexus among the nature of PLA and the content of the L unit was studied. Polylactic acid
is receiving increasing attention due to its biodegradability and potential role for replacing traditional
polymers. PLA belongs to a highly crystalline polymerization because it is stereotactic. These stereoisomers
can be controlled by using diverse activators. As the first large-scale produced bio-based plastic, PLA has
good mechanical properties, mainly by hydrolytic degradation [54-56].

Since PLA’s raw materials are based on agricultural raw materials, the continuous supply of PLA
resins is of great significance to the development of the global agricultural economy. The increase
in the high molecular weight of polylactic acid is the driving force for the extended application of
PLA. Various techniques can be used to prepare these polymerizate, mainly through the formation
of azeotropic dewatering polycondensation, direct polycondensation, or condensation of the lactide
(as shown in Figure 1) [57]. Although the production technology of PLA has been greatly improved,
there are still many areas for improvement in PLA applications. PLA has mainly been used to replace
thermoplastics. For example, for important foods that require high separate safeguard, polyethylene
terephthalate (PET) packaging may not be replaced by PLA, because the barrier properties of PLA
are different from those of PET. The brittleness of PLA will also be a limiting condition for its
tenacity and shock resistance. Finally, when PLA is exposed to atrocious weather conditions, it may
have unpredictable characteristics. Compared to conventional thermoplastic polymers, polylactic
acid has poor heat endurance and shock resistance. As a result, there is a gap between PLA and
conventional polymers. However, the use of polylactic acid could be extensive if its performance was
improved. In recent years, researchers have used a variety of nanofillers to improve the performance
of PLA, mainly phyllosilicates, carbon nanotubes, hydroxyapatite, layered titanates, etc. [58]. The good
compatibility, material characteristics and low cost of PLA will make it widely used in medicine.
Furthermore, the shear-thinning characteristics of PLA can be used in conventional polymer processing
technology processes, and some new technologies (such as the use of supercritical foams and
electrospinning to produce nanofibers) which has positive implications for spreading the application
of such polymers [59].
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Figure 1. Synthesis of PLA from 1- and d-lactic acids. Reproduced with permission from [57].

2.2. Polyhydroxyalkanoate (PHA)

Polyhydroxy chain alkanoate (PHA) is a kind of biological polyester, made naturally by various
microorganisms. Research work is being done to create PHA in transgenic plants [60]. These polymeric
compounds have different structures and corresponding properties. More than 150 different genres
of PHA are homopolymers, which are created by diverse kinds of bacteria and growing conditions.
Polyhydroxybutyrate (PHB) and poly (hydroxybutyrate Hydroxyvalerate) (PHBV) are the most famous
polymerizates in polyhydroxyalkanes systems [54]. PHA is a member of the polyester family composed
of hydroxyalkanate monomers. In nature, they exist in the form of homopolymers. PHA is present
in pure particulate polymer form and is used as an energy storage medium in bacteria (similar to
animal fats and starch-like starch plants). PHA is commercially produced using energy-rich feedstocks
that are converted to fatty acid feedstocks. During PHA's industrial production process, the cells are
separated and dissolved after several production cycles. The extraction of the purified cell residue
from a polymer is processed into particles or powders [61].

In recent years, researchers found that a large number of bacteria can produce different
polyhydroxyalkanoate bio-polyesters. In general, it does not seem too easy to manipulate PHA structure
and the proportion of monomers in the copolymer. However, the weakening of the beta oxidation cycle by
pseudomonad putida and pseudomonad thermophila makes various PHA structures controllable. It has
become a reality to use functionalized PHA by introducing functional groups, which contains fatty
acids, into polyhydroxy polymer chains in a predetermined ratio [62]. However, commercialization of
PHA is costly, has molecular weight (MW) and structural instability, and, thus, the thermomechanical
properties are not stable [36,63,64]. Furthermore, high costs are associated with complex biological
processes such as bactericidal effects, low conversion of carbon substrates to PHA products, slow
growth of microorganisms, and downstream separation [65]. Therefore, researchers are not aware of
the limitations of PHA production. A growing body of research has been conducted on methods to enhance
production, with the objective being sustainably producing large-scale microbial polyhydroxyalkanoates
(PHAs), promoting the commercialization of PHAs and expanding their range of applications [66,67].
For example, Burniol-Figols summarized the method for the production of PHA by fermenting crude
glycerol (as shown in Figure 2) and studied the effects of nitrogen under different conditions [68].
Koller focuses on the investigation of the thermal and rheological properties of PHA polymers
accumulated by Synechocystis salina. The determined thermal and rheological properties show that
PHA polymers accumulated by S. salina on digestate supernatant or mineral medium are comparable
with the commercial available poly(3-hydroxybutyrate). However, the results demonstrated that PHA
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polymers generally need to be modified before the melting process to increase their stability in the
molten state [69].
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Figure 2. Summary of strategies for production of PHA from fermented crude glycerol Reproduced
with permission from [68].

PHA isnot only a kind of environmentally friendly biopolymer, but also has many adjustable material
properties. With the further reduction in cost and the development of high value-added applications,
it will become a kind of multi-application field material which can be accepted by the market. Because it
is a family with a wide range of components, its performance from hard to high flexibility enables it to
be applied to different applications. The structural diversity of PHA and the variability of its properties
make it an important member of biomaterials. Compared with PLA, the developing history of PHA is
short, but the development potential and range of applications are bigger.

3. Nanofillers for Biodegradable Nanocomposites

Nanofillers can improve or adjust the properties of the materials into which they are incorporated,
such as flame retardant properties, optical or electrical properties, mechanical properties and thermal
properties [57]. Nanofillers need to be incorporated into the polymer matrix in a certain proportion.
There are many nanofillers used in nanocomposites, which mainly include nanoclays, carbon nanotubes
and some organic nanofillers [54]. This paper mainly introduces nanofiller reinforced biodegradable
polymer composites, in which the matrix need to come from renewable resources.

3.1. Nanocellulose

With the advancement of technology, the natural polymer cellulose attracts more people’s
attention worldwide. A new kind of “cellulose” has been used as an advanced material [70]. Cellulose is
considered a product or extract of natural cellulose consisting of nanoscale structural materials. In general,
the cellulose family can be divided into three kinds: (1) cellulose nanocrystals which has other names
such as nanocrystalline cellulose; (2) cellulose nanofibers which is also known as nanofibrillated cellulose
(NFC); and (3) bacterial cellulose (BC), also called microbial cellulose. It can be obtained from wood, flour,
beets, potato tubers, ramie, algae and other plants. The BC can be reproduced quickly by converting
large unit (cm) into small units (nm) and let them grow back into large units under adapt circumstance.
Bacterial nanocellulose is a nanocellulose that is secreted by microorganisms and has been demonstrated
to be useful for artificial blood vessels in tissue engineering. Bacterial nanocellulose as nanofiller
has good mechanical properties and biocompatibility, ultrafine fiber network and high porosity [71].
Chemically induced deconstruction strategies, such as acid hydrolysis, are commonly applied to pick up
CNC from natural cellulose while retaining highly crystalline structures. The process of BC construction
is shown in Figure 3, which is typically synthesized by bacteria in a pure form [72]. Different types
of cellulose exhibit different properties, which determine their applicability and functionality, that
is, some types of cellulose are better suited for specific applications. A high Young’s modulus/high
tensile strength are the typical properties of cellulose that are important. Some aspect ratios that can be
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manipulated depend on particle type, and potential compatibility with other materials. In addition,
the choice of chemistry and material affinity give rise to very versatile cleavage [73]. There are
many studies on nanofibers. Jafari et al. [74] conducted a study of nanofiber coatings and found
that the low DE of polymer—polymer complexes decreases the water adsorption and the solubility of
maltodextrin. Second, the crystalline nanocellulose fibers increase the path of curvature and curvature
in the material and reduce the water possibility of molecular penetration. Kuo et al. developed an
enhanced bio-nanocomposite fiber /resin interface with a blend of toughened epoxy resins to improve
resin penetration and fiber distribution [75]. Nanocellulose can control the rheology stability of dispersion
and give the composite stronger mechanical properties. Synthetic modification of fibrous cellulose is a
way to get chemical compatibility of the systems. However, this also limits the environmental benefits of
using cellulose components. Therefore, an attractive step forward in compatibility and further expansion
of nanocellulose applications is through the use of surfactants [76]. The tensile strengths of some
nanocomposites are linearly correlated with the strengths of cellulose nanofibers. Better dispersion of
individual cellulose nanofibers can improve the performance of the composites [77].

Linear biopolymer cellulose is naturally found in all plants. In addition to be the major natural
polymer on Earth, it has a variety of functions, including excellent biocompatibility, lower density,
greater strength, and has the most favorable mechanical properties at a fraction of the cost. With the
recyclability, anisotropic shape, good mechanical properties, fine biocompatibility, and adjustable
surface chemistry of nanocellulose, a growing number of applications of nanocellulose materials in
science and biomedical engineering related fields has attracted peoples’ interest. Although the topics
of nanocellulose has been extensively studied over the past years, there is clear room for growth,
especially regarding new developments in coatings and medical devices [73,78].
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Figure 3. Hierarchical structure of cellulose; top image (from large unit to small unit): cellulose
nanocrystals (CNC), micro/nanofibrillated cellulose (MFC and NFC); bottom image (from tiny unit to
small unit): bacterial cellulose (BC). Reproduced with permission from [72].
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3.2. Nanoclays

Layered silicate, also known as clay, is the most commonly used nanolayered silicate
nanocomposite in polymer composites, which have a widespread application in the preparation
of composites based on clay. The changes in size of the silicate layer depends on the source of the clay,
the silicate particles and the production technology. The structure in the silicate layer will be changed,
and the substitute induces a negative charge in the slime sheet that is spontaneously offset by the cations
in the interlayer spacing. All electricity variation relies on layered silicate [79]. Biodegradable plastic
clay nanocomposites have attracted wide attention because of their ameliorated mechanical and
obstruction properties and their lower burnable points on each native polymer. Majeed researched
the natural fiber filled hybrid composite in the field of food applications and obtained a wrapper
with enhanced barrier and obstruction properties [80]. Malwela studied the enzymatic degradation
behavior of nanometer clay reinforced degradation material. The effect of nanoclay on the degradation
rate of blends at various temperatures is diverse from that of PLA /PBSA mixture composites, which
provide a reference for subsequent studies. Of course, nanoclays are also used for several new and
improved biodegradable polymer materials, with a growing range of applications, not only because of
its strong practicality and low price point, but also because it has machinability and thermosetting
properties [81-85].

3.3. Carbon Nanotubes and Graphene

3.3.1. Carbon Nanotubes

Nanotubes have been synthesized by a number of methods including arc discharge, laser ablation,
chemical vapor deposition, etc. [86]. Carbon nanotubes exhibit excellent mechanical, electrical and
magnetic properties which make them an ideal material for high-strength polymer composites.
However, because of van der Waals interactions, carbon nanotubes usually form stable bundles
that are extremely hard to disperse and align in the polymer. Due to this, the biggest issue with the
manufacturing of carbon nanotube-reinforced composites is the ability to disperse and assess the
dispersibility as well as arranging and controlling the carbon nanotubes in the matrix. There are some
methods for dispersing nanotubes in a polymer matrix, such as solution mixing and melt mixing.
The chemical vapor deposition process has progressed the construction of carbon nanotubes, which
has promoted the widespread industrial application of this process.

Carbon nanotubes can be used in many situations, including polymer composites, electrochemical
energy storage/conversion, hydrogen storage and others. Polymer composites are used as functional
fillers that not only increase the thermal/mechanical properties, but also provide additional functions
such as increase in flame resistance, and barrier properties. Its polymer composites have been extensively
studied in many fields. Carbon nanotubes have been effectively exploited by researchers to develop
techniques based on renewable resources, polymer materials, etc. Ma et al. [87] proposed the design of a
bio-based conducting and rapidly-crystallizing nanocomposite with controlled distribution of multi-walled
carbon nanotubes through an interface stereocomplex. Thin films and (semi) conductive materials show
significant potential.

Hapuarachchi and co-worker [88] found that the multi-walled carbon nanotubes can be applied as
flame retardants for PLA and its natural fiber reinforced composites. They found that the heat release
rate (HRR) was reduced by 58% compared to native PLA because of the addition of multi-walled
carbon nanotubes. The advancement of carbon nanotubes with better conductivity has created new
applications for polymer composites in electromagnetic interference shielding fields.

3.3.2. Graphene

Graphene is a single layer of hybridized carbon atoms arranged in a two-dimensional lattice which
can be manufactured by the peeling off of graphite nanosheets. The theoretical specific surface area
of graphene sheets is 2630-2956 square meters and the aspect ratio is more than 2000. With its special
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structure, graphene has outstanding thermal properties and mechanical properties. One of the most
advanced applications of graphene is a filler for nanocomposite polymers. However, it is hindered by poor
solubility in most cases. Moreover, the large surface area of graphene leads to significant aggregation in the
polymer because of the van der Waals. Thus, graphene has significant optical activity that can be observed
on some substrates by simple optical methods. Actually, different numbers of atomic layers of graphene
can be distinguished relatively easily using transmission optical microscopy [89].

Due to the excellent electrical, mechanical, optical and transport properties of graphene, it has been
used in many different types of applications. Graphene reinforced nanocomposites have a high level of
hardness and strength. These nanocomposites should have excellent mechanical properties and graphene
is expected to be a reinforcing material for high performance nanocomposites. However, there is a problem
in obtaining good dispersion, and there are challenges in getting graphene to completely peel into a single
layer or a few layers of material having a reasonable lateral size or generating graphene oxide without
significantly damages [90]. Researchers have done a lot of work on graphene reinforced nanocomposites.
Graphene-based adsorbents have attracted widespread interest as effective adsorbents for the removal
of heavy metals from the environment [91]. Sima Kashi et al. conducted a study on the dielectric and
EMI shielding performance of graphene-based biodegradable nanocomposites. The study found
that the addition of graphene nanosheets significantly enhanced the dielectric constant of both
polymers [92]. Purnima Baruah et al. studied bio-based, tough, hyperbranched epoxy/graphene (HBE)
nanocomposites with enhanced biodegradability. Performance studies showed that the addition of
graphene oxide (GO) to HBE increased the bond strength by 189%, the toughness by 263%, the tensile
strength by 161%, and the elongation at break by 159% [93]. After extensive research, it has also
been necessary to guarantee that a strong interface exists between the reinforcing material and the
polymer matrix to give the best properties of the graphene reinforced nano-polymer. It should be
noted that apart from providing good prospects for mechanical enhancement, it can also be used to
control functional properties such as conductivity, swelling, gas barrier properties and stability.

3.4. Other Functional Nanofillers

Bio-nanoparticles and a variety of functional fillers are attracting a great deal of attention because
of their diverse biomedical and biotechnological applications. Nano-scale fillers play a significant role
in the manufacture of biological composites because they bring a variety of desirable functions to the
composite. There are a variety of functional nanofillers such as silica nanoparticles, hydroxyapatite,
layered double hydroxide (LDH), polyhedral oligomeric silsesquioxanes (POSS), cellulose nanofibers,
etc. [94,95]. Recently, some nanofillers have drawn more attention due to their versatility in the
manufacture of biomedical applications. Hydroxyapatite is famous for its bioactive and biocompatible
ceramic which is found in bones and teeth. Bio-based polymers of LDH find wide applications in tissue
engineering, drug delivery and gene therapy because of their compatibility and their non-cytotoxic
and nonirritating biological systems [96]. The Hap /GO nanocomposites prepared by M. Ramadas et
al. provide excellent biocompatibility for use in orthopedic, drug delivery and dental applications [97].

4. Processing Methods and Applications

4.1. Processing Methods

Bio-based materials have disadvantages such as poor hydrophilicity, poor electrical conductivity,
and poor mechanical properties during processing [21]. However, nanofillers can overcome the
above defects and achieve the purpose of enhancing the properties of composite materials.
Therefore, nanofillers are used to enhance biodegradable materials. There are many ways to prepare
nanofiller biodegradable composite materials. Different nanofillers have different treatment methods.
This article describes the processing of nanocellulose based biocomposites, the preparation of nanoclay
based composites, the processing of polymer—carbon nanotube based biocomposites, and the processing
of functional nanocomposites.
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4.1.1. Processing of Nanocellulose Based Bio-Nanocomposites

At present, the main treatment methods for using nanocellulose fillers are solvent casting and
melt processing [98]. These are mainly used to solve the problem that the nanocellulose cannot be
evenly dispersed in a non-polar medium. Due to the polarity of nanocellulose whiskers, it is difficult
to disperse homogeneously in non-polar media and therefore needs to be uniformly dispersed in polar
media or in aqueous media [99]. Solvent casting and melt processing methods can help nanocellulose
evenly disperse in the polymer. For the above two methods, the polymer used is different. For solvent
casting, mainly three types of polymers are used: (1) water-soluble polymer; (2) polymer emulsion;
and (3) water-insoluble polymer. There are two effective ways to achieve solvent casting. For polymer
emulsions and water-insoluble polymers, it is possible to utilize polar head and long hydrophobic
tail surfactants of polymer emulsions or water-insoluble polymers, Surfactants are coated on the
surface of nanocellulose crystals. Another method is to graft hydrophobic chains onto the surface
of nanocellulose crystals. Both methods allow the nanocellulose filler to be uniformly dispersed in
the polymer.

Melt extrusion is the most commonly used in industry [100]. Melt extrusion refers to the process
of adding the plasticized material to the extruder for forming. However, this method has several tough
problems. The biggest problem currently is the use of dry nanocellulose. During the extrusion process,
the nanocellulose particles easily form hydrogen bonds in the amorphous state. These hydrogen bonds
have a strong adsorption force, which makes the material prone to aggregate when it is dry, so it
is difficult to evenly disperse the polymer. Currently, researchers are working to overcome this by
studying the feed process. Using the method of pumping suspension [99], nanocomposite-enhanced
PLA biodegradable composites were obtained, which has better dispersibility. Another technique
is wet extrusion [101]. Compared to melt extrusion, the wet extrusion has a lower temperature and
is suitable for applying in biomedical applications. Because the temperature of the melt extrusion
is too high to degrade the protein. At present, Danya M. Lavin’s team [102] used the wet extrusion
method to prepare a self-assembled microfiber scaffold for drug delivery. The polylactic acid solution
was added dropwise into a uniformly stirred, water-insoluble solvent to make it a liquid non-woven
polymer. Fibrous scaffolds, then adjust the concentration of polymer spinning dope and increase the
ratio of silicone oil to petroleum ether to achieve fiber diameter control.

4.1.2. Processing of Nanoclay Based Bio-Nanocomposites

At present, nanoclay biodegradable composites are mainly mixed by means of intercalation
layered silicate. There are three main methods: (1) polymer solution embedding; (2) in-situ
polymerization; and (3) melt embedding method.

The so-called polymer solution embedding method mainly works by macromolecule clay
intercalation solvent in the polymer [103]. By this way, the nanoclay can be embedded in the polymer
and will not damage the internal structure of the polymer, forming nanoclay—polymer composites.
However, this method requires a large amount of solvent, thereby displacing a large amount of waste
liquid, which has an adverse effect on the environment.

In-situ polymerization utilizes the polymerization of monomers in phyllosilicates. In this method,
the nanoclays expand in liquid monomer. Under the action of polymerization, the nanoclays are effectively
embedded in the polymer, a process requiring catalyst initiation of polymerization. The catalyst can
effectively make the nanoclay fixed in the inner layer of silicate without falling off [104].

Melt embedding is currently the most widely used method in industrial production. When the
temperature reaches the melting temperature, the nanoclay is annealed [105], in which case the polymer
chains can enter the silicate interlayer, forming a sandwich structure. This method does not produce
waste liquid as in the in-situ polymerization method and is a more economical and green method.
This method can prepare various nanocomposites of different morphologies, depending on the manner
in which the polymer chains are embedded and the types of functional groups. Figure 4 shows the
formation of nanoclay composites.
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Figure 4. Schematic illustration of terminology used to describe nanocomposites formed from
organoclays. Reproduced with permission from [106].

4.1.3. Processing of Polymer-Carbon Nanotubes Based Bio-Nanocomposites

Carbon nanotubes act as nanofillers to enhance biodegradable composites; the extent of their
enhancement depends mainly on the molecular orientation and degree of dispersion. At present,
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are mainly
dispersed in polymer composites, and van der Waals forces are used to enable the polymer matrix to
condense carbon nanotubes. The degree of dispersion depends on the network structure of the structure.
This uniformity depends on the molecular orientation of the matrix and its compatibility [107].

In addition, the differences in the size of the SWNTs and the larger surface energy
lead to the polymerization of the MWCNTs. Therefore, it is difficult to uniformly distribute
the surface of polymer. The current methods of uniformly dispersing carbon nanotubes include
chemical modification [108], coating of carbon nanotubes [109], in-situ polymerization [104], ultrasonic
dispersion [110], melt processing [111], addition of surfactants [112], electrospinning [113], electrochemistry
and crystallization [114]. Uniform dispersion of carbon nanotubes can significantly increase the strength
and toughness of composites, and improve the electrical conductivity of composites. It is an important
measure for degradable biocomposites.

4.1.4. Processing of Functional Nanocomposites

Hap-based nano-natural degradation of composite materials are used in medical applications.
Hap composite materials can be prepared by traditional physicochemical methods [115].
The preparation method mainly adopts solvent casting. The solution concentration determines the
degree of polymer dispersion while the mixing time and the mixing method determine polymer
uniformity. Hap particles are not easily reacted due to the lack of reactive functional groups
(hydroxyl groups). Currently, this problem can be solved by changing the Hap particle size and
increasing the surface energy [116]. It should be noted that the catalyst added in the mix must be
harmless and biocompatible without changing its properties.
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The other is LDH nanocomposite. The polymer is mainly prepared by three methods: (a) monomer
exchange and in situ polymerization; (b) coprecipitation or polymer displacement; and (c) polymer
recombination [117]. Figure 5 shows three specific preparation methods. In-situ polymerization is to fill
the interlayer of nanolayers with the reaction monomers, allowing them to polymerize between layers.
The co-precipitation method refers to the fact that two or more cations are contained in a solution. They are
present in a homogeneous solution and a precipitant is added. After the precipitation reaction, uniform
precipitation of various components can be obtained. Polymer recombination refers to the process of
reacting and orderly arranging different polymer monomers and reacting to form new polymers.
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Figure 5. Preparation of LDH nanocomposites of various methods, (a) monomer exchange and in situ
polymerization, (b) direct exchange, (c) exfoliated layers restacking. Reproduced with permission
from [117].

Method (a) is used in the preparation of polymer—-LDH nanocomposites. The coprecipitation
method is useful for layered hydroxide. The process consists of “co-assembly” synthesis of LDH in the
presence of a polymer formed between LDH sheets [118].
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4.2. Application

4.2.1. Electronics

Nanofillers Enhanced Biodegradation Composites have been widely used in many fields and
have many advanced developments in electronics, including diodes, solar cells, and electromagnetic
applications [119]. With the continuous increase of electronic devices, abandoned electronic devices
cause serious environmental pollution, and the appearance of biodegradable bio-composites greatly
relieves the environmental pressure.

Nanocellulose bio-composites are widely used in medical, electronics, packaging and other
fields. They are currently used in the development of flexible electronic equipment using roll-to-roll
manufacturing process [120-122]. The technology relies on the substrate material and nanocellulose
composite material as the base material to achieve the purpose of preparation. Masaya Nogi and
co-workers [120,122] have experimentally proved the advantage of nanoscale reinforcing using
cellulose nanofibers. They obtained transparent composites by enhancing various types of resin
using BC nanofibers, even in the fiber content of up to 70 wt %. As BC nanofibers are bundles of
semi-crystalline and extended cellulose chains, the obtained nanocomposites are not only highly
transparent and flexible, but also present high mechanical strength comparable to low carbon steel
and low coefficient of thermal expansion comparable to silicon, which make the composite suitable for
applications. Moreover, they have succeeded in depositing an electroluminescent layer (comprised
of organic light-emitting diodes) on these transparent BC nanocomposites. Petersson et al. [123]
successfully prepared poly(lactic acid) cellulose-based biodegradable nanocomposites. They found
that the poly(lactic acid) cellulose base can enhance the mechanical properties and thermal stability
of the materials. It was concluded through experiments that the poly(lactic acid) cellulose-based
biodegradable nanomaterials. The composite material is stable at 220 °C, so the material can be
suitable for high temperature environments.

Carbon nanotube biodegradable composites have been applied in the development of flexible
sensors. Sensors of this kind of materials can be applied in various temperature, humidity and complex
chemical environments with better electromagnetic and mechanical properties [124,125]. Han and
co-workers [124] reported a humidity sensor on cellulose paper using functionalized single-walled
carbon nanotubes. The conductance displacement of the nanotube network wrapped on microfibril
cellulose was used for humidity sensing. Compared with control sensors made on glass substrates,
cellulose mediated charge transfer on paper enhances sensitivity. They furtherly prepared a similar
CNT-based sensor device on cellulose paper for ammonia sensing [125]. At present, Yun et al. [105]
manufactured carbon nanotube—cellulose biodegradable composites, which served as a base material
for chemical vapor sensors. Cellulose solution was prepared by dissolving cotton pulp in LiCl/N,
N-dimethylacetamide solution. The multi-walled carbon nanotubes (MWCNTs) were covalently
grafted to cellulose by reacting imidazolides-MWCNTs with cellulose solution. Figure 6 below is a
schematic diagram of a M/C paper and cross finger electrode chemical gas sensor. Its good economic
benefits, biocompatibility and eco-friendly advantages led the sensor to receive extensive attention.

Carbon nanotube biodegradable composite materials are used in solar cells. Carbon nanotubes
added to the flexible photovoltaic cells can directly improve the conductivity of the polymer and
enhanced solar cell photon absorption capacity. Valentin et al. [126] developed a novel method of
carbon nanotube and researched their electrical properties. It is concluded that the SWNTs composites
can be used in organic conductive materials.
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Figure 6. Schematic of chemical vapor sensor made with M/C paper and IDT shaped electrode
(reproduced with permission [105]).

4.2.2. Packaging Industries

There are three major drawbacks with biodegradable plastics currently used for packaging:
performance, processing and cost. Emerging nanofillers enhance biodegradable composite materials
to help overcome the above problems. Nanofilling can effectively improve these problems,
and nanocomposites have significant advantages over traditional composites.

The materials currently used in food packaging mainly value their stretchability and
permeability [127]. Nanofiller biodegradable composite materials not only have the key features of
metal-based packaging, but also other good properties including mechanical properties, thermodynamic
properties, environmental harm and so on. Furthermore, nanofiller composites may significantly improve
the high barrier properties of polymers [104]. Due to the presence of nanofillers, the molecular pathways
increase as it passes through the substrate. The presence of the nanoclay layer allows a significant
increase in the diffusion path of gas or other water vapor molecules through the polymer, resulting in
a substantial reduction in the rate of permeation through the polymer, thereby effectively enhancing
its barrier properties. Figure 7 shows the nanoclay filler composite diffusion path schematic [128].
The figure shows that due to the presence of the nanoclay layer, the movement path of the water vapor
molecules becomes longer, and the straight line from the beginning becomes a curve, which is why the
nanoclay composite material improves the barrier properties.

Path from a |
straight line
intoacuve |
——

Figure 7. Nanoclay filler composite diffusion path schematic.

Barrier properties of nanofiller biodegradable composites mainly depend on the molecular
orientation in the polymer matrix material and the dispersion uniformity of the nanofiller.
Comparing the various nanofillers, nanoclay has the best effect. Due to cost and ease of processing,
PLA, PHB and starch-based nanocomposites are the most popular in the packaging industry [129].
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As the most popular biodegradable material, PLA is involved in the preparation of many products
such as cups, cutlery and packaging boxes [130]. PLA is mainly pressed into the cardboard by squeezing
the coating layer, which is further developed and applied as a packaging material. Using PLA as
a substrate material and nanoclay as a filler to enhance the performance of PLA, not only has the
characteristics of PLA, but also enhances the barrier property of composites. Chang et al. [131] studied the
effect of the nanoclay modification of PLA. The researchers prepared a melt-intercalated nanocomposite.
The results show that the permeability of all nanocomposites decreases. In addition, the researchers also
studied the effects of shear and feed rates on the permeability of PLA nanocomposite films. The oxygen
barrier properties of PLA nanocomposites have been improved by 15-48% compared to that of pure PLA
materials [132]. Moreover, the shear rate and feed rate have little effect on the forming, so the barrier
properties of PLA nanocomposites depend mainly on the molecular orientation of the substrate material
and the dispersion uniformity of the nanofiller.

For PHA to be able to enter the researcher’s field of vision depends mainly on its high
hydrophobicity, as it is widely used in coatings and films [133]. In the food packaging, PHA barrier
properties and polyethylene are very similar, which makes PHA useful in packaging materials.
However, the workability and gas barrier properties of PHA have limited their development in the
packaging field. Currently, Sanchez-Garcia et al. [134] studied the relationship between morphology
and mechanical properties, including tensile strength and Young’s modulus. The high dispersion
improves the barrier properties of PHB/clay nanocomposites.

Degradable bags made from starch-based substrates [135-137] result in many defects due to the
high hydrophilicity of the starch, which can now be overcome using nanocomposites. Park et al. [138].
studied the permeability of different nanomaterials in water demonstrating that nanocomposites have an
impediment to the penetration of water, which is in favor of the development of packaging technology.

Nanocomposites would lead to a variation in the permeability of water vapor, which is related
to the saturation of the polymer base material and the nanofiller [139,140]. In most cases, different
nanocomposites will have different degrees of saturation, thus resulting in different permeabilities.
Moreover, the semi-crystalline polymer itself has crystalline regions and non-crystalline regions that
are impermeable to molecules and therefore result in different permeabilities. In addition, the decrease
in permeability is mainly due to the increase in the molecular path of the molecules through the
polymer by the nanofillers, which is an effective way to increase the movement of gas molecules [141].
The effect of nanofillers on the permeability of the composite depends not only on the crystallinity of
the substrate itself, but also on the different types of nanofillers.

4.2.3. Medical Applications

Biodegradable composites rely on their biocompatibility and versatility and these materials have
been widely used in the medical field. Biocompatible composite materials play a role in the human
body without adversely affecting drugs. Therefore, bio-based composite materials have drawn more
and more attention and biocompatible materials have been more clinically used [142-147]. In addition,
soy-derived polymers have proven useful as bone fillers [148]. Bacterial nanocellulose has also been
shown to be useful for artificial blood vessels [149]. Nanofiller biodegradable composite materials can
be applied to clinical medicine.

Biodegradable nanocomposites are very useful in tissue engineering for the regeneration of primary
tissue structures. Nanocomposites with three major characteristics can be applied to tissue engineering;:
(1) the extracellular matrix consisting of macromolecules; (2) the extracellular matrix where fiber forms
exist; and (3) macromolecules in the extracellular matrix have a diameter of less than 500 nm [150].

The researchers found that the toxins in BNC can be easily eliminated by the use of sodium
hydroxide treatment and water purification 13 purification methods [151]. Highly inhibited water
in the fiber network prevents the adsorption of proteins in the blood, which is beneficial to blood
compatibility. Bacterial nanofiber biodegradable composites with good fiber networks and pores
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provide a good environment for cell growth. This is a very important aspect of artificial blood vessels,
proving that artificial blood vessels can form new blood vessel tissue in animal experiments.

Tang’s group [149] used two-photon reactor to prepare BNC composite artificial blood vessel.
Researchers successfully prepared double-silicon (D-BNC) and single-silicon (S-BNC) artificial blood
vessels, relying mainly on the unique properties of bacterial nanofillers. The researchers explained the
process and nature of the biosynthesis of the artificial blood vessels. The results showed that the BNC
artificial blood vessels rely on an ultra-fine, uniform fiber network and high porosity to be able to act
as biomedical prostheses and to function in living organisms.

In addition, electrospun biocompatible polymer nanofiber composites are currently capable of
performing hard tissue repairs in the form of porous membranes for implantation in humans [152].
Nanofiber PLA-PEG mosaic copolymer composites prepared by electrospinning can be used for bone
tissue engineering scaffolds. Adding nanofiber fillers can not only increase the tensile strength and
flexibility of the bones, but also increase the stiffness and strength of the bones. At present, the skeleton
uses porous scaffold structure. This structure has high elasticity and plays a role in protecting the
skeleton and has been successfully implanted in animal models to achieve bone regeneration [153].

5. Summary and Outlook

This article mainly introduces the research status of nanofillers to enhance biodegradable composite
materials. This article describes different kinds of nanofillers and biodegradable polymers for biodegradable
nanocomposites. Different nanofillers have different treatment methods and apply to different fields.
Biodegradable composite materials use nanofillers to enhance performance and these biodegradable
nanocomposites have broader application prospects. This paper introduces the enhancement of bio-based
polymers by nanoclay, nanocellulose, carbon nanotubes and functional nanofillers, which improves the
deficiencies of bio-based polymers. The process of adding fillers involves a series of different treatment
methods, mainly by solvent casting and melt processing methods, which can be applied to nanocellulose.
The method of polymer intercalation is mainly suitable for the addition of nanoclay filler. For carbon
nanotubes, the current industry mainly uses the melt extrusion method.

Biodegradable nanocomposites have mainly been prepared for use in electronics, packaging and
biomedical applications. Currently, in electronics, nanocellulose composite materials can be applied
to the preparation of electronic displays, flexible sensors, light-emitting diodes, etc., to promote the
development of flexible electronic devices. In the field of packaging, biodegradable polymers exist
to fix three major defects: performance, processing and cost. The nanofiller enhanced biodegradable
composite materials can overcome the above problems, and help to improve the performance of
biodegradable polymers. In biomedicine, nano-enhanced biodegradable composite materials are
mainly used in the field of tissue engineering, drug delivery and gene therapy. Bio-composites rely on
their biocompatibility and has been the concern of researchers. The use of nanofillers has been
explored to enhance bio-based composite materials to obtain more functions and achieve more
medical breakthroughs.

Nanofiller reinforced biodegradable composite materials are more widely used, and the area has
attracted many researchers. In future research, researchers are more likely to focus on nanofillers to
enhance composite processes, and to study more highly industrialized and efficient processes that are
very difficult for this nanotechnology. In the future, biodegradable composite materials can replace
most of the current materials, which is very important for sustaining our life; therefore, it is an urgent
task to study nanofillers to enhance biodegradable composite materials.
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Abstract: Polyesters made from 2,5-furandicarboxylic acid (FDCA) have been in the spotlight due to
their renewable origins, together with the promising thermal, mechanical, and/or barrier properties.
Following the same trend, (nano)composite materials based on FDCA could also generate similar
interest, especially because novel materials with enhanced or refined properties could be obtained.
This paper presents a case study on the use of furanoate-based polyesters and bacterial cellulose to
prepare nanocomposites, namely acetylated bacterial cellulose/poly(butylene 2,5-furandicarboxylate)
and acetylated bacterial cellulose/poly(butylene 2,5-furandicarboxylate)-co-(butylene diglycolate)s.
The balance between flexibility, prompted by the furanoate-diglycolate polymeric matrix; and the high
strength prompted by the bacterial cellulose fibres, enabled the preparation of a wide range of new
nanocomposite materials. The new nanocomposites had a glass transition between —25-46 °C and a
melting temperature of 61-174 °C; and they were thermally stable up to 239-324 °C. Furthermore,
these materials were highly reinforced materials with an enhanced Young’s modulus (up to 1239 MPa)
compared to their neat copolyester counterparts. This was associated with both the reinforcing action
of the cellulose fibres and the degree of crystallinity of the nanocomposites. In terms of elongation at
break, the nanocomposites prepared from copolyesters with higher amounts of diglycolate moieties
displayed higher elongations due to the soft nature of these segments.

Keywords: 2,5-furandicarboxylic acid; poly(1,4-butylene 2,5-furandicarboxylate); biobased materials;
bacterial cellulose; nanocomposites; mechanical properties

1. Introduction

The last decades have seen a burgeoning search for more sustainable chemicals, polymers,
and materials due to severe environmental concerns and to the announced depletion of fossil
resources [1]. In this context, renewable-based chemicals, such as those derived from C5 and Cé6
biomass sugars, namely the 2,5-furandicarboxylic acid (FDCA), and the polyesters thereof, have been in
the spotlight [2]. Some of the most successful examples, due to their promising properties, comparable
to fossil-based terephthalate homologues, including poly(ethylene 2,5-furandicarboxylate) (PEF) [3,4],
and poly(1,4-butylene 2,5-furandicarboxylate) (PBF) [5-14], also known as poly(ethylene 2,5-furanoate)
and poly(1,4-butylene 2,5-furanoate), respectively. They are expected to replace poly(ethylene
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terephthalate) (PET) and poly(1,4-butylene terephthalate) (PBT), respectively, on various conventional
applications of thermoplastics, such as, for example in packaging materials in the case of PEF or in
electronic applications in the case of PBF [2].

Furthermore, FDCA-derived copolyesters have also been extensively studied, with the aim
of expanding or refining even further the properties and/or potential applications of their parent
homopolymers [7,15-22]. Amongst the wide library of these copolymers, furanoate-aliphatic
copolyesters were the most studied [2,15-17,21-30], and those incorporating ether linkages, such as
the work of Lotti et al. based on diglycolic acid [25] or of Sousa et al. using poly(ethylene glycol) [16],
are particularly interesting. For example, the 100% renewable poly(butylene 2,5-furanoate)-co-(butylene
diglycolate)s (with 60 to 90 mol % of furanoate moieties), henceforth designated by PBF-co-PBDG,
are biodegradable and could have an elongation at break of up to four times higher than PBF [25].
In fact, the incorporation of high quantities of soft butylene diglycolate units brings significant
improvement in the elongation, but at the expense of the Young’s Modulus (roughly 10 times
lower compared to PBF). In terms of gas barrier properties, PBF-co-PBDG can exhibit adequate
behaviour for packaging materials applications. The oxygen gas transmission rate (GTR) varied
between 111-193 cm® m—2 d~! bar~! [25].

More recently, (nano)composite and hybrid materials based on furanoate-based polymeric
matrices have also been developed [31-36], although still they are modestly and mostly restricted
to PEE. However, the significant properties improvement of the ensuing materials, relevant to their
processing and/or application (e.g., crystallisation rate improvement), will predictably foster their
rapid development in the near future. PEF-derived hybrid materials were prepared by compounding
PEF with inorganic fillers, added during the synthesis of the polymer. For example, Bikiaris and
co-workers [32] demonstrated that the in situ preparation of PEF/SiO, and PEF/TiO; hybrid
materials, during solid state polymerization, lead to slightly higher molecular weight PEF due to
the presence of the SiO, or TiO, nanoparticles. Lotti et al. [35] also synthesised hybrid materials
based on PEF containing either graphene oxide or multi walled carbon nanotubes (non-functionalised,
or functionalised with -COOH or -NH,; groups). Differential scanning calorimetry analysis indicated
that all the fillers acted as nucleating agents for the PEF crystallisation, albeit in a different extent. Other
works are focused on PEF-derived (nano)composites with cellulose fibres [31,36], organically modified
montmorillonite clays and sepiolite clays [33,34]. Of particular interest is the work carried out by the
Guigo and Sbirrazzuoli group on PEF composites using small quantities of nanocrystalline cellulose
(around 4 wt %) and prepared via twin screw extrusion [31] or solvent casting [36]. These composites
have enhanced crystallisation properties in the presence of the fibres, namely faster crystallisation [31]
and nucleating effects [36], despite some compatibility problems associated with the hydrophilic
nature of pristine cellulose compared to PEF homopolyester [36]. Adding to this, nanocellulose
fibres, in particular bacterial cellulose (BC) produced by Gluconoacetobacter sacchari bacterial strain at
high purity, due to its nanofibrillar structure having unique physical and chemical properties as a
nanocomposite [37,38], including optically transparency and high mechanical strength [39]. However,
to the best of our knowledge, BC has never before been used in the preparation of furanoate-based
nanocomposites. In this vein, this study presents a new family of fully bio-based nanocomposites,
prepared from a series of PBF-co-PBDG copolyesters, or PBF, and modified bacterial cellulose previously
treated with heterogeneous acetylation (to improve compatibility with the thermoplastic matrices).
These PBF-co-PBDG and PBF-acetylated-BC nanocomposites were chosen as a case study for the
broader development of furanoate-based nanocomposites, and in particular for their potential to
enhance their mechanical properties. The newly prepared nanomaterials were fully characterised
through several structural, thermal, and mechanical techniques, as well as in terms of gas permeability,
aiming to access their potential use for packaging applications.
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2. Experimental

2.1. Materials

Bacterial cellulose in the form of wet membranes was produced using the Gluconoacetobacter
sacchari bacterial strain and conventional culture medium conditions, as described elsewhere [40].
2,5-Furandicarboxylic acid (FDCA, >98%) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFP, >99%) were
purchased from TCI Europe NV. Diglycolic acid (DGA, 98%), 1,4-butanediol (BD, 99%), titanium (IV)
tert-butoxide (Ti(OBu)4, pro-analysis), trifluoroacetic acid, (TFA, 99%) and deuterated trifluoroacetic
acid (TFA-d, 99 atom % D) were supplied by Sigma-Aldrich Chemicals Corporation (Sintra, Portugal).
Sulfuric acid (HySOy4, 96%) was supplied by Acros Organic (Geel, Belgium). All chemicals were used
as received.

2.2. Heterogeneous Acetylation of Bacterial Cellulose

Prior to heterogeneous acetylation, the BC wet membrane was disintegrated using a blender and
an Ultra-Turrax equipment (15 min at 20,500 rpm), and solvent exchanged with ethanol and acetone
(in triplicate). Heterogeneous acetylation of BC fibres was then carried out following a well-established
protocol described elsewhere [39]. Briefly, acetic anhydride (225 mL) was placed in a 500 mL round
flask into an ice bath for 20 min, then 1 mL of H,SO4 was added, and finally the wet BC fibres (~40 g)
were added to the mixture. The reaction was allowed to proceed under stirring for 4 h at 30 °C.
The ensuing BC-acetylated fibres (Ac-BC) were filtered and sequentially washed with water, acetone,
ethanol, water, and again with ethanol. Finally, Ac-BC nanofibres were Soxhlet-extracted with ethanol
for 12 h to remove any residual trace of acetic anhydride or other impurities, and solvent exchanged
with acetone followed by chloroform.

2.3. Preparation of the Acetylated BC/Poly(Butylene Furandicarboxylate-co-Butylene Diglycolate)
Nanocomposites (Ac-BC/PBF-co-PBDG)

2.3.1. Synthesis of PBF-co-PBDG Copolyesters and Corresponding Homopolyesters

The polyesters were synthesized via a procedure described elsewhere [18,41]: Fisher
esterification of FDCA, esterification, and finally polycondensation reaction. In brief, dimethyl
2,5-dimethylfurandicarboxylate (DMFDC) was first prepared by reacting FDCA (192.2 mmol) with
an excess of methanol (364 mL), under acidic conditions (HCI, 15 mL), at 80 °C for 15 h. The reaction
mixture was allowed to cool down, and the ensuing white precipitate was isolated by filtration in 70%
yield. Secondly, DMFDC and DGA (mol % DMFDC/mol % DGA ~ 90/10, 75/25,50/50, 25/75 and
10/90) were mixed with an excess of BD (1.5 mol per 1 mol of DMFDC and DGA) under a nitrogen
atmosphere. The temperature was then raised to 110 °C, Ti(OBu), catalyst (1.4 mmol) added and
the temperature was again progressively raised to 200 °C. Here, a slightly different procedure was
followed, depending on the polyester being synthesized.

In the case of PBF, PBF-co-PBDG-90/10, 75/25, and 50/50 (i.e., those polyesters prepared from
higher amounts of DMFDC) the reaction mixture was kept at 200 °C for 4 h. Then, the reaction
proceeded by applying a vacuum (ca. 1072 bar) for 1 h. Subsequently, the temperature was raised
again to approximately 210 °C and kept at that temperature for more than 4 h. In the other cases of
PBDG, PBF-co-PBDG-25/75 and 10/90, the period at 200 °C was only 2 h, followed by an additional
2 h period, at 210 °C. In the third-step, the reaction proceeded at 210 °C under vacuum, and then the
temperature was raised to 220 °C for 4 h.

Then, the mixture was purified by dissolving the polymers in TFA (20 mL), pouring in an excess
of cold methanol (ca. 1 L), separation by filtration, and drying. The isolation yields of the polymers
were ca. 60%, which was in accordance with previous results [16].
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2.3.2. Preparation of Ac-BC/PBF-co-PBDG Nanocomposites, and Corresponding Homopolyesters
Nanocomposites

The nanocomposites were prepared by a well-known solvent casting approach. The polyesters
(0.21 g) were mixed with a BC or Ac-BC chloroform dispersion (0.0045 g/mL, 20 mL) under magnetic
stirring for 3 h. The mixture was then deposited into a square Teflon mould (6.5 cm?) and the films were
cast, at room temperature, for a minimum of 15 h, and finally heated at 30 °C, under vacuum, for 12 h to
remove any remaining solvent. The ensuing films had a thickness of approximately 0.098 4 0.001 mm.

2.4. Characterisation Techniques

Attenuated total reflectance Fourier transform infrared (ATR FTIR) spectra were obtained using
a PARAGON 1000 Perkin-Elmer FTIR spectrometer equipped with a single-horizontal Golden Gate
ATR cell. The spectra were recorded after 128 scans, at a resolution of 4 cm~ !, within a range of
500 to 4000 cm~!. 'H and 3C nuclear magnetic resonance (NMR) spectra were recorded using
a Bruker AMX 300 spectrometer, operating at 300 or 75 MHz, respectively. All chemical shifts
(8) were expressed as parts per million, downfield from tetramethylsilane (used as the internal
standard). Elemental analyses (C and H) were conducted in triplicate using a LECO TruSpec
analyser. The degree of substitution (DS) was estimated through the approach of Vaca-Garcia et al. [42]:
DS= (5.13766 — 11.5592 x C)/(0.996863 x C — 0.856277 x n +n x C) where n and C stand for the
number of carbon atoms in the acyl group and for the carbon contents, respectively.

Scanning electron microscopy (SEM) images of the surface and cross-sections of films were
acquired using a field emission gun-SEM Hitachi SU70 microscope operating at 4 kV. Samples were
deposited onto a sample holder and coated with carbon twice.

X-ray diffraction (XRD) analyses were performed using a Philips X'pert MPD diffractometer
operating with CuK« radiation (A = 1.5405980 A) at 40 kV and 50 mA. Samples were scanned in the 26
range of 5° to 50°, with a step size of 0.04°, and a time per step of 50 s.

Differential scanning calorimetry (DSC) thermograms were obtained with a DSC Q100 V9.9 Build
303 (Universal V4.5A) calorimeter from Texas Instruments, using steel DSC pans. Scans were carried
out under nitrogen with a heating rate of 10 °C min~! in the temperature range of —90 to 250 °C.
Two heating/cooling cycles were repeated. Glass transition (Tg) was determined using the midpoint
approach (second heating trace); melting (Tr) and crystallisation (T¢.) temperatures were determined
as the maximum of the exothermic crystallisation peak, and the minimum of the melting endothermic
peak during the second heating cycle, respectively.

Thermogravimetric analyses (TGA) were carried out with a Setaram SETSYS analyser equipped
with an alumina plate. Thermograms were recorded under a nitrogen flow of 20 mL min~! and
heated at a constant rate of 10 °C min~! from room temperature up to 800 °C. Thermal decomposition
temperatures were taken at the onset of significant weight loss (5%) and at maximum decomposition
temperatures from the heated samples (T4 50, and Ty, respectively).

Tensile tests were obtained with an Instron 5564 tensile testing machine at a cross-head speed of
! using a 500 N static load cell. The tensile test specimens were rectangular strips (50 mm
x 10 mm) pre-conditioned for 72 h at 50% humidity and 30 °C. Each measurement was repeated at
least five times.

Contact angle (CAyater) measurements with water were carried out using a Contact Angle System
OCA20 goniometer (DataPhysics, Filderstadt, Germany) with SCA20 software using the sessile drop
approach, and recorded during 40 s. Water was used as probe liquid, and for each specimen, drops of
3 uL were deposited using a syringe (50 uL) onto the nanocomposite film surface. The error analysis
was obtained by the standard deviation of at least five independent determinations.

Permeation measurements were performed in a system that included a membrane cell connected
to a tank with a calibrated volume (at the permeate side) and to a gas cylinder (at the feed side).
Prior to permeation tests, the films were glued to steel O-rings with an epoxy glue (Araldite® Standard,
Huntsman Advanced Materials, Basel, Switzerland); the glue was also applied along the interface of

10 mm min—
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the steel O-ring and the film, as described elsewhere [43]. A sintered metal disc covered with a filter
paper was used as support for the film in the test cell. Single gases were tested at 30 °C, where the feed
pressure was 1 bar and the permeate pressure was ca. 0.03 bar. The tests were performed in a standard
pressure-rise setup using an acquisition program based on LabView® platform (National Instruments,
Austin, TX, USA). The permeability towards a pure component i was determined accordingly to:
Li= %{I/l' where F; is the flux of species i, AP; is the partial pressure difference of species between the
two sides of the membrane, and [ is the film thickness. The permeability to the pure component was
computed from the experimental data as follows: L; = % AA—Pt”,
permeate tank, vy is the molar volume of the gas at normal conditions, R is the gas constant, T is the
absolute temperature, t is the time, A is the effective permeating area of the film, and Pr and P, are the

where V), is the volume of the

feed pressure and permeate pressure, respectively, and AP, is the permeate pressure increment for the
elapsed time Af.

3. Results

3.1. From Furanoate-Glycolate Copolyesters to Acetylated Bacterial Cellulose-Based Nanocomposites

A series of Ac-BC/PBF-co-PBDGs, Ac-BC/PBF, and Ac-BC/PBDG nanocomposites were
developed for the first time following a three-step procedure (Scheme 1).

1t STEP:
Copolyesters’ syntheses
P " b 34 STEP:
. J— 1 i 0 Mixing and solvent-casting
Bulk ' " N il
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2" STEP:
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o o — ro” oR o O 50/50 dispersion 50/50 nanocomposite film
HO OH OR
OH R=H or COCH,
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Ac-BC

Scheme 1. The Ac-BC/PBF-co-PBDG composite preparation approach.

In the first step, the (co)polyesters were prepared by a conventional bulk polyesterification
approach [18,41]. These (co)polyesters spanned from the neat PBF to neat PBDG, and encompassed
their copolyesters with different relative furanoate/digycolate amounts (90/10, 75/25, and the never
reported 50/50, 25/75, and 10/90 mol %). The selection of these (co)polyesters was based on their
promising properties, notably biodegradability and high elongation at break [25], and aiming to further
improve their mechanical properties.

In the second step, heterogeneous acetylation of the BC fibres were performed using acetic
anhydride. The degree of acetylation (DS) of the Ac-BC was determined using elemental analysis,
by the Vaca-Garcia et al. [42] approach, and the resulting value was 0.87.

In the third step, nanocomposite films of each (co)polyester and Ac-BC were obtained
by solvent-casting aiming to obtain novel nanomaterials with enhanced mechanical properties.
Importantly, this approach could be generally applied to other furanoate thermoplastics as a strategy
to improve their mechanical performance, namely to recycled PEFE. Recycled thermoplastics lose some
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of their high-performance mechanical properties, mostly due to a reduction of the molecular weight.
However, compounding these thermoplastics with the Ac-BC nanofibres could play a reinforcing role.

The relative amount of (co)polyester/Ac-BC used in this work in the nanocomposites preparation
was approximately equal to 70/30 wt %, based on the fact that a minimum of 30 wt % of Ac-BC
was required to form the films. For comparison reasons, films of each individual component of the
nanocomposites were additionally prepared. Pure Ac-Bc generates a white thin film, but the neat
copolyesters did not form films by solvent-casting; in fact, this was consistent with the fact that a
minimum of 30 wt % of Ac-BC was needed in order to obtain the nanocomposites films.

For comparison reasons, nanocomposites of non-acetylated BC /PBF-co-PBDGs were also prepared
following a similar approach. However, these materials were shown to be very heterogeneous; hence
they were no further investigated. On the contrary the nanocomposite materials prepared using the
Ac-BC fibres were homogeneous and translucent, indicating a good dispersion of the modified BC in
the thermoplastic polymeric matrices.

3.2. Structure and Morphology

The starting (co)polymers components were studied 'H and '3C NMR analysis. The main
results are recorded in the Supplementary data (Figure S1, and also Tables S1 and S2), and were
consistent with previously published data [25]. One important aspect studied, due to the influence
on the final properties of the (co)polyesters and consequently also on the related nanocomposites,
were the assessment of the real furanoate/diglycolate incorporation (Table S2). Results indicated a
trend towards incorporating slightly more diglycolate moieties in the copolymer back-bone than in the
initial feed ratio, except for PBF-co-PBDG-50/50 copolyester (7 mol % higher than expected).

All furanoate-based nanocomposites and corresponding components (Ac-BC, PBF-co-PBDG,
PBE, and PBDG polyesters) were also thoroughly characterised by means of ATR FTIR spectroscopy
(Figure 1 and Figures S2-54 of Supplementary data).

Ac-BC ¢ o
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Figure 1. Attenuated total reflectance Fourier transform infrared (ATR FTIR)

spectra of Ac-BC/PBF-co-PBDG-50/50 nanocomposite and corresponding Ac-BC and
PFB-co-PBDG-50/50 components.

The Ac-BC/PBF-co-PBDG nanocomposites displayed the typical vibration modes of
furanoate-based polyesters [44] and in particular of PBF-co-PBDGs: two week bands centred at
3150 and 3115 cm ™! arising from the symmetrical and asymmetrical C-H stretching of the furanic
ring (Vsym = C=Hying and vasym = C-Hying), two other weak bands near 2962 and 2890 cm™! arising
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from the symmetrical and asymmetrical C-H stretching characteristics of the methylene groups of
the BD and diglycolate moieties (vsym C-H and vasym C-H), and a very intense band centred at
1720 cm ™!, arising from the carbonyl stretching vibration, typical of ester groups (v C=0). In addition,
these spectra also showed a band near 1506 cm ™, assigned to both the C=C stretching and CH,
in plane deformation (v C=C, § CHy, respectively), a band near 1263 cm! arising from the vasym
C-O-C stretching, and several vibrations in the finger print region related to the 2,5-disubstitued ring.
The vibrational modes of acetylated BC and those of the polyesters were partially overlapped, as can
be confirmed by inspection of the corresponding spectra of Figure 1. However, a distinct feature of
the nanocomposites spectra due to the cellulose incorporation was the broad band detected near the
3351 cm™! characteristics of the v O-H. All of the characteristic vibrational features of Ac-BC and BC
precursors are summarised in the Supplementary data (Figure S2).

With regards to the morphology, SEM micrographs of the nanocomposites with higher content
of diglycolate units (>50 mol %), collected at different magnifications (Figure 2 and Figure S5 of
Supplementary data), showed a smoother and uniform surface, thus indicating enhanced compatibility
between the fibres and those polymeric matrices. From this perspective, the amount of Ac-BC used
(around 30 wt %) and the heterogeneous acetylation of the cellulose fibres carried out in order to
increase the cellulose hydrophobicity (DS =~ 0.87) and, thus, the compatibility between the modified
fibres and the polyesters, was shown to be an adequate approach for obtaining homogeneous
nanocomposites, especially in the case of Ac-Bc/PBF-co-PBDG-10/90 and -25/75, and Ac-BC/PBDG.
A more extensive acetylation of the fibres could, in principle, increase the compatibility of the more
hydrophobic furanoate polyesters (such as, PBF, PBF-co-PBDG-90/10) [25], but this would also have
disrupted the characteristic BC nanostructure and thus would have extensively affected the properties
of the ensuing materials. Another, possibility, worth considering in future work, will be the addition of
an extra compatibility agent, or even a plasticiser acting also as a compatibility agent. Nevertheless,
this would have brought an extra complexity to the data interpretation of the nanocomposite-systems,
deviating from the present study as a more in-depth analysis of the basic principles governing
cellulose/PBF-co-PBDG properties.

Ac-BC PBF-co-PBDG-
90/10 50/50

Surface

Cross-section

Figure 2. Surface (top) and cross-section (bottom) SEM micrographs of Ac-BC film and of selected
nanocomposite films.
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It is evident from the cross-section pictures (Figure 2 and Figure S5 of Supplementary data),
the presence of Ac-BC nanofibres embedded within the polymeric matrix. Further, these results
confirmed that the interfacial adhesion between the Ac-BC fibres and the polymeric matrices was
particularly good for the high diglycolate content polyesters, namely PBF-co-PBDG-10/90, -25/75,
and PBDG.

The nanocomposite hydrophobicity was evaluated through water contact angle (CAwater)
measurements at several points in time for 40 s after the water droplet deposition. The main results are
displayed in Figure 3 and summarised in Table S3 of Supplementary data.
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Figure 3. Water contact angles at (a) 0 and (b) 15 s.

The CAyater decreased drastically over the initial 5 s, and then roughly maintained constant.
This behaviour was due to the initial re-orientation of the functional groups at surface of the films,
allowing the water drops to spread more easily [45]. Among different nanocomposites, the CAwater,
after 15 s, increased with the increasing furanoate content in the copolyester (from 45 to 100°),
mostly due to the hydrophobic character of the furanoate-based polyesters [41]. The Ac-BC film
showed an intermediate CAyater Of approximately 67.9° after 15 s, in accordance with nanofibre
affinity to the polyesters, and consequently good dispersion in the thermoplastic matrices, especially
PBF-co-PBDG-50/50 to -10/90, and PBDG. The wide range of water contact angles covered by these
nanomaterials, from highly hydrophobic (ca. 100.57°) to moderate hydrophilic (ca. 44.81°) was an
interesting feature worth exploiting in different applications, such as, for example in packaging [25]
or textiles.

3.3. Cristallinity and Thermal Behaviour

The nature of the crystalline domains of the nanocomposites prepared with a wide range of
furanoate/diglycolate copolyesters and with Ac-BC fibres was evaluated by XRD (Figure 4 and Figure
S6 of Supplementary Materials).
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Figure 4. X-Ray diffractograms of: (a) Ac-BC/PBF-co-PBDG-90/10 nanocomposite film and
corresponding Ac-BC film and PBF-co-PBDG-90/10 components, and (b) Ac-BC/PBF-co-PBDG-10/90
nanocomposite film and corresponding Ac-BC film and PBF-co-PBDG-10/90 components.

The nanocomposites prepared with the copolyesters containing a higher amount of furanoate
moieties (i.e., PBF-co-PBDG-90/10 to 50/50) roughly displayed the typical diffraction pattern of PBF,
with strong reflections at 26 = 18 and 25°, and smaller peaks at 26 ~ 10 and 22° [8]. In the case of
the diffractogram of the nanocomposite prepared with the copolyester containing the lowest amount
of furanoate moieties (Ac-BC/PBF-co-PBDG-10/90), the main peaks observed were those typical of
PBDG precursors, viz: 20 ~ 14, 19, 22, 24, 26, and 27° [25]. These results allowed one to associate
the crystalline domain of Ac-BC/PBF-co-PBDG-90/10, 75/25, and 50/50 nanocomposites to PBF,
whereas in the case of Ac-BC/PBF-co-PBDG-10/90, it was essentially related to PBDG. In addition, the
XRD diffraction patterns of the nanocomposite films were all naturally related with the copolyesters
counterparts (in the form of powder), despite some differences in the sharpness of the reflection
peaks, as easily attested by comparing both (Figure S6 of Supplementary data). These results could be
associated with the incorporation of Ac-BC fibres into the polymeric matrix and/or due to solvent
casting film formation conditions.

In the particular case of Ac-BC/PBF-co-PBDG-25/75, a more pronounced effect was noted;
indeed, this nanocomposite was amorphous, displaying accordingly on its diffractogram a pronounced
amorphous halo cantered at 22°, despite its precursor displaying some crystallinity (see Figure S6 of
Supplementary Materials).

Importantly, the thermal and mechanical behaviour of all nanocomposites were influenced by
their degree of crystallinity and also by the nature of this domain, as discussed below.

All Ac-BC/PBF-co-PBDG nanocomposites and the corresponding individual components
precursors were further characterised in terms of their thermal behaviour through DSC and TGA
analyses (Table 1, Figure 5 and, Table S4 and Figures S7-S9 of Supplementary Materials).
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Table 1. Important thermal values obtained from differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) analyses.

Sample Te 1/°C T, l/1°C Tm 1/°C1 Ty 5, 2°C Tgmax 2/°C
Ac-BC/PBF 86.5 46.1 173.5 323.8 354.7;384.2
Ac-BC/PBDG - —24.9 66.1°3 284.0 362.1;384.0
Ac-BC/PBF-co-PBDG-
90/10 76.3 25.8 162.9 305.8 354.9; 383.0
75/25 60.3 15.2 144.8 300.2 353.9; 376.6
50/50 - -18 94.6 297.9 348.2; 380.7
25/75 - —12.6 - 238.8 362.3; 378.6
10/90 - —20.4 61.43 293.6 359.8; 384.8

! Determined by DSC from the second heating scan at 10 °C min~!. 2 Determined by TGA at 20 °C min~".

3 Determined by DSC from the first heating scan at 10 °C min~1.

The DSC traces of the nanocomposites (Table 1 and Figure 5) were in accordance with
the semi-crystalline nature of the nanocomposites or instead with the amorphous character of
one of these materials, as XRD results indicated. Therefore, the DSC traces of Ac-BC/PBF,
Ac-BC/PBF-co-PBDG-90/10, -50/50 and -10/90, and Ac-Bc/PBDG displayed a glass transition
(Tg), followed by a melting (Tm) event at 46.1 to —24.9 °C, and 173.5 to 61.4 °C, respectively.
An additional cold crystallisation (Tcc) event was also observed after the T in the cases of Ac-BC/PBF,
PBF-co-PBDG-90/10 and -75/25, which might be associated to an additional nucleation effect of Ac-BC
fibres [46]. The corresponding traces of neat PBF and PBF-co-PBDG-90/10 (co)polyesters (Figure S7
and Table S4 of Supplementary Material) did not showed a cold crystallisation event.

In regard to Ac-BC/PBF-co-PBDG-25/75, the corresponding thermogram displayed only a step
in the baseline at ca. —12.6 °C, attributed to the glass transition temperature, due to its essentially
amorphous nature, in agreement with the XRD results.

For all nanocomposites, Ty decreased (around 13 °C) with an increased amount of diglycolate
units in the copolyester. In the same vein, the Tp, of the nanocomposites also decreased from 173.5 to
61.4 °C with an increasing amount of soft diglycolate segments. This trend was also observed in the
case of neat (co)polyesters prepared in this work (Table S4 of Supplementary Material) and reported
elsewhere [25].

In addition, the Ty of the nanocomposite films tended to be higher than those obtained for the
corresponding (co)polyester component, in agreement with the higher stiffness of the nanocomposites.
For example, Ac-Bc/PBF-co-PBDG-75/25 had a Ty of 25.6 °C, whereas the same parameter for
PBF-co-PBDG-75/25 was 13.8 °C. In regard to the Tp,, the nanocomposites (Table 1) and the
corresponding copolyesters synthesised in this work (Table S4 of Supplementary Material) had very
similar results, but they were higher than literature values [25].
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Figure 5. DSC traces of the nanocomposites and Ac-BC.

The typical TGA thermograms of the newly prepared furanoate nanocomposites (Table 1
and Figure S9 of Supplementary Material) displayed two major characteristic steps at maximum
decomposition temperatures (Tq max) of 348-362 °C and 376-385 °C. The first step was due to the
Ac-BC decomposition and was quite close to that observed for the neat Ac-BC fibres (363.0 °C) and
comparable to previously reported results [39]. The other decomposition step was associated with
the polyesters enriched fraction and was observed at higher temperatures than the related polyester
precursor. For example, in the case of Ac-BC/PBF-co-PBDG-50/50 the second Ty max Was equal to
380.7 °C, whereas the same parameter was equal to 365.1 °C for the PBF-co-PBDG-50/50 copolyester.
These results were comparable to those reported for other nanocomposites of Ac-BC and poly(lactic
acid) [39].

The nanocomposites were thermally stable up to 238-306 °C (Table 1), indicating a decrease of
the stability compared to the related polyesters (360-380 °C) (Table S4 of Supplementary Materials).
The same effect was previously reported with PEF/cellulose materials [31]. Additionally, one can notice,
on both nanocomposites and the corresponding polyester component, an increase of the T 50, with the
amount of furanoate incorporated into the polymeric matrix backbone. These thermal features enabled
the establishment a maximum working temperature of up to 306 °C for the novel nanocomposites.

3.4. Mechanical Properties and Permeability Assays for Oxygen

Tensile tests were performed to assess the mechanical performance of these novel furanoate-based
nanocomposites and in particular to evaluate the effect of compounding cellulose nanofibres (Ac-BC)
with PBF-co-PBDG copolyesters. The stress-strain behaviour of Ac-BC/PBF-co-PBDGs was revealed
to be dependent on a complex interplay of factors, namely the chemical composition of the related
(co)polyesters and the presence of nanofibres, as well as the crystallinity of the new materials. The main
results are displayed in Figure 6 and summarised in Table S5.
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Figure 6. (a) Young’s modulus, (b) tensile strength and (c) elongation at break of the nanocomposites
and of the Ac-BC component.

Ac-BC/PBF-co-PBDG-90/10 exhibited the highest Young’s modulus, approximately 1239.3 MPa,
in accordance with this nanocomposite having the highest amount of rigid furanoate moieties.
This result was significantly higher than that previous reported to the related film of the neat
copolyester (ca. 373 MPa) [25]. The cellulose fibres played here had a reinforcing role in the
nanocomposites, as well as due to the higher crystallinity of the copolyester prepared in this work,
thus explaining the Young’s modulus increase.

Importantly, the Young’s modulus of Ac-BC/PBF-co-PBDG-90/10 (ca. 1239.3 MPa) was very close
to that routinely reported for PBF [11,25,28], and also very near to neat Ac-BC film (ca. 1172.8 MPa). This
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was a very interesting result because this nanocomposite had good mechanical properties, comparable
to those of PBF; but had the advantage of being biodegradable oppositely to PBF [25].

The other nanocomposites showed lower Young’s modulus (ca. 499.9-30.3 MPa), decreasing
with decreasing amounts of furanoate units from 75/25 to 25/75, but slightly increasing again
to Ac-BC/PBF-co-PBDG-10/90 and PBDG. This inverted bell-shape trend behaviour for the first
decreasing trend was in agreement with the decrease of stiff furanoate moieties; and for the second
increasing trend it was most probably associated with an increase in crystallinity as prompted by
the substantial amount of diglycolate segments, and thus a lower degree of randomness (as well as
disclosed by XRD analysis). In addition, the nanocomposites Young’s modulus results were typically
much higher than those reported for the neat copolyesters films produced by Soccio et al. [25] due to
the expectable reinforcing role of the cellulose fibres [39], and due to a higher crystallinity of the herein
prepared nanocomposites.

In terms of elongation at break, the nanocomposites prepared from copolyesters with higher
amounts of diglycolate moieties displayed higher elongations due to the soft nature of these segments.
The highest result was obtained with Ac-BC/PBF-co-PBDG-25/75 (ca. 25.02%). Despite this composite
having a huge gain in elasticity, especially compared to cellulose fibres, the elongation at break was
still lower than those of neat copolyesters [25].

The nanocomposites barrier properties were evaluated in terms of permeability to oxygen,
and preliminary results indicated that the nanocomposites and the corresponding (co)polyesters
films prepared elsewhere [25] had similar permeabilities towards oxygen. Ac-BC/PBF-co-PBDG-90/10
showed to have a permeability to O, that was equal to 3.49 x 10? Barrer, whereas Ac-BC had 1.75 x 10°,
in accordance with the well-documented [44,47] superior barrier properties of furanoate-based
polymers. These were attractive properties worth exploiting for applications within packaging.

4. Conclusions

Furanoate-based (nano)composites using bacterial nano-cellulose was here reported for the
first time, revealing great potential to broaden the properties of this material. In the present
case study involving Ac-BC/PBF and Ac-BC/PBF-co-PBDGs nanocomposites, they were shown
to have high stiffness (evaluated by the Young’s modulus, from 30.3 to 1239 MPa) compared to the
neat (co)polyesters counterparts. Concomitantly, these nanocomposites still displayed reasonable
elasticity (elongation at break) compared e.g., to cellulose or PBE. These properties were only
possible by judiciously tailoring the composition of the nanocomposites, especially the critical
diglycolate/furanoate amount in the copolyester, as well as by compounding the (co)polyesters
with acetylated cellulose (tailoring crystallinity, homogeneity, among other properties). Moreover,
the permeabilities to oxygen results were quite attractive, being in the order of magnitude of PBF,
justifying further exploitation of these nanocomposites for applications within packaging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/8/810/s1,
Scheme S1: Chemical structures of the triad units of the PBF-co-PBDG copolyesters, Figure S1: 'H NMR spectra
in TFA-d of PBF-co-PBDG copolyesters and related PBF and PBDG homopolyesters, Table S1: Main 'H NMR
resonances of PBF-co-PBDG copolyesters and related PBF and PBDG homopolyesters, Table S2: Comparison
between the initial molar feed percentage and the real molar percentage of furanoate and diglycolate moieties,
Figure S2: ATR FTIR spectra of the acetylated bacterial cellulose (Ac-BC) and of the unmodified bacterial
cellulose (BC) fibres, Figure S3: ATR FTIR spectra of PBE-co-PBDG copolyesters and of PBF- and PBDG-related
homopolyesters, Figure S4: ATR FTIR spectra of all Ac-BC/PBF-co-PBDG nanocomposites, Figure S5: SEM
micrographs of Ac-BC film and of the nanocomposites of the (a) surface (500 X and 5.0 kX) and (b) cross-section
(500 X and 5.0 kX), Table S3: Water contact angles of the composite films measured at several points in time for 40
s, Figure S6: X-ray diffractograms of the (a) neat (co)polyesters and (b) corresponding nanocomposites, Table S4:
Important thermal values of the (co)polyesters and Ac-BC obtained by DSC and TGA analyses, Figure S7: DSC
traces of the PBF-co-PBDGs and related PBF and PBDG homopolyesters.
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Abstract: Cyclic butylene furandicarboxylate (¢(BF),) and butylene isophthalate (c(BI),) oligomers
obtained by high dilution condensation reaction were polymerized in bulk at 200 °C with Sn(Oct),
catalyst via ring opening polymerization to give homopolyesters and copolyesters (coPBFxIy) with
weight average molar masses in the 60,000-70,000 g-mol ! range and dispersities between 1.3 and 1.9.
The composition of the copolyesters as determined by NMR was practically the same as that of the
feed, and they all showed an almost random microstructure. The copolyesters were thermally stable
up to 300 °C and crystalline for all compositions, and have Ty in the 40-20 °C range with values
decreasing almost linearly with their content in isophthalate units in the copolyester. Both melting
temperature and enthalpy of the copolyesters decreased as the content in butylene isophthalate units
increased up to a composition 30/70 (BF/BI), at which the triclinic crystal phase made exclusively of
butylene furanoate units changed to the crystal structure of PBI. The partial replacement of furanoate
by isophthalate units decreased substantially the crystallizability of PBE.

Keywords: PBF; PBI; copolyesters; ROP; cyclic oligomers; thermal properties; crystallization

1. Introduction

Due to popular awareness of sustainability, polymers obtained from renewable sources have been
developed in the last decade, with the purpose of replacing those obtained from fossil resources [1-5].

One renewable monomer that has attracted much attention is 2,5-furandicarboxylic acid (FDCA),
an aromatic building block obtained from C5 and C6 sugars, that is able to replace terephthalic
acid, a petrochemical compound widely used for the preparation of aromatic polyesters such as
PET or PBT [6-8]. Poly(ethylene furanoate) (PEF) has been extensively studied because it has not
only similar properties to PET, but also improved gas barrier properties, which make it a serious
alternative for applications in soft drink bottles. In contrast, poly(butylene furanoate) (PBF) has been
much less studied; as such, the knowledge available on this polyester is relatively scarce. PBF is
a semicrystalline polymer with a melting temperature of 172 °C and a glass transition temperature of
39 °C[9]. As with PBT, the presence of the butylene segment in the repeating unit of PBF confers to this
polymer a strong propensity for rapid crystallization, which is inconvenient for some injection molding
processes due to the excessive mold shrinkage. In order to overcome these problems, one solution
is copolymerization. The insertion of either a diol or diacid comonomeric unit in small quantities in
the PBF chain decreases both the melting temperature and enthalpy, therefore reducing processing
costs. Copolymerization has been applied to various technical polyesters in order to tune their thermal
properties, such as crystallizability, melting or glass transition temperatures [10]. PBF copolyesters
with enhanced biodegradability have already been prepared by either melt polycondensation [11-14]
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or ring opening polymerization (ROP) of cyclic oligomers [15,16]. This last method, which uses cyclic
oligomers for the synthesis, has some advantages because it does not require by-product removal
during reaction, implies small or no heat exchange, and attains very high-molecular-weight polymers
in reaction times of minutes. ROP for these systems was first examined in detail by Brunelle [17] and
recently reviewed by Hodge [18] and Strandman et al. [19]. The technique has been successfully used
by us to prepare various PEF and PBF copolyesters with enhanced properties [20,21].

In this work we would like to report on the synthesis and characterization, evaluation of thermal
properties, and crystallization behavior of new, partially renewable PBF copolyesters containing
isophthalate units that are prepared by ROP of mixtures of cyclic butylene furanoate and butylene
isophthalate oligomers. The 3D chemical structures of FDCA and isophthalic acid (IPA) are depicted
in Scheme 1.

Scheme 1. 3D models of 2,5-furandicarboxylic acid (I) and isophthalic acid molecules (II).

2. Materials and Methods

2.1. Materials

2,5-Furandicarboxylic acid (FDCA, >98% purity) was purchased from Satachem (Shanghai,
China). Isophthalic acid (IPA, 99%), 1,4-butanediol (BD), thionyl chloride (SOCly, 99%), and
1,4-di-azabicyclo[2.2.2]Joctane (DABCO, 99%) and tin(Il) ethylhexanoate (Sn(Oct),, 99%) catalysts
were purchased from Sigma-Aldrich Co. Triethylamine (Et3N, 98%) was purchased from Panreac.
Solvents used for reaction, isolation and purification were of high-purity grade and used as received
except tetrahydrofuran (THF) that was dried on 3 A-molecular sieves. The DABCO catalyst was
purified by sublimation.

2.2. Methods

1H- and B3C-NMR spectra were recorded on a Bruker AMX-300 spectrometer (Billerica, MA, USA)
at 25 °C, operating at 300.1 and 75.5 MHz, respectively. For NMR analysis, monomers, cyclic oligomers
and intermediate compounds were dissolved in deuterated chloroform (CDCl3) and polymers in
pure CDCl3 or in a mixture of trifluoroacetic acid (TFA) and CDClj (1:8). About 10 and 50 mg of
sample in 1 mL of solvent were used for 'H- and '3C-NMR, respectively. Sixty-four scans were
recorded for 'H, and between 1000 and 10,000 scans for 3C-NMR. Spectra were internally referenced
to tetramethylsilane (TMS).

High-performance liquid chromatography (HPLC) analysis was performed at 25 °C in a Waters
apparatus equipped with a UV detector of Applied Biosystems operating at 254 nm wavelength, and
a Scharlau Science column (Si60, 5 um; 250 x 4.6 mm). Cyclic oligomers (1 mg) were dissolved in
chloroform (1 mL) and eluted with hexane/1,4-dioxane 70/30 (v/v) at a flow rate of 1.0 mL-min .
Molecular weight analysis was performed by GPC on a Waters equipment provided with RI and
UV detectors. 100 puL of 0.1% (w/v) sample solution were injected and chromatographed with
a flow of 0.5 mL-min~?! of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). HR5E and HR2 Waters linear
Styragel columns (7.8 mm x 300 mm, pore size 103-104 A) were packed with crosslinked polystyrene
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and protected with a precolumn. Molar mass average and distributions were calculated against
PMMA standards.

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectra were
recorded in a 4700 Proteomics Analyzer instrument (Applied Biosystems, Foster City, CA, USA) at
the Proteomics Platform of Barcelona Science Park, University of Barcelona. Spectra acquisition was
performed in the MS reflector positive-ion mode. About 0.1 mg of sample was dissolved in 50 uL
of DCM and 2 pL of this solution was mixed with an equal volume of DCM solution of anthracene
(10 mg~mL*1); the mixture was then left to evaporate to dryness onto the stainless steel plate of
the analyzer. The residue was then covered with 2 uL of a solution of 2,5-dihydroxibenzoic acid in
acetonitrile/H,O (1/1) containing 0.1% TFA, and the mixture was left to dry prior to exposition to the
laser beam.

The thermal behavior of cyclic compounds and polymers were examined by differential scanning
calorimetry (DSC), using a Perkin-Elmer Pyris 1 apparatus (Waltam, MA, USA). The thermograms were
recorded from 3 to 6 mg samples at heating and cooling rates of 10 °C-min~! under a nitrogen flow
of 20 mL-min~!. Indium and zinc were used as standards for temperature and enthalpy calibration.
The glass transition temperature (Tg) was taken as the inflection point of the heating DSC traces
recorded at 20 °C-min~! from melt-quenched samples, and the melting temperature (Tm) was taken
as the maximum of the endothermic peak appearing on heating traces. Thermogravimetric analyses
were performed on a Mettler-Toledo TGA /DSC 1 Star System under a nitrogen flow of 20 mL-min~!
at a heating rate of 10 °C-min~! and within a temperature range of 30 to 600 °C. X-ray diffraction
patterns from powdered samples coming directly from synthesis were recorded on a PANalytical
X'Pert PRO MPD 6/6 diffractometer using the CuK« radiation of wavelength 0.1542 nm.

2.3. Synthesis

2.3.1. Synthesis of Cyclic Oligomers

Cyclic oligomers of butylene 2,5-furandicarboxylate ¢(BF), and butylene isophthalate c(BI),
were synthesized by high dilution condensation (HDC) from equimolar mixtures of BD
and furandicarboxylic dichloride (FDCA-Cl,) and isophthaloyl chloride (IPA-Cl,), respectively,
as previously reported Brunelle et al. [22], and more recently by us [23]. Briefly, a three necked round
bottom flask charged with 250 mL of THF was cooled to 0 °C; 12.5 mmol (1.40 g) of DABCO was then
added under stirring. 5 mmol (0.96 g) of FDCA-Cl, or 5 mmol (1.01 g) of IPA-Cl; in 10 mL and 5 mmol
(0.46 g) of BD in THF were drop-wise added simultaneously for 40 min using two addition funnels,
in order to maintain the reagents equimolarity in the reaction mixture. The reaction was finished by
adding 1 mL of water, followed by 5 mL of 1M HCI; after stirring for 5 min, the mixture was diluted
with DCM and filtered. The filtrate was washed with 0.1M HCl, dried on MgSQOy, and evaporated
to dryness to render a mixture of linear and cyclic oligomers. Linear oligomers were removed by
chromatography through a short column of silica gel using a cold mixture of DCM/diethyl ether 90/10
(v/v) as eluent. ¢(BF),: '"H-NMR (& ppm, CDCl3, 300 MHz): 7.23, 7.24, 7.25 (3s, 2H), 4.40 (m, 4H), 1.92,
1.99 (2m, 4H), BC-NMR (6 ppm, CDCl3, 75.5 MHz): 158.1, 157.9, 146.7, 146.5, 118.7, 118.6, 118.5, 65.0,
64.8,25.4. ¢(BI)s: 'TH-NMR (0 ppm, CDClg, 300 MHz): 8.62, 8.60 (2m, 1H), 8.26, 8.21 (2m, 2H), 7.56, 7.50
(2m, 1H), 4.45 (m, 4H), 2.01, 1.97 2m, 4H). 3C-NMR (6 ppm, CDCls, 75.5 MHz): 165.6, 165.5, 134.2,
133.8,130.6, 130.5, 130.3 129.7, 128.8, 128.6, 64.8, 64.7, 64.6, 25.5, 25.4.

2.3.2. Synthesis of Polymers

Mixtures of cyclic oligoesters (c¢(BF), and c(BI),) at different molar ratios were polymerized
following the procedure used by us for the synthesis of other PBF copolyesters [15,21]. A total of
47 mmol of the mixture of cyclic oligomers with the selected composition together with 0.5 mol %
of Sn(Oct), were dissolved in 10 mL of CHCI3, the solution evaporated, and the remaining solid
dried under vacuum at room temperature for 24 h. Subsequently, the mixture was left to react in
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a three necked round bottom flask for 6 h at 200 °C under a flow of N,. For optimization of the
reaction, the 50:50 mixture was polymerized at 180, 200 and 230 °C. The evolution in the molecular
weight of all reactions was monitored by drawing aliquots at different times and analyzing them by
GPC. The resulting polymers—without further treatment—were analyzed by NMR, GPC, TGA, DSC
and WAXS.

3. Results and Discussion

The synthetic route used for the preparation of ¢(BF), and c(BI), cyclic oligomers and their ROP
is represented in Figure 1. In a first step, the cyclic oligomers were obtained by HDC of BD and either
FDCA-CI; or IPA-Cl,. The mixture of cyclic oligomers and linear species were separated by column
chromatography, and the purity of cyclic oligomers was ascertained by HPLC, NMR and MALDI-TOF
mass spectra (Figures S2 and S3).

The "H-NMR spectra show the absence of any peaks at around 3.8 ppm due to the presence
of CH,OH groups, which indicates that only cyclic oligomers are present in the purified fractions.
Some signals in both 'H- and '3C-NMR spectra are split due to the sensitivity of these nuclei to the
size of the oligomeric cycle. On the other hand, MALDI-TOF MS spectra allowed determining the
molar mass of the different cyclic species.
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Figure 1. Synthesis route to poly(butylene 2,5-furandicarboxylate-co-isophthalate) (coPBFxly) via ROP.

Table 1 shows the composition of the different cycles for the two oligomeric fractions as
determined by HPLC. A mixture of cyclic oligomers, mainly from dimer to tetramer, were obtained for
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both ¢(BF), and ¢(BI), being the dimer the predominant cycle size. Both the flexibility of the butylene
unit and the 1,3- or 2,5-substitution in benzene or furan respectively, favor the cyclization reaction due
to the probable low ring strain of the cycles made of two repeating units.

Table 1. Cyclization reaction results.

Yield (%) Composition' (2/3/4) Tm? (°C) °T50,2 (°C) T4% (°0)
¢(BF), 67 61/31/8 147 276 387
c(Bl)y 70 75/15/10 149 330 399

1 Relative content (w/w) of the reaction product in cyclic dimer, trimer and tetramer as measured by HPLC. 2 Melting
and decomposition temperatures measured by DSC and TGA.

The thermal properties of these cycles were evaluated by DSC and TGA (Figure 54 and Table 1).
Both ¢(BF)n and ¢(BI), showed melting peaks at around 150 °C, and it was observed that they were
thermally stable up to 276 °C and 330 °C, respectively, which allowed their thermal polymerization at
the temperature used for reaction (200 °C) without perceiving degradation.

These cycles were then polymerized via ROP in bulk. First, an equimolar mixture of the two cyclic
fractions was made to react in order to test the effect of time and temperature on the polymerization
results. Three different temperatures above the melting point of the cycles were chosen, i.e., 180, 200
and 230 °C, and sample aliquots were drawn at scheduled periods to determine the evolution of the
molar mass of the copolymer produced under different conditions. It was found that the molar mass of
the polymer did not increase after six hours of reaction at above 200 °C, (Figure 2a); such a temperature
was then chosen for carrying out all copolyesters synthesis. The evolution of the molar mass of the
copolyesters with time of reaction is depicted in Figure 2b, where a similar tendency is observed for all
the series. However the maximum molar mass attained was observed to increase slightly with the
content in furanoate units in the copolyester (Figure 2c and Table 2), which can be due to the higher
reactivity of the furanoate over isophthalate cyclic oligomers or the higher thermal stability of the
former. The dispersities of the obtained copolyesters oscillated between 1.30 and 1.78 values, which are
in accordance with those obtained by entropically driven ROP [18,19].
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Figure 2. (a) Evolution of My, of coPBFsl5q with reaction time at different temperatures; (b) Evolution
of My of coPBFyly with reaction time at 200 °C for different compositions; (c) Effect of composition of
coPBFyly on the My of the copolyester produced at 200 °C after 6 h of reaction.
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Table 2. Results of molecular weight and microstructure analysis for coPBFxly copolyesters obtained

via ROP.
Copolyester Yield xpr/yp1 ! Molecular Weight 2 Dyad Content Sequence R*
(%) (mol/mol) (mol %) 3 Length *
M 3} FBF Fg;; IBI  ngp -

PBF 90 100/0 66,200 1.65 - - - - - -
coPBFgglg 88 89/11 66,000 1.50 79.7 184 17 1130 118 094
coPBFgglg 85 81/19 65,800 145 727 141 132 957 150 094
coPBFygl5 86 70/30 65,800 1.28 431 417 148 306 171 091
coPBFgolyg 85 64/36 65,800 1.30 433 29 141 302 165 093
coPBFsl5 86 48/52 65,200 145 258 36.8 375 241 304 0.80
coPBFyls0 89 40/60 64,100 1.62 221 32.5 45.4 2.36 3.79 0.72
coPBF3l7 91 31/69 63,800 1.78 179 27.5 55.4 224 5.04 0.75
coPBFylg 88 18/82 63,200 1.60 5.6 242 70.2 146 6.79 0.83
coPBFplgg 87 10/90 62,000 145 17 16.2 82.2 121 11.17 0.91

PBI 93 0/100 61,000 1.50 - - - - - -

! Determined by '"H-NMR. 2 Weight-average molar masses in g-mol~! and dispersities determined by GPC.
3 Determined by deconvolution of the '>3C-NMR peaks appearing in the 64.6-65.2 ppm region. * Number average
sequence lengths and degree of randomness (R), calculated using the expressions mentioned in the text.
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Figure 3. (a) 13C- and (b) "H-NMR of coPBFsl5p with peak assignments.

The polyesters were obtained in good yields (85-93%). The chemical structure and composition
of coPBFxIy copolymers were determined by NMR. Figure 3 shows both 'H- and '3C-NMR spectra
of coPBF5(l5) with peak assignments as a representative of the series. NMR spectra for all series are
depicted in Figure S5 of SI document. Signals due to the furanic proton a and isophthalic protons
f were chosen for the determination of the copolyester composition. In general, a good correlation
between the feed and the final copolyester composition determined by 'H-NMR was found, with slight
fluctuations probably due to uncontrolled cycles volatilization (Table 2).

In contrast, '>C-NMR spectra were used for the determination of the copolymer microstructure.
Each carbon signal of the butylene segment split into four peaks due to its sensitivity to sequence
distribution at the level of dyads (Figure 4). The assignment of the peaks contained in the different
dyads was straightforward by comparison to those appearing in both PBF and PBI homopolyesters.
By deconvolution of these signals, the dyad content (FBE, FBI + IBF, IBI) could be obtained and
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the number average sequence length and degree of randomness (R) could be determined for each
copolymer by applying the following expressions [24]:

. FBF+ }(FBI+1BF) -  IBI+ }(FBI+IBF) 11

NBg = ;1 }R = — 4+ —
bE 1(FBI + IBF) o 1(FBI + IBF) hgr | Ty

The degree of randomness was near to one with lower values for copolymers with contents in
isophthalate units of between 50 mol % and 80 mol %. These values are higher than those that should
be expected when only the ROP reaction takes place. In such cases, blocky copolymers and lower
values of R should be obtained [25]. The observed values indicate that extensive transesterifications
took place during polymerization, leading to nearly statistical copolymers (Table 2).
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Figure 4. BC.NMR spectra of coPBFxly copolyesters in the region of the first methylene of the
oxybutylene segment.

The thermal stability of PBF, PBI and their copolyesters was evaluated by TGA under an inert
atmosphere. Both, polyesters, and copolyesters were observed to be thermally stable up to 300 °C
with onset temperatures above 330 °C, a temperature of maximum decomposition rate close to 400 °C
(Figure 5 and Table 3), and remaining weights at 600 °C between 7% and 11%. These values indicate
that both homopolyesters and copolyesters have a good thermal stability, and may be processed above
their melting temperature without suffering significant thermal degradation.
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Figure 5. TGA analysis of coPBFxly. (a) Weight loss vs. temperature traces; (b) Derivative curves.

Thermal properties of the copolyesters, such as melting and glass transition temperatures,
have been evaluated by DSC. The DSC traces obtained at heating from samples coming directly
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from synthesis are depicted in Figure 6a—c and data taken from these thermograms are collected
in Table 3.

Table 3. Thermal properties of coPBFxly copolyesters prepared via ROP.

Copolyester TGA DSC Crystallization Kinetics
First Heating Second Heating
oyt maxy Rw Tg Tm AH Tm AH n? InK? tin
©0 (e (%) °Q) ©0) (J-mol~1) ©Q) (J-mol~1) (min)
PBF 364 407 7 41 173 45 173 39 22 —4.4 6.9
coPBFgplyo 340 404 11 35 164 41 163 35 25 —8.6 27.8
coPBFglay 338 390 9 30 158 29 156 26 - - -
coPBF7l30 342 39 7 28 143 21 142 15
coPBFgolyo 330 39 7 28 137 12 137 4
coPBF5l50 334 403 7 27 126 10 - -
coPBFylg0 355 404 8 27 122 3
coPBF3l7g 352 405 7 27 118 1
coPBFylgy 336 403 8 26 106 2 - -
coPBFolgg 363 403 8 24 130 5 129 1
PBI 364 404 8 21 142 31 141 1

1oT4 obtained at 5% of weight lost. > Avrami parameters obtained from isothermal crystallization at 146 °C.
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Figure 6. DSC analysis of coPBFxly copolyesters. (a) First heating; (b) cooling from the melt; and
(c) second heating.

DSC traces recorded at heating from coPBFyIy samples quenched from the melt showed a single
Tg intermediate between the two homopolyesters, with a value that decreased continuously from
41 to 21 °C with the content of isophthalate units in the copolyester. This feature is usually taken as
an indication of the presence of random copolymers or miscible polymers blends. On the other hand,
the replacement of furanoate by terephthalate units showed the opposite effect in the copolyesters,
with a small increase of Tg with the content of terephthalate units [21].

The DSC analysis showed that, according to expectations, both PBF and PBI are semicrystalline
polyesters with melting temperatures of 173 and 141 °C, and melting enthalpies of 45 and 31 kJ-mol !,
respectively. The insertion of butylene isophthalate units in PBF restricted its crystallinity, reducing
gradually both the melting temperature and enthalpy as their content increased. In fact, copolyesters
with contents between 60 mol % and 80 mol % of isophthalate units showed very low melting enthalpy
values at the first heating (<3 kJ-mol~!), and were unable to crystallize upon cooling from the melt.
This last effect was not observed for PBF copolyester series containing terephthalate units in the
copolyester, and all copolyesters were observed to be semicrystalline [21].

The intensity profiles of the X-rays scattered by powder pristine samples of representative
coPBFxly copolyesters and the homopolyesters examined in the present work are compared in Figure 7.
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In agreement with DSC results, discrete scattering was observed for copolyesters containing up
to 50 mol % of isophthalate units, with spacings at around 4.9, 3.9 and 3.5 A. Peaks broadening
with the content of isophthalate units in the copolyester agree with should be expected for the
impoverishment of the polymer crystallites, and their slight displacement upwards is probably due to
the crystal lattice strain caused by the isophthalate units placed at the crystalline-amorphous interphase.
From a comparison of these profiles with those produced by PBE, it can be inferred that semicrystalline
copolyesters share the triclinic structure of the homopolyester, a fact that implies the exclusion of the
isophthalate units from the crystal lattice [9]. Over 50 mol % of isophthalate units, the copolyesters
produced amorphous scattering up to 90 mol %, where the profiles showed weak reflections at 5.3 and
3.6 A, characteristic of the crystal structure of PBI [26].

In order to better understand the effect of the copolymerization on the crystallization behavior,
a preliminary isothermal crystallization study has been carried out on PBF homopolymer and
a copolymer containing 10 mol % of isophthalate units. Samples that were melted and quenched
to 146 °C were isothermally crystallized for one hour at this temperature, and the crystallization
enthalpy values generated over time were registered by DSC. It was found that the relative crystallinity
(X¢) increased following a sigmoidal trend in both cases (Figure 8), but that the crystallization rate
decreased substantially in the coPBFgpl;g copolyester.

d(A)
Figure 7. WAXS diffractograms of coPBFly.

The crystallization kinetics was analyzed by means of the Avrami approach. Taking the logarithm
of both sides of the Avrami equation gives following equation:

log(—In(1 — X;)) = log(K) + n log(t — t,)

where X; is the fraction of crystallized material, K is the temperature-dependent rate constant, t and
t, are the elapsed and the onset times respectively, and n is the Avrami exponent, indicative of the
type of nucleation and dimensionality of crystal growth. Both, 7 and log(K) were determined from the
slope and the intercept of the linear plot of log(—In(1 — X;)) against log(t — f,), respectively, and the
resulting values are compared in Table 3 (Figure S6). These results led us to conclude that a similar
nucleation/growing mechanism was operating in the crystallization of the two samples, since close
values were obtained for # in both cases. In contrast, the crystallization half time increased by a factor
of around four in the copolyester, revealing that crystallizability of PBF becomes severely hindered by
copolymerization, even for small comonomer contents.
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Figure 8. Evolution of the relative crystallinity as a function of time in the isothermal crystallization of
PBF and coPBFgl;g at 146 °C.

4. Conclusions

Partially renewable random poly(butylene furoate) copolyesters (PBF-PBI) containing butylene
isophthalate units have been synthesized by ROP of cyclic oligoesters. They were obtained with high
molecular weights in good yields, and apparently free from impurities. These results are comparable
to those obtained in the preparation of PBF-PBT copolyesters, and proove the suitability of the ROP
technique as a general tool to synthesize PBF copolyesters. The crystallinity of the PBF-PBI copolyesters
was drastically repressed by the insertion of the isophthalate units. This effect was found to be more
efficient than that observed for PBE-PBT copolyesters. The crystallizability, even for small contents of
isophthalate units, was also drastically reduced, which opens the possibility to use them, provided
that they display good mechanical properties, for applications where a more precise control of the
crystallization rate is required.

Supplementary Materials: The following are available online at line at www.mdpi.com/xxx/sl, Figure S1: (a)
Figure S1: (a) ">*C-NMR, (b) "H-NMR spectra of isophthaloyl chloride, Figure S2: (a) "H-NMR, (b) HPLC and
(c) MALDI-ToF of ¢(BF)y, Figure S3: (a) 'H-NMR, (b) HPLC and (c) MALDI-ToF of ¢(BI), Figure S4: (a) DSC
and (b) TGA analysis of ¢(BF), and c(BI),, Figure S5: (a) 13C- and (b) "H-NMR of coPBFyly, Figure S6: Double
logarithmic plot of the Avrami equation for experimental data recorded from the isothermal crystallization of
CDPBFQ[)I]O and PBE.

Author Contributions: The manuscript was completed through contributions of all authors. S.M.-G. and A.M.d.I.
conceived and designed the experiments; J.C.M.-H. performed the experiments; all three authors analyzed the
data; AM.d.I. and S.M.-G. wrote the paper.

Acknowledgments: Financial support for this research was afforded by MINECO with grants MAT-2012-
38044-CO3-03 and MAT-2016-77345-CO3-03. ].C.M.-H. thanks to CONACYT (Mexico) for the Ph.D. grant awarded.

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

References

1. Miller, S.A. Sustainable polymers: Replacing polymers derived from fossil fuels. Polym. Chem. 2014, 5,
3117-3118. [CrossRef]

2. Gandini, A. The irruption of polymers from renewable resources on the scene of macromolecular science
and technology. Green Chem. 2011, 13, 1061-1083. [CrossRef]

3. Gandini, A,; Lacerda, T.M. From monomers to polymers from renewable resources: Recent advances.
Prog. Polym. Sci. 2015, 48, 1-39. [CrossRef]

4. Corma, A; Iborra, S.; Velty, A. Chemical routes for the transformation of biomass into chemicals. Chem. Rev.
2007, 107, 2411-2502. [CrossRef] [PubMed]

103



Polymers 2018, 10, 483

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Coates, G.W.; Hillmyer, M.A. A virtual issue of macromolecules: Polymers from renewable resources.
Macromolecules 2009, 42, 7987-7989. [CrossRef]

Sousa, A.F; Vilela, C.; Fonseca, A.C.; Matos, M.; Freire, C.S.R.; Gruter, G.J.M.; Coelhob, J.EJ.; Silvestre, A.J.D.
Biobased polyesters and other polymers from 2,5-furandicarboxylic acid: A tribute to furan excellency.
Polym. Chem. 2015, 6, 5961-5983. [CrossRef]

Gandini, A.; Lacerda, T.M.; Carvalho, A.J.F.; Trovatti, E. Progress of polymers from renewable resources:
Furans, vegetable oils, and polysaccharides. Chem. Rev. 2016, 116, 1637-1669. [CrossRef] [PubMed]
Papageorgiou, G.Z.; Papageorgiou, D.G.; Terzopoulou, Z.; Bikiaris, D.N. Production of bio-based 2,5-furan
dicarboxylate polyesters: Recent progress and critical aspects in their synthesis and thermal properties.
Eur. Polym. J. 2016, 83,202-229. [CrossRef]

Zhu, J.H.; Cai, J.L.; Xie, W.C.; Chen, PH.; Gazzano, M.; Scandola, M.; Gross, R.A. Poly(butylene 2,5-
furan dicarboxylate), a biobased alternative to PBT: Synthesis, physical properties, and crystal structure.
Macromolecules 2013, 46, 796-804. [CrossRef]

Kint, D.PR.; Mufoz-Guerra, S. Modification of the thermal properties and crystallization behaviour of
poly(ethylene terephthalate) by copolymerization. Polym. Int. 2003, 52, 321-336. [CrossRef]

Zheng, M.Y.; Zang, X.L.; Wang, G.X.; Wang, P.L.; Lu, B Ji, ].H. Poly(butylene 2,5-furandicarboxylate-
epsilon-caprolactone): A new bio-based elastomer with high strength and biodegradability.
Express Polym. Lett. 2017, 11, 611-621. [CrossRef]

Wu, B.S,; Xu, Y.T,; Bu, Z.Y.; Wu, L.B.; Li, B.G.; Dubois, P. Biobased poly(butylene 2,5-furandicarboxylate)
and poly(butylene adipate-co-butylene 2,5-furandicarboxylate)s: From synthesis using highly purified
2,5-furandicarboxylic acid to thermo-mechanical properties. Polymer 2014, 55, 3648-3655. [CrossRef]

Oishi, A.; Iida, H.; Taguchi, Y. Synthesis of poly(butylene succinate) copolymer including 2,5-
furandicarboxylate. Kobunshi Ronbunshu 2010, 67, 541-543. [CrossRef]

Papageorgiou, G.Z.; Papageorgiou, D.G. Solid-state structure and thermal characteristics of a sustainable
biobased copolymer: Poly(butylene succinate-co-furanoate). Thermochim. Acta 2017, 656, 112-122. [CrossRef]
Morales-Huerta, J.C.; Ciulik, C.B.; Martinez de Ilarduya, A.; Munoz-Guerra, S. Fully bio-based
aromatic-aliphatic copolyesters: Poly(butylene furandicarboxylate-co-succinate)s obtained by ring opening
polymerization. Polym. Chem. 2017, 8, 748-760. [CrossRef]

Morales-Huerta, J.C.; Martinez de Ilarduya, A.; Mufioz-Guerra, S. Blocky poly(e-caprolactone-co-butylene
2,5-furandicarboxylate) copolyesters via enzymatic ring opening polymerization. J. Polym. Sci. Pol. Chem.
2018, 56, 290-299. [CrossRef]

Brunelle, D.J. Synthesis and polymerization of cyclic polyester oligomers. In Modern Polyesters: Chemistry
and Technology of Polyesters and Copolyesters; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2004; pp. 117-142.
[CrossRef]

Hodge, P. Entropically driven ring-opening polymerization of strainless organic macrocycles. Chem. Rev.
2014, 114, 2278-2312. [CrossRef] [PubMed]

Strandman, S.; Gautrot, J.E.; Zhu, X.X. Recent advances in entropy-driven ring-opening polymerizations.
Polym. Chem. 2011, 2, 791-799. [CrossRef]

Morales-Huerta, J.C.; Martinez de Ilarduya, A.; Mufoz-Guerra, S. A green strategy for the synthesis of
poly(ethylene succinate) and its copolyesters via enzymatic ring opening polymerization. Eur. Polym. ]. 2017,
95, 514-519. [CrossRef]

Morales-Huerta, ].C.; Martinez de Ilarduya, A.; Mufioz-Guerra, S. Sustainable aromatic copolyesters via ring
opening polymerization: Poly(butylene 2,5-furandicarboxylate-co-terephthalate)s. ACS Sustain. Chem. Eng.
2016, 4, 4965-4973. [CrossRef]

Brunelle, D.J.; Bradt, J.E.; Serth-Guzzo, J.; Takekoshi, T.; Evans, T.L.; Pearce, E.J.; Wilson, P.R. Semicrystalline
polymers via ring-opening polymerization: Preparation and polymerization of alkylene phthalate cyclic
oligomers. Macromolecules 1998, 31, 4782-4790. [CrossRef] [PubMed]

Morales-Huerta, J.C.; Martinez de Ilarduya, A.; Munoz-Guerra, S. Poly(alkylene 2,5-furandicarboxylate)s
(PEF and PBF) by ring opening polymerization. Polymer 2016, 87, 148-158. [CrossRef]

Randall, J. Polymer Sequence Determination: Carbon-13 NMR Method; Elsevier Science: New York, NY, USA, 2012.

104



Polymers 2018, 10, 483

25. Kamau, S.D.; Hodge, P.; Williams, R.T.; Stagnaro, P.; Conzatti, L. High throughput synthesis of polyesters
using entropically driven ring-opening polymerizations. J. Comb. Chem. 2008, 10, 644—654. [CrossRef]
[PubMed]

26. Sanz, A.;Nogales, A.; Ezquerra, T.A.; Lotti, N.; Munari, A.; Funari, S.S. Order and segmental mobility during
polymer crystallization: Poly(butylene isophthalate). Polymer 2006, 47, 1281-1290. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

105



% polymers MBPY

Atrticle

Synthesis and Characterization of Renewable
Polyester Coil Coatings from Biomass-Derived
Isosorbide, FDCA, 1,5-Pentanediol, Succinic Acid,
and 1,3-Propanediol

Monica Lomeli-Rodriguez 1* José Ratil Corpas-Martinez !, Susan Willis 2, Robert Mulholland 2
and Jose Antonio Lopez-Sanchez 1*

1 Stephenson Institute for Renewable Energy, Department of Chemistry, University of Liverpool, Crown

Street, Liverpool L69 72D, UK; Jose.Raul.Corpas-Martinez@liverpool.ac.uk
2 Becker Industrial Coatings Ltd, Goodlass Road, Speke, Liverpool L24 9H]J, UK;
susan.willis@beckers-group.com (S.W.); Robert. Mulholland@beckers-group.com (R.M.)
*  Correspondence: monica.lomeli.r@gmail.com (M.L.-R.); jals@liverpool.ac.uk (J.A.L.-S.);
Tel.: +44-(0)151-794-3535 (J.A.L.-S.)

Received: 20 April 2018; Accepted: 22 May 2018; Published: 29 May 2018

Abstract: Biomass-derived polyester coatings for coil applications have been successfully developed
and characterized. The coatings were constituted by carbohydrate-derived monomers, namely 2,5-furan
dicarboxylic acid, isosorbide, succinic acid, 1,3-propanediol, and 1,5-pentanediol, the latter having
previously been used as a plasticizer rather than a structural building unit. The effect of isosorbide on
the coatings is widely studied. The inclusion of these monomers diversified the mechanical properties
of the coatings, and showed an improved performance against common petrochemical derived
coatings. This research study provides a range of fully bio-derived polyester coil coatings with
tunable properties of industrial interest, highlighting the importance of renewable polymers towards
a successful bioeconomy.

Keywords: biomass; coatings; isosorbide; FDCA; polyester; biopolymer; 1-5-pentanediol

1. Introduction

The environmental and sustainability problems currently faced worldwide call for the implementation
and usage of renewable materials across industries. Within polymers, the future in polyesters relies
on the inclusion of monomers sourced from bioderived feedstocks [1]. In this vein, our group has
previously developed the synthesis, kinetic modelling, and process optimization and intensification
of bioderived polyesters based on furan 2,5-dicarboxylic acid (FDCA), succinic acid, 1,3-propanediol,
and 1,5-pentanediol [2-4]. Common polyester coatings are normally prepared from diacids such as
terephthalic acid, isophthalic acid, phthalic anhydride, and adipic acid. The polyalcohols could include
difunctional monomers such as neopentyl alcohol, ethylene glycol, or polyfunctional compounds,
including trimethylol propane, among other compounds exceeding two functionalities [5]. In this
regard, carbohydrates are a vast source of renewable, biomass-derived diols suitable for coil coatings,
such as 1,4:3,6-dianhydrohexitols [6]. Dianhydrohexitols are a by-product of the starch industry obtained
by the reduction of hexose sugars followed by dehydration. 1,4:3,6-dianhydro-D-glucitol (isosorbide),
1,4:3,6-dianhydrohexitol-D-mannitol (isomannide), and 1,4:3,6-dianhydro-L-iditol (isoidide) are the
three main diastereoisomers derived from D-glucose, D-mannose, and L-fructose [7], respectively,
and are shown in Figure 1. The reader is encouraged to refer to additional sources for detailed
information on the synthesis, chemistry, and properties of 1,4:3,6-dianhydrohexitols [8-10].
Isosorbide bears a considerable potential for the production of new tailored chemicals from renewable
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resources as it is conformed by two cis-connected tetrahydrofuran rings with secondary hydroxyl
groups in the 2- (endo) and 5- (exo) positions, which allow for further functionalization or direct
processing [9]. The use of isosorbide in polyesters can be motivated by several features: rigidity,
chirality, non-toxicity [8], and recently, its use as a monomer for the preparation of UV-cured coatings
has been highlighted [11]. Isosorbide has a relatively high thermostability and low segmental mobility,
and can be used to improve the glass transition temperatures of polyesters [12]. However, the hydroxyl
group in endo position easily forms intra-molecular hydrogen bonds with the oxygen in the other
ring, which leads to the poor reactivity of the secondary hydroxyl group and the low number average
molecular weights of copolyesters [13].

HO K HO N HO 4
o -~ o~ -~

H OH H OH H OH
isosorbide isomannide isoidide

Figure 1. Molecular structures of isosorbide, isomannide, and isoidide.

Previous work on isosorbide-based polyesters has been reported, mainly based on a variety
of biomass-derived monomers, mainly citric acid [14], lactic acid [15], succinic acid [16-19],
sebacic acid [17,20], itaconic acid [18], 1,4-cyclohexanedimethanol [21], and dimethyl-2,5-furan
dicarboxylate [21,22]. Goerz et al. [18] studied the synthesis of polyesters from isosorbide, itaconic acid
and succinic acid. The obtained polyesters had glass transition temperatures (Tg) from 57 °C to 65 °C
and molecular weights from 1200 Da up to 3500 Da, depending on the molar ratio of the monomers.
In the field of coatings, Noordover et al. [14,19,23] reported the synthesis of terpolyesters for powder
coatings based on isosorbide, succinic acid, citric acid, and aliphatic diols such as 1,3-propanediol,
1,4-butanediol, and neopentyl glycol, showing number average molecular weights (Mp) from 2700 up
to 4600 Da, and highlighting the effect of isosorbide content on the glass transition temperature [19].
Gioia et al. [24] synthesized polyesters based on recycled PET, succinic acid, and isosorbide for powder
coating applications

Jacquel et al. [25] prepared bioderived copolyesters of succinic acid and isosorbide by varying the
mol % isosorbide from 5 to 20%. The polyesters had Tg from —28 °C to —11 °C, which increased by
increasing the mol % isosorbide, while the esterification yield decreased. Zhou et al. [12,13,20] studied
the properties and crystallization kinetics of copolyesters based on isosorbide, sebacic acid, and either
1,10-decanediol [20] or 1,3-propanediol [12]. The authors varied the mol % isosorbide from 5.3 mol %
to 66.2%, reporting Ty ranging from —26 °C to —5 °C, although no glass transition was observed when
the mol % isosorbide was below 30%. The M, range was broad, with the polyester of isosorbide and
sebacic acid showing the lowest M;, (2800 Da), whereas the copolyester with 25.4 mol % isosorbide had
the highest My,, 17000 Da. No relationship was found between the M, and the amount of incorporated
isosorbide [20].

Besides the influence of isosorbide on the final polymer, the effect of catalysts has been
studied. For instance, during the synthesis of poly(ethylene terephthalate-co-isosorbide terephthalate),
the authors found that combinations of antimony oxide with lithium, magnesium or aluminum based
salts successfully increased the efficiency of the transesterification step [26].

Furan 2,5-dicarboxylic acid has been subject to extensive research over the last years, with a
drive to develop it as a green chemical building block for polyesters [27-33]. Furan 2,5-dicarboxylic
acid is a versatile, bioderived carboxylic acid which was envisioned as a replacement for terephthalic
acid in the synthesis of poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT),
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although many other polyfuronoates have been developed. Poly(ethylene 2,5-furandicarboxylate)
(PEF) shows greatly improved barrier and mechanical properties, higher glass transition temperature,
reduced oxygen permeability, and slower chain mobility than its terephthalic acid counterpart [34].
The reactivity and kinetic modelling of the catalyst effect on the PEF polycondensation reaction
was also recently reported [35]. The synthesis of potentially 100% renewable FDCA copolyesters
with different biomonomers has been explored as well, namely with succinic acid [2,3,30,33,36-38],
1,3-propanediol [2,39], along with some work done with copolyesters of FDCA with lactic acid [40],
and isosorbide or its derivatives [21,22,25,41,42]. Tsanaktsis et al. [32] reported for the first time
the synthesis of poly(pentylene furonoate) (PPeF) along with poly(heptylene furonoate) (PHepF).
Poly(pentylene furonoate) was identified as a semicrystalline polyester with a melting point at 94 °C,
Tg at 19 °C, and a maximum decomposition temperature at 394 °C. The same research group studied
the thermal decomposition mechanism of PPeF, PHepF, and poly(nonylene furanoate) (PNF) [43].
The authors found that the decomposition of PPeF released gases, such as CO and CO,, along other
degradation products such as dienes, and vinyl- and carboxyl-terminated molecules.

Lately, the thermal properties of FDCA polyesters have been extensively studied, such as
poly(octylene furanoate) [44], along with thermal degradation of different polyfuronoates [45,46].
The potential of polyesters based on FDCA is steadily increasing and their industrialization and
commercialization will eventually become a reality. Papageorgiou et al. [47] recently reviewed the
current status and latest progress of polyfuranoates.

This research study presents the development and synthesis of new polyester resins based
on isosorbide, FDCA, succinic acid, and 1,5-pentanediol to be used in coil coating applications.
1,5-pentanediol has normally been used as a polymerization additive (plasticizer) [48] rather than a
main diol during poleysterification; however, we have considered it since its bioderived synthesis is
playing a major role within the biorefinery concept, with promising prospects [49-54]. Resins with
1,3-propanediol are included as comparison. The paper focuses on the real applicability of the
bioderived coatings instead of providing a detailed description on their compositions or chemical
characterization. Instead, common mechanical testing analyses for coatings are included. Our objective
is therefore to compel a fully biomass-derived, coil coatings library not only of the base polyester resins,
but also of the final coatings. We believe our overall work delivers a good basis for the implementation
of biomass-derived polymers in large scale and aims to become a strong industrial reference to embrace
renewable feedstocks.

2. Materials and Methods

2.1. Materials

Furan 2,5-dicarboxylic acid (>98%) was purchased from Manchester Organics Ltd. (Runcorn, UK)
Isosorbide (>98%), succinic acid (>99%), and 1,5-pentanediol (>99%) were purchased from Acros
Organics (England, UK). SnCl, (>98%) was purchased from Alfa Aesar (Haverhill, MA, USA). All other
chemicals were of analytical grade and obtained either from Sigma Aldrich (St. Louis, MO, USA) or
Fisher Scientific (Hampton, NH, USA).

2.2. Synthesis of Isosorbide-Based Renewable Polyesters

The structures and the synthetic procedure of the isosorbide polyesters with 1,3-propanediol
(PPFIS) and 1,5-pentanediol (PPeFIS) are depicted in Scheme 1, whereas Tables 1 and 2 summarize the
polyesters synthesized, along with their M,,, weight-average molecular weight (M), and dispersity
(D), which were calculated by gel permeation chromatography (GPC), following the method described
later on in Section 2. The polyesters’ nomenclature is based on the diol used, the diacid molar ratio,
and the molar proportion of isosorbide present. For a typical polyester, the first P refers to the suffix poly,
followed either by P or Pe, if synthesized with either 1,3-propanediol or 1,5-pentanediol, respectively.
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Next, the notation Fy, indicates the presence of FDCA in x mol %. Similarly, S, refers to the succinic
acid present in y mol % whilst I, corresponds to the z mol % isosorbide.

0 o HO H
- e I [} O
HO "o+ MOy OH t wo” O\ + 2\‘/
[o} / OH 0/‘\)
H OH
1,3-propanediol succinic acid FDCA isosorbide
HO” N"""0H 1) Esterification, 2h,
0.02 mol% SnCl,, 215°C
1,5-pentanediol 2) Polycondensation, 5 h
y215°C
(] 0 o
Ho ™~ 0PN Oy oo oL £ i o X /goj i OH
\ 7/ 3 | o- OF e e Lo ,0)\/\”/
n 4 )
PPFIS
/ \ / \
o o 9 o & o\/ o o \\
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Scheme 1. Synthesis of isosorbide-based polyesters with succinic acid, furan 2,5-dicarboxylic acid
(FDCA), 1,3-propanediol (PPFIS), and 1,5-pentanediol (PPeFIS).

Table 1. Synthesized biomass-derived polyesters with 1,3-propanediol and isosorbide (PPFIS).

Polymer ? Temperature, °C Mol% FDCA Mol % Isosorbide RP M, Da My, Da b

PPF15130Ss5 30 700 1100 1.6
PPF;5150Sgs5 215 15 60 15 650 1000 15
PPF15170Ss5 70 600 1000 15
PPF3130S70 30 900 1500 17
PPF30140S70 215 30 60 15 600 1000 1.6
PPF30170S70 70 500 700 1.3
PPF70110S30 10 -
PPFyl30S30 215 70 30 15 -c
PPF7015[)S30 50 -
PPFgs5110S15 10 -c
PPFg5130S15 215 85 30 15 -
PPFgsl30S15 50 -

@ Catalyst: 0.02 mol % SnCl, /mol diacids, b Molar ratio diols:diacids. ¢ Polymer insoluble in tetrahydrofuran.

Polyesterification reactions were performed at two different scales: 250 mL and 500 mL. The choice
of scale depended on the mol % FDCA in the feed, because the bulk viscosity of the system increased
as the mol % FDCA was increased. Hence, all the polyesters bearing furanic content above 50 mol
% were synthesized at the 500 mL scale. The different scales also facilitated cleaning and recovery of
the product, while minimizing the use of solvents. Despite working with two different volumes,
the geometry of the stirrer and the shape of the reactor (round-bottom) were the same in both
configurations, as well as the nitrogen flow rate. (No flowmeter was in place but the nitrogen flow was
set to 2 bubbles-s~1). The general polymerization reactors set-up and procedure are available in our
previous publications [2—4].

The experimental synthesis was followed for all polyesters by adjusting the ratio of the monomers
accordingly. The exact quantities for each polyester are available in Supplementary Material Tables
S1 and S2, along with the purification polyester method. In a typical polymerization to synthesize
PPF;5130Sgs5 to a 250 mL 4-neck-round bottom flask equipped with an overhead stirrer, was added 59 g
(0.77 mol) of 1,3-propanediol, 48 g (0.33 mol) of isosorbide, and 17 g (0.11 mol) of FDCA. Secondly,
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the reactor was heated up to 150 °C and 74 g (0.62 mol) of succinic acid and SnCl, were added.
The temperature was increased to 215 °C and was continuously stirred at 350 ppm. The esterification
stage was completed after 2 h when all the water had been released and the head temperature on
top of the distillation column was back to ambient temperature. Then, the polycondensation reaction
was carried out by azeotropic distillation by changing the packed column to a Dean Stark trap,
adding 3 wt % xylene as azeotropic agent under atmospheric pressure for 5 hours. The reaction was
finally cooled down and the polymer was collected and purified for characterization. The polyesters’
color depended on the amount of FDCA and isosorbide in the mixture. Although SnCl, was the only
catalyst used, tin catalysts showed less intense coloration in a comparative polycondensation study
using titanium catalysts with furanoates [35]. The intensity color range of the polyesters went from
a light yellow to brown with increasing FDCA, although no color space system measurements were
undertaken, as our coatings did not require any color specification.

Table 2. Synthesized biomass-derived polyesters with 1,5-pentanediol and isosorbide (PPeFIS).

Polymer ? Temperature, C mol % FDCA mol % Isosorbide rb M,, Da My, Da b

PPeF5110Sss 10 1500 3100 21
PPeF;5130Ss5 30 1200 2500 22
PPeF 51505 215 15 50 15 800 1500 18
PPeF;5160Ss5 60 500 1100 21
PPeF5170Ss5 70 700 1100 17
PPeF3l10S70 10 1300 2700 20
PPeF3013S70 30 1100 2800 25
PPeF3l50S70 215 30 50 15 900 1600 1.9
PPeF3l50S70 60 500 700 15
PPeF3l70S70 70 600 1000 16
PPeFryl10S30 10 1800 3800 2.1
PPeFrl30S30 215 70 30 15 1300 3200 24
PPeF7l50S30 50 1000 1900 2.0
PPeFgs10S15 10 2300 5400 23
PPeFgs130S5 215 85 30 15 1300 2800 21
PPeFgsl30S,5 50 1000 1800 18

2 Catalyst: 0.02 mol % SnCl, /mol diacids, > Molar ratio diols:diacids.
2.3. Characterization Methods

2.3.1. Nuclear Magnetic Resonance Spectroscopy (\H NMR)

"H NMR measurements were performed on a Brucker NMR spectrometer (400 MHz). Deuterated
chloroform (CDCl3) was used as solvent for all samples.

2.3.2. Gel Permeation Chromatography

Gel permeation chromatography was carried out on an Agilent 1260 Infinity with two Agilent
ResiPore Organic 250 x 4.6 mm columns, a guard column, and a refractive index detector. The eluent
was tetrahydrofuran (THF) at a flow rate of 0.3 mL/min. Molecular weights were calculated using a
conventional calibration with polystyrene standards.

2.3.3. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry measurements were performed using a TA Instruments Q2000
analyzer with a RC590 cooling system using a standard heat-cool-heat method. The temperature range
was —50 °C to 200 °C. Both the heating and cooling rates were 10 °C/min in Ny. The amount of
sample was approximately 6 &= 0.1 mg. The samples were deposited in Tzero aluminum pans.
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2.3.4. Thermal Gravimetric Analysis (TGA)

The thermal stability of the polyesters was determined by TGA using TA Instruments Q5000
equipment under N, atmosphere. The samples were placed in aluminum pans and heated from room
temperature to 550 °C at a rate of 10 °C/min.

2.3.5. Coatings Characterization

Coatings were applied at 18-20 microns directly onto a smooth polyester pre-primed steel
substrate and cured for 40 s to reach a peak metal temperature of 224-232 °C. The physical testing
methods carried out on the metal panels are described in Supplementary Material, Section 2 [55-61].

3. Results and Discussion

3.1. THNMR

The intention of the present 'H NMR analysis was to solely provide a general insight into the
regions that identify the carbohydrate-derived polyesters. Furthermore, no quantitative analysis or
precise definition of every signal was undertaken. The analysis by 1*C NMR and 2D NMR could
facilitate the study. The NMR spectra of the isosorbide monomer is included in Supplementary
Material, Figure S1, whilst illustrative '>*C NMR and 2D NMR spectra of a representative PPeFIS
polyester are depicted in Figures S2 and S3.

The chemical shifts and assignments are summarized in Table 3. Figure 2 shows the NMR spectra
for 1,5-pentanediol copolyesters PPeFgs110S15, PPeF30l30S70, and PPeFyyl50Ssp, which contain 10, 30,
and 50 mol % isosorbide, respectively. The identification of single peaks was a complex process
since the incorporation of isosorbide could possibly facilitate the formation of cyclic structures and
short chain oligomers, along with the probable presence of unreacted isosorbide (potentially between
3.5-4.5 ppm, Figure 2) at the end of the chains, leaving the secondary hydroxyl unreacted. The presence
of impurities in the isosorbide monomer was a possibility as well (>98% purity), as it is one of the
limitations of industrially-sourced isosorbide, along with residual monomer.

Table 3. Assignment of chemical shifts of PPeFIS and integrations for PPeFgs1;(Sys.

Polyester Assignment of Chemical Shifts (CDCl3, 8/ppm)
a bbb’ c d e f g
PPeFIS 7.20 2462,. 2.69 3.68 4.62-4.67 3.80-3.97 4.09 1.80
h,k i 1 m n 0 P
1.66 4.34 1.42-1.48 5.21-5.25 4.84-4.97 448 5.40-5.46
Integrations for PPeFgs11(S5
a b,b’ c d e f g
2.03 2.00,1.13 0.47 0.53 117 2.24 4.05
hk i 1 m n o P
1.97 4.57 2.95 0.14 0.21 0.21 0.47

The formation of the FDCA and succinic acid esters is confirmed by the shifts at 4.34 (i) and
4.09 (f), respectively, as the protons of the FDCA esters tend to shift to higher ppm values [29-31].
The assignment a (7.2 ppm) corresponds to the protons of the furan ring of FDCA. The signals between
3.8 ppm and 5.4 ppm (e,d,m,n,0,p) are attributed to the protons of isosorbide, which is in good agreement
with previous literature of different isosorbide-based polyesters: 3.9-5.6 ppm [24], 3.7-5.2 ppm [17],
3.8-5.4 ppm [20], and 3.8-5.15 ppm [19]. The differences in shifts between peaks p (5.40-5.46 ppm)
and m (5.21-5.25ppm) are the suggested result of the endo (p) and exo (1m) stereochemistry of the
two hydroxyl groups of isosorbide, as well as between peaks d (4.62—-4.67 ppm) and n (4.84-4.97
ppm) [19]. Gioia et al. [24] identified the endo and exo OH groups at 5.2 ppm and 5.5 ppm, respectively.
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The broadening of the CHj,-signal of succinic acid (b and b’, 2.62 and 2.69 ppm) was derived from the
presence of two diols, 1,5-pentanediol and isosorbide, coupled with the endo and exo stereochemistry
of isosorbide. A similar behavior was reported for polyesters conformed by 1,3-propanediol and
isosorbide with succinic acid, where the succinic acid shifts were observable between 2.6 and
2.8 ppm [19]. Apparently, from PPeFgs110S;5 down to PPeF30l50S79 with 50 mol % isosorbide,
the characteristic peaks of 1,5-pentanediol (1.42-1.80 ppm) decrease as the isosorbide concentration
increases [20], although a quantitative analysis should be performed to confirm the assumption.
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Figure 2. TH NMR spectra of PPeFgs119S15, PPeF30l30S70, and PPeFyl50S39. The mol % isosorbide
increases from top to bottom.

3.2. GPC

Mn, My, and D were measured by GPC. Tables 1 and 2 show the results obtained for the
isosorbide-based polyesters, whilst Figure 3 shows the chromatographs for the PPEF;51Sg5 and PPeFg51S5
families, respectively.

The range of My, for the polyesters was between 700 and 10200 Da, whereas M, fell within 500
and 3100 Da, indicating the great influence that the addition of isosorbide imparts, which allows a great
versatility within the properties of these biomass-derived polyesters. The results obtained suggest
that in general, M, and M,, decreased as the isosorbide content increased. The dispersity of PPeFIS
fell within 1.5/2.4 which was close to the expected value of two for polyesters [62], whilst PPFIS was
between 1.3-1.6, suggesting moderate polydisperse samples. The narrowness of the distributions
with isosorbide concentrations from 10% to 30% (Figures 3 and 4) were an indication of the strength
and toughness of the polyesters. On the other hand, the narrow peaks at higher reaction times
were an indication of the presence of short, oligomeric species, and potentially residual isosorbide,
as previously seen in the NMR spectra. The highest M, and M,, were achieved with the furan
rich polyesters PPeFgs1S;5 and PPeF;0IS3) and the trend is followed as the FDCA content decreased,
although PPeF7(IS3y had slightly higher molecular weight when the mol % isosorbide was between
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30 and 50%. The incorporation of isosorbide was limited to 50 mol % for these two polyester families,
as the mixture becomes extremely viscous and highly unprocessable above that concentration.
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Figure 3. Gel permeation chromatography (GPC) chromatographs of (a) PPeF51Sg5 and (b) PPeFgsIS;5.
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Figure 4. GPC chromatograms of polyesters PPeFIS with 10 mol % isosorbide.

The molecular weight as a function of FDCA /succinic acid composition is depicted in Figure 4
for copolyesters bearing 10 mol % isosorbide. The chromatograms for 30 and 50 mol % isosorbide are
available in Supplementary Material Figures S4 and S5.

The copolyesters PPeF(119S30 and PPeFgs1;9S15 with 10 mol % isosorbide presented M, of 3800 Da
and 5400 Da, respectively and the dispersities of both compositions with different mol % isosorbide
were above two. These values represent the highest molecular weights among the copolyesters of
FDCA and succinic acid with isosorbide, whereas the lowest M,, figures correspond to PPeF;51Sg5 and
PPeF3ISyy with either 60 or 70 mol % isosorbide (1000 Da). In the case of PPeF51Sgs and PPeF3,1Sy,
dispersities of two and M, above 2000 Da were obtained when the isosorbide content was limited to
30%.

The results for PPFIS resembled our findings with PPeFIS copolyesters. It was observed that My,
decreases as isosorbide content increases, for all compositions. The chromatograms of PPF;51Sgs5 and
PPF30ISyg are available in Supplementary Material Figure S6. Unfortunately, the results for PPF;pIS3
and PPFgs1S;5 are not available since the samples were insoluble in THE.

The decrease in M, as the isosorbide content increases has been reported in the literature
[12,15,19,20,63]. One of the possible explanations was the decreased reactivity of the secondary OH groups
when compared with the primary OH groups present in aliphatic linear diols, possibly corresponding to
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a lower acidic character [24], and most importantly, nucleophilicity. Nucleophilicity is affected by steric
hindrance, since the bulkier a given nucleophile is, the slower the rate of its reactions and therefore the
lower its nucleophilicity. In the case of isosorbide, although the nucleophilicity of the endo hydroxyl
group is increased, the steric hindrance caused by hydrogen bonding makes the exo hydroxyl group
more reactive [64]. Consequently, the difference in reactivity of the OH groups present in isosorbide
was mainly due to their stereochemical nature—endo and exo—where the steric hindrance of the endo
hydroxyl group is known to decrease the whole reactivity of the system [24]. The OH in endo position
is more likely to form intra-molecular hydrogen bonding with the oxygen in main chains, while the
other in exo position is more reactive in polycondensation reactions [65]. In addition, the endo hydroxyl
is protected by the steric bulk of the rest of the molecule [66]. It might be worthwhile to do a kinetic
study to explore different catalysts and reaction times and their influence on the final molecular weight
of the polyesters. Wei et al. [20] showed that increasing the isosorbide content above 30% resulted in
a significant decrease in the number average molecular weights of the polyesters. In fact, the M;, of
the homopolymer poly(isosorbide sebacate) was lower than 3000 Da. Sadler et al. [63] synthesized
unsaturated polyesters of phthalic anhydride, maleic anhydride, ethylene glycol, and isosorbide.
The polyesters had isosorbide contents from 10 to 25 mol %, and the molecular weight decreased
accordingly from 7000 to 3500 Da. In the same vein, Noordover et al. [19] reported M, from 2000
to 3100 Da for polyesters of succinic acid and isosorbide, and M,, from 2700 to 4600 Da with the
addition of 1,4-butanediol or neopentyl glycol as the second diol monomer. Our results suggest that
the incorporation of more than 50 mol % isosorbide when processing via azeotropic distillation is
considerably detrimental to the molecular weight of the polyesters, even though a catalyst is added
to the reaction mixture. This could be due either to changes in stoichiometry, so more hydroxyl
functionality will reduce the molecular weight, or due to the isosorbide reacting as a mono-functional
monomer. If the isosorbide content is kept between 10 and 30 mol %, the molecular weights are in the
desirable range for coatings (i.e., 2000 to 6000 Da) [5,19].

3.3. DSC

The DSC scans for PPeF31S79 and PPeF,IS; are shown in Figure 5, whilst the Tg, melting
temperatures (Tn), and the melting enthalpies (AHp,) are summarized in Table 4. The Ty of the
parent resins with no isosorbide is included as reference. The isosorbide content and glass transition
temperature kept a linear relationship as expected. In all the different compositions, the Ty increased
as a function of the mol % isosorbide. Sadler et al. [63] demonstrated that adding as little as 10 mol %
isosorbide to the reaction mixture in place of an equivalent amount of a linear diol resulted in a
significant increase in Tg. Moreover, adding 60 and 80 mol % isosorbide to resins based on succinic
acid and neopentyl glycol achieved final glass transition temperatures from 30.5 °C and 47.1 °C,
respectively [19].

Within the range of molecular weights of the resins and taking into account the diacid composition
of the base polyester, a minimum content of 50 mol % isosorbide was needed in order to achieve glass
transition temperatures above 0 °C and above room temperature. The copolyesters PPeFy(IS3y and
PPeFg51S;5 exhibited the highest Ty among the 1,5-pentanediol polyesters, achieving values of 31 °C
and 22 °C, respectively. Surprisingly, PPeF7l50S30 had higher Tg (31 °C) than PPeFgs150S;5 (22 °C),
with 50 mol % isosorbide, but when only 10 mol % was added, the difference in respect to the base
polyester is either negligible (—11 °C for PPeFyl1(S3p and —10 °C for PPeFy(S3)) or very little as per
85 mol % FDCA (4 °C, PPeFgs119S15 and 1 °C, PPeFg5S;5). Nonetheless, the slight difference might not
be significant and could come down to the acid value that was processed.

For the succinic acid rich polyesters PPeF;51Sg5 and PPeF31Sy, there is an abrupt increase in
the glass transition temperature when the isosorbide content is 60% or above, going from values of
approximately —40 °C up to 30 °C. This suggests that our library of polyester resins, based in three
main monomers, would have different end properties just by tuning the desired content of isosorbide,
expanding the potential applications of our renewable coatings. Figure 6 shows Tg and My as a
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function of isosorbide content for PPeF7yIS3y and PPeFgs5IS;5. The corresponding My-Tg-isosorbide
relationships for PPeF;51Sgs and PPeF3)ISyy are depicted in Figures S10 and S11, Supplementary
Material. It is observed how M, decreases as the isosorbide content increases, as explained in the
GPC section.
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Figure 5. Second heating scan at 10 °C/min for polyesters (a) PPeF3(1S;q including PPeF3(Sy as the
no-isosorbide reference and (b) PPeF(IS3 including PPeF(S3) as the no-isosorbide reference.

Table 4. Thermal transitions of PPeFIS polyesters measured by differential scanning calorimetry (DSC).

Polyester Mol % Isosorbide My, Da Tg, °C Tm, °C AHp, J/g
PPeF15585 0 2700 —46 - -
PPeF15I10585 10 3100 —43 - -
PPeF15I3OSg5 30 2500 —26 - -
PPeF1515()Sg5 50 1500 —-12 - -
PPeF15I60585 60 1100 7 - -
PPeF;5170Ss5 70 1100 35 117 2.6
PPEF30570 0 2800 -39 - -
PPeF30110570 10 2600 -39 - -
PPeF3I50S70 30 2800 —12 155 35
PPeF30 150570 50 1600 0.7 139 1.3
PP6F30 160570 60 700 23 105 0.1
PPeF30 I7()S7Q 70 1000 24 77 -
PPeF70530 0 5900 —-10 - -
PPEF70110530 10 3800 —11 - -
PPeF150S30 30 3200 19 94 0.4
PPeFy0l50S30 50 1900 31 105 12
PPeF85815 0 4100 1 50 -
PPeFgs110S15 10 5400 4 119 0.1
PPeFgs150515 30 2800 20 101 1.0
PP6F85I5()S15 50 1800 22 139 14

Nevertheless, some other factors, such as impurities, chemical conformation, degree of crystallinity,
and molecular weight could be relevant for the analysis of thermal transitions. Consequently, further work
could be focused on the particular effect of any of the above factors for selected polyesters, potentially those
with closer molar masses or bearing the greatest industrial feasibility.

The glass transition temperatures of the PPFIS family, prepared with 1,3-propanediol, are slightly
higher since they present lower chain flexibility than their 1,5-pentanediol counterparts. The results
are available in Supplementary Material Table S3. The inclusion of 30 mol % isosorbide leads to an
increase of Tg of about 30 °C (—45 °C to —14 °C) achieving a Ty at 6.2 °C with 70 mol % isosorbide.
The copolyesters PPF70l50S30 and PPFgs150S15 with 50 mol % isosorbide exhibited the highest Ty among
all the polyesters, achieving values of 29.2 and 53.2 °C, respectively. Representative DSC thermograms
of PPFIS polyesters are available in Supplementary Material Figures S7 and S8.
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Figure 6. Tg and M, as a function of mol % isosorbide for (a) PPeF70lS30 and (b) PPeFgs1S; 5.

Tailoring the different ratios of diacids and diols allowed to synthesize amorphous and
semicrystalline polyesters. Regarding melting temperatures (Tr,) 1,5-pentanediol polyesters with
FDCA contents of 30% and above showed melting endotherms from 77.3 °C to 154.7 °C, whereas for
1,3-propanediol the only observable Tm’s (97-131 °C) correspond to those containing 70 and 85 mol %
FDCA. In the case of PPFg5IS15 and PPeF3pIS7), T, decreased with an increase of the isosorbide
content, a phenomenon that was previously observed in copolyesters of sebacic acid, 1,3-propanediol,
and varying isosorbide content [12], whereas the other compositions exhibit the opposite trend.

Particularly, polyesters PPF;yIS3y and PPFg51S;5 did not show a single melting peak in the DSC
heating scan, as observed in Figure 7 for PPFg5IS;5 and Figure S9 for PPF;(IS;y. This behavior
has been reported in the literature [12,67-69] for different copolyesters, and it is thought to be
potentially the result of the existence of different crystal types in the same polymer sample [67],
melting-recrystallization-remelting processes [68,70,71], or the presence of different molecular weight
species [12]. It is necessary to confirm the assumptions regarding crystallinity features by performing
an X-Ray Diffraction (XRD) analysis of the polyesters. There is a strong possibility that the polyesters
are conformed by different oligomers with varying molecular weights, as the presence of isosorbide
tends to form cyclic oligomeric structures [19,72]. Again, the confirmation of these structures requires
further robust analysis, such as MALDI-TOEF-MS, although this is outside our current scope.
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Figure 7. First heating scan at 10 °C/min for polyesters PPFgs5110S;5, PPFg5130S15, and PPFgs150515.
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Previous syntheses of isosorbide-derived polyesters have reported glass transition temperatures
in the range presented herein or below. For instance, the Tg's of poly(isosorbide sebacate) and
poly(isosorbide itaconate) were 6.4 °C (M;, = 19200 Da) and 34.5 °C (M,, = 8700 Da), respectively [17].
Wei et al. [20] synthesized polyesters of 1,10-decanediol, sebacic acid and isosorbide with different
mol % isosorbide, namely, 43.9%, 66.2%, and 100%. The polyesters showed Ty's at —26 °C, —-18°C,
and —5 °C, with M, = 8900, 8699, and 2800 Da, respectively. The authors did not observe glass
transitions for 5.3 or 16.7 mol % isosorbide, which they attributed to the fact that long chain
aliphatic polyesters have a strong crystallization capacity and crystallize very fast. Terzopoulou
and coworkers [22] showed that poly(isosorbide-2,5-furanoate) presented a Tg at 157 °C, whilst the
Tg's for copolyesters of FDCA, isosorbide, and 1,4-cyclohexane-dimethanol (CHDM) increased from
75.3 t0 103.5 °C, with decreasing CHDM /isosorbide ratios from 95/5 to 60/40 [21].

3.4. TGA

Figure 8 shows the thermograms for the polyesters PPeF;IS3y and PPeFgs1S;5. Thermal gravimetric
analysis indicates that the thermal stability ranges from 308 °C to 371 °C for the 1,5-pentanediol library.
Expectedly, PPFIS polyesters showed a slightly higher and narrower T4 range between 362 and
372 °C, suggesting that the diol is a fundamental factor for thermal stability. Previous studies
have shown that the thermal stability decreases with increasing methylene units. For example, the
Bikiaris group [43] showed that poly(1,4-butylene furanoate) (PBF) was less thermally stable than
the furanoates synthesized with shorter chain diols, such as ethylene glycol and 1,3-propanediol.
The thermal decomposition temperatures (Ty) for PPeFIS and PPFIS are summarized in Tables 54
and S5 in Supplementary Material, along with the TGA thermograms of PPeF;51Sg5 and PPeF3y1Syy,
which correspond to Figure S12.
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Figure 8. Weight % and derivative weight thermograms of polyesters (a) PPeF7(IS3) and (b) PPeFgs1S5
(N flow, 10 °C-min~1).
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For both linear aliphatic diols, the incorporation of isosorbide to the main polymers resulted in
a decrease of approximately 3040 °C in the maximum T4 of the resins, which were close (~385 °C)
or above 400 °C. Within each diacidcomposition, the results suggest that the PPeFIS polyesters with
highest mol % isosorbide present the highest decomposition temperature. However, the same trend
was not observed for PPFIS, where all the polyesters had similar T4 values.

Specifically, for 1,3-propanediol, the thermogravimetric data suggests the presence of diverse
species within the polymer matrix, as three different decomposition temperatures (Tqq, T4y, and
Tdamax, Table S5) are observed. All the diacid compositions present the first decomposition temperature
between 98.7 °C and 194 °C, followed by a second transition at 180-290 °C. The lowest T4’s appear
to be prompted by isosorbide concentrations of above 50 mol %. The nature of these species has
not been determined; however, previous research has shown that polyesters undergo decomposition
mechanisms initiated by scission of an alkyl-oxygen bond, suggesting a random-chain scission [73].
Also, the decomposition of these polyesters is suggested to be dominated by cyclic or open chain
oligomers with carboxylic-end groups. The formation of these cyclic oligomers is done through an
intramolecular exchange reaction which happens below 300 °C [74] which could be the same process
that took place in our polyesters. Cyclization of isosorbide-based polyesters has indeed been reported
by other authors [15,19]. In the case of polyesters with low FDCA and rich isosorbide contents,
data suggests the formation of more volatile products, which some authors have determined to arise
from the secondary breakdown of end-groups, which follows the primary step of cyclic concerted
decomposition [75].

3.5. Coatings

Tables 5 and 6 summarize the results obtained. For succinic acid-rich polyesters, the chosen
samples were those with higher isosorbide concentrations. A reference, petro-derived coating R has
been included for comparison. Specifically, in the case of 1,3-propanediol resins, it was not possible
to make paints with PPFy517,Sg5s and PPF3l70S7o (70 mol % isosorbide) as they were immiscible with
the paint solvent system, which consisted of a 50:50 mixture of butanol and dibasic ester. In the
case of PPFyl50S30, the resin was a brittle solid, which prevented solution in the same paint solvents.
As similarly reported for some coating applications [14,19,24,63], the introduction of isosorbide into
the synthesis of the polyester resins improved the thermomechanical properties of the resulting paints,
compared to the parent polyesters. The no-isosorbide parent polyesters, PPeF15Sg5 and PPeF3(S70,
had very low microhardness (11 N-m~2 and 12 N-m ™2, respectively) and low Ty (—28 °C and —17
°C, respectively), but when 70 mol % isosorbide was added (PPeF;517¢Sgs and PPeF3l70S7g) the
microhardness abruptly increased to 237 N-m~2 and 287 N-m~2, with T at 66 °C and 53 °C. The resins
were not very flexible as T-Bend was 5T and 6T and both presented severe cracking after the Erichsen
testing, which suggested that the concentration of FDCA should be increased. We previously reported
the effect of the FDCA on the final polyester resin [2]. PPeF;yl3S3p with an isosorbide concentration
of 30 mol % and an increased FDCA concentration of 70% showed an improvement in flexibility
(2.5T) respect to the reference resin (3T), Tg on specification at 34 °C and better impact resistance as it
presented a slight cracking. Moreover, PPeFyl5(S3y had above-specification Erichsen (No cracking),
Tg (67 °C) and microhardness (270 N-m~2) than the reference resin. Likewise, comparing PPeFyI50S30
with its parent resin with no isosorbide, the performance was considerably improved, as the properties
recorded for the latter were Tg=6 °C, Microhardness = 20 N-m 2 and T-Bend no cracking of 1.5T.

PPeFg51S;5 resins again showed better microhardness and higher Tg than PPeFgsS;5, as the results
were 21 N-m 2 and 15 °C, respectively. PPeFgsI50S15 (Table 6), despite having the highest T (69 °C)
and enhanced microhardness (299 N-m~2) was slightly harder (Pencil Hardness 2H) and presents poor
flexibility measured by T-Bend no cracking (5.5T). PPeFgs130S;5 therefore presented the best overall
properties (Table 6).
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Table 5. Physical test results on white paints based on polyesters PPeF;51Sg5-PPeF;pIS;p and the
standard reference resin R.

Test Standard R PPeFq5179Sgs  PPeF30I70S70 PPeFpI30S30 PPeFyoI50S30
Pencil hardness EN13523-4 H 2H 3H H H
Gloss top coat 13523-2 35 39 35 40 39
Reverse impact 80” Ib 135235 Mode.rafe Mode%‘ate Mode}'ate Shgbt ModeFate
cracking cracking cracking cracking cracking
Erichsen 7.5 mm 13523-6 Mode.rate Sevgre Seve.re Shg},ﬂ No cracking
cracking cracking cracking cracking
T-bend (no tape pick off) 13523-7 0.5T 1T 1.5T 0T 1T
T-Bend no cracking 13523-7 3T 5T 6T 2.5T 5T
. BSSP
a
MEK? rubs primer 352211 110 110 110 110 110
Tg, °C (onset/midpoint) 28/35 53/66 51/53 27/34 53/67
Microhardness, N-m~2 216 237 287 190 270
@ Methyl ethyl ketone.

Table 6. Physical test results on white paints based on polyesters PPeFgsl10S15, PPeFgs130S15,
PPeFgs150S15, PPFg5130S15 and the standard reference resin R.

Test Standard R PPeFgsI19S15 PPeFgsl30S1s PPeFgslsoS1s  PPFgs5I30S1s
Pencil hardness EN13523-4 H H F 2H H
Gloss top coat 13523-2 35 40 43 38 39
Reverse impact 80" b 13523-5 Mode;lrate No cracking Mode)irate Sevgre Shght
cracking cracking cracking cracking
Erichsen 7.5 mm 13523-6 Mode.rate No cracking ~ No cracking Sevgre Shgl}t
cracking cracking cracking
T-bend (no tape pick off) 13523-7 0.5T 15T 1.5T 1T 15T
T-Bend no cracking 13523-7 3T 1T 2T 55T 25T
. BSSP
MEK rubs primer 352211 110 110 110 110 110
Tg, °C (onset/midpoint) 28/35 26/32 34/42 58/69 29/34
Microhardness, N-m~2 216 174 287 299 169

4. Conclusions

We successfully diversified and enhanced the properties of novel biomass-derived polyester
coatings based on FDCA, succinic acid, and either 1,3-propanediol or 1,5-pentanediol by incorporating
isosorbide into the polyesters’ backbone. Depending on the concentration of isosorbide, the molecular
weight of the polyesters could be tuned from 700 to 10,200 Da. In general, the molecular weight
decreased as the isosorbide content increased. This behavior could be attributed to the difference in
reactivity of the OH groups present in isosorbide. The thermal results suggested that a minimum 50 mol %
isosorbide is needed to achieve glass transition temperatures above 0 °C and above room temperature.
The T could vary approximately 40 degrees by solely adjusting the molar isosorbide concentration.

Paint testing results showed that the best isosorbide resins for coil coating applications were
PPeFg5130S15 and PPeF70l30S30, along with PPFgs130S15. The consideration of bioderived 1,5-pentanediol
as a main building block opens the possibility towards the development of flexible coatings but with
better hardness than currently used diols, such as 1,6-hexanediol, enhanced by the presence of FDCA
and isosorbide.

The inclusion of the carbohydrate-derived diol isosorbide to our coatings did promote
better performance in terms of thermomechanical properties, and allowed for the tuning of fully
biomass-derived resins that could easily replace the current petrochemical-derived ones in different
applications, with controlled molecular weights and glass transition temperatures. Exterior durability
testing for top coats would still be needed, but our bio-derived coatings could be used as backing
coatings and interior finishes. Future work however needs to be done in terms of the variables effects
on the Tg, the identification of the nature of the different oligomers or cyclic structures formed during
the polymerization, as well as a kinetic study to optimize the reaction conditions to overcome the
isosorbide’s low-reactive nature.
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Figure S4: GPC chromatogram of polyesters PPeFIS with 30 mol % isosorbide, Figure S5: GPC chromatogram
of polyesters PPeFIS with 50 mol % isosorbide, Figure S6: GPC chromatogram of polyesters PPF;51Sg5 and
PPF3)1S7(, Table S3: Thermal transitions of PPFIS measured by DSC, Figure S7: DSC thermogram of PPeF;51Sg5,
Figure S8: DSC thermogram of PPF3yISyy, Figure S9: First heating scan at 10 °C/min for polyesters PPFIS3,
Figure S10: Tg-Mp-mol % isosorbide relationship for PPeF151Sgs, Figure S11: Tg-Mp-mol % isosorbide relationship
for PPeF13)1Sy), Table S4: Characteristic decomposition temperatures T4y, Tgmax and weight loss% of PPeFIS,
Table S5: Characteristic decomposition temperatures Ty, Tqp and Tgmax and weight loss% of PPFIS, Figure S12:
TGA thermograms for PPeF;51Sgs and PPeF3,1S7g.
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Abstract: Furfuryl alcohol (FA) is a biobased monomer derived from lignocellulosic biomass.
The present work describes its polymerization in the presence of protic polar solvents, i.e., water or
isopropyl alcohol (IPA), using maleic anhydride (MA) as an acidic initiator. The polymerization
was followed from the liquid to the rubbery state by combining DSC and DMA data. In the liquid
state, IPA disrupts the expected reactions during the FA polymerization due to a stabilization of the
furfuryl carbenium center. This causes the initiation of the polymerization at a higher temperature,
which is also reflected by a higher activation energy. In the water system, the MA opening allows the
reaction to start at a lower temperature. A higher pre-exponential factor value is obtained in that
case. The DMA study of the final branching reaction occurring in the rubbery state has highlighted
a continuous increase of elastic modulus until 290 °C. This increasing tendency of modulus was
exploited to obtain activation energy dependences (E«) of FA polymerization in the rubbery state.

Keywords: renewable resources; lignocellulosic biomass; polymerization; reaction mechanisms;
furfuryl alcohol

1. Introduction

Lignocellulosic biomass appears as an important renewable source for the fabrication of organic
polymeric materials [1-3]. In this line, furan derivatives [4] such as 5-hydroxymethylfurfural [5] or
furfural [6] are respectively obtained from C¢ or C5 sugar dehydrations [7] in the bio-refinery processes.
These two compounds are among the most interesting biobased building blocks to design a sustainable
chemistry [8] and they can be further transformed [9] in, for instance, 2,5-furandicarboxylic acid and
furfuryl alcohol (FA), respectively. These latter compounds are indeed the top two of the class of
biobased precursors used for their polymerization abilities.

FA is an attractive biobased compound which has the particularity to homopolymerize in
poly(furfuryl alcohol) (PFA) under an acid catalyzed condition, leading to a strong reticulated
network with high thermomechanical properties [10]. These advantages make the PFA an excellent
biobased alternative in industrial processes such as for foundry molds [11] or wood reinforcement [12].
Other studies have demonstrated several applications for this eco-friendly polymer as the fabrication
of carbon nanospheres [13], hybrid materials with silica [14,15], fully biobased composites with several
natural fibers [16,17], or copolymers with a combination of vegetable oils [18,19].

As shown in Figure 1, the FA polymerization mechanism [10,20,21] is complex and can be divided
into two steps. The first polymerization step occurs in the liquid phase with the influence of the acid
initiator. This step consists of the formation of FA oligomers by polycondensation from an active
furfuryl carbenium center. The second step leads to a three-dimensional branched polymer through
Diels-Alder cycloadditions between the formed oligomers. Furthermore, side reactions can also occur.
First, an electrophilic addition [22] of the active furfuryl carbenium center on the conjugate form of
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the oligomer can occur, increasing the heterogeneity of the final 3D network. Another reaction that
was reported in the literature is FA furan ring opening [20], which preferably starts via C-O bond
breaking [23]. Although spectroscopic [10,24] and theoretical [25] studies have highlighted the low
percentage of furan ring-opening during the FA polymerization, these side reactions may have a
significant impact on the final polymer structure. Indeed, furan ring openings lead to a lower final
crosslinking density, impacting the mechanical properties of the final polymer [26]. Furthermore,
these opened furan structures are amplified by the addition of protic polar solvents, suggesting
disruption mechanisms of FA polymerization.
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Figure 1. Polymerization mechanisms of FA.

This paper aims to study the disruption effect of protic polar solvents during the polymerization
of FA. Both water and isopropyl alcohol (IPA) were added as protic polar solvents in FA formulations
with maleic anhydride (MA) as an acidic initiator. The polymerization evolution was followed
from the liquid state by Differential Scanning Calorimetry (DSC) and additionally from the rubbery
state by Dynamic Mechanical Analysis (DMA). The study provides, for the first time, an advanced
isoconversional analysis of FA polymerization kinetics over a wide temperature range and including
two stages of polymerization, i.e., an early liquid state and final rubbery state. The obtained variations
of effective activation energy, E, are interpreted as a function of the extent of conversion, o, and of
the temperature. Important changes in the polymerization mechanism are discussed.

2. Materials and Methods

2.1. Materials

Furfuryl alcohol (FA) (M, = 98.10 g-mol~!, b.p. = 170 °C, purity 99%), isopropyl alcohol (IPA)
(My = 60.10 g'mol !, b.p. = 82 °C, purity > 99.7%), and maleic anhydride (MA) (M, = 98.06 g-mol~?,
m.p. = 51-56 °C, purity > 99%) were obtained from Aldrich Chemical Co (Milwaukee, WI, USA).

2.2. Preparation of Liquid FA/solvent Mixtures

Three different liquid formulations containing FA, maleic anhydride (MA), and protic
polar solvents were prepared for DSC investigation, namely: FA/MA (100/2); FA/MA /water;
and FA/MA /IPA (50/1/50). MA was used as an acidic initiator of FA homopolymerization and
added with 2% w/w compared to FA. For mixtures containing solvents, IPA or ultra-pure water
(conductivity 2 pS-cm 1) was added to an equivalent quantity of FA (50/50 w/w) with 1% of MA to
maintain the same initiator ratio as FA/MA.

2.3. Preparation of Cured PFA Materials

Three different reticulated resins were prepared from liquid formulations used in the DSC study,
i.e.,, FA/MA (100/2); FA/MA /water; and FA/MA /IPA (50/1/50). Pre-polymers were prepared in a
PTFE round-bottom flask by heating approximatively 15 grams of liquid formulations. The mixtures
were vigorously stirred during the overall process to lead to homogenous final polymers. The synthesis
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of each furanic resin was realized in two steps. The first pre-polymerization step was the same for the
three resins. Blends were heated at around 85 °C for one hour in a round-bottom flask. A condenser
was used to avoid the evaporation of solvent or FA and to induce sufficient interactions between FA
(or FA oligomers) and the protic polar solvent. For the second step, the condenser was removed and
the resulting mixtures were placed at 100 °C. The temperature was increased by 10 °C every 30 min to
obtain a highly viscous resin (~103 Pa-s~1). To reach the desired viscosity, FA/MA and FA/MA /water
were heated to 120 °C, while FA/MA /IPA was heated to 140 °C.

Then, the pre-polymers obtained were introduced in a silicon mold and were cured for two
hours under pressure (~10 bars), respectively, at 160 °C for FA/MA and FA/MA /water and at 180 °C
for FA/MA /IPA. This step was conducted to obtain rigid materials. The second curing step under
pressure was essential to avoid the formation of holes in the PFA material (due to water evaporation
by the polycondensation of FA), which can modify the mechanical or the thermal performances of the
final materials.

After slow cooling to room temperature, polymers were unmolded and a post-curing step with
a duration of one hour at 180 °C for FA/MA and FA/MA /water and at 220 °C for FA/MA /IPA was
conducted in order to evaporate unreacted FA monomers and avoid possible trapped solvent. The three
materials are labelled in the DMA study as follows: reference PFA (for PFA cured with pure FA),
PFA /water (for PFA obtained via the water route), and PFA /IPA (for PFA obtained via the IPA route).

2.4. Analytical Techniques

Differential scanning calorimetry (DSC) measurements were performed on a Mettler-Toledo
DSC-1(Mettler-Toledo GmbH, Schwerzenbach, Switzerland) equipped with a FRS5 sensor (with 56
thermocouples Au-Au/Pd, Mettler-Toledo GmbH, Schwerzenbach, Switzerland) and STARO software
(Mettler-Toledo GmbH, Schwerzenbach, Switzerland) for data analysis. Temperature and enthalpy
calibrations were performed using indium and zinc standards. Samples of about 10 mg were placed into
a sealed 30 pL high-pressure crucible. The DSC measurements of FA polymerization were conducted
at the heating rates of 1, 2, 4, and 6 °C-min~1.

Dynamic mechanical properties were carried out on a Mettler-Toledo DMA 1 (Mettler-Toledo
GmbH, Schwerzenbach, Switzerland) in tensile mode equipped with STARO software for curves
analysis. The sample dimensions were 15.00 (length), 4.50 mm (width), and 1.50 mm (thickness)
(£0.01 mm). The experiments were performed from 25 to 350 °C, at a frequency of 1 Hz and with a
heating of 1,2, and 4 °C-min~1.

The DSC and DMA data were treated with an advanced isoconversional method to realize
a kinetic study and to compute the activation energy dependency (E«) of FA polymerization.
These computations were realized with internal software [27,28].

2.5. Theoretical Approaches

Isoconversional methods are amongst the more reliable kinetic methods for the treatment of
thermoanalytical data, see, for example, [29-32]. The ICTAC Kinetics Committee has recommended the
use of multiple temperature programs for the evaluation of reliable kinetic parameters [30]. The main
advantages of isoconversional methods are that they afford an evaluation of the activation energy, E,
without assuming any particular form of the reaction model, f(x) or g(x), and that a change in the E«
variation, called E-dependency, can generally be associated with a change in the reaction mechanism
or in the rate-limiting step of the overall reaction rate, as measured with thermoanalytical techniques.

Polymerizations are frequently accompanied by a significant amount of heat released, thus cure
kinetics can be easily monitored by DSC. It is generally assumed that the heat flow measured by
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calorimetry is proportional to the process rate [33]. Thus, the extent of conversion at time t, «,
is computed according to Equation (1), as follows:

[ (dQ/dt)dt
o = = (1)
Ji/ (dQ/dt)dt

where dQ/dt is the heat flow; t; is the time at which the process initiates (i.e., the respective heat flow
becomes detectable); and t is the time at which the process finishes (i.e., the heat flow falls below the
detection limit). The denominator represents the total transformation heat released during curing (Q).
In a more general sense, the extent of conversion can be determined as a change of any physical
property associated with the reaction progress. For this, the physical property has to be normalized to
lay between 0 and 1. If the shear modulus changes with the reaction progress, an extent of conversion

can be defined as follows:
G —Gj,

o = ———
"G, -G

2)
where G’ is the shear modulus measured by DMA (or dynamic rheometric) experiments at time ¢,
and where t; and t; have the same meaning as in Equation (1).

The general form of the basic rate equation is usually written as [33,34]:

d —
& = aep( 77 ) ®

where T is the temperature, f(«) is the differential form of the reaction model that represents the
reaction mechanism, E is the activation energy, and A is the pre-exponential factor.

The advanced isoconversional method [27,33,35,36] used in this study is presented in Equations (4)
and (5) and has been derived from Equation (3), as follows:

_ i(ta)]
PE) = L X e T ) @
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where E is the effective activation energy. The E value is determined as the value that minimizes
the function ® (E«). This method is applicable to any arbitrary temperature program T;(t) and uses
a numerical integration of the integral with respect to the time. E is computed for each value of «
generally in the range 0.02-0.98 with a step of 0.02. For each i-th temperature program, the time t;
and temperature T o ; related to selected values of o are determined by an accurate interpolation [27,28].
The software developed can treat any kind of isothermal or non-isothermal data from DSC, calorimetry
(C80), TGA, DMA, or rheometry [27,28,37,38].

3. Results and Discussion
3.1. FA Polymerization Evolution from the Liquid State

3.1.1. Non-Isothermal DSC Investigation

Figure 2 shows non-isothermal DSC data obtained during FA polymerization and in the presence
of protic polar solvents such as water and IPA. The data of polymerization without solvent are
presented in the insert of Figure 2 for comparison (reference system). The reference system shows a
single asymmetric thermal event, while the addition of solvents significantly modifies the heat flow
curve shapes, with the appearance of a shoulder or a second peak. This observation leads to the
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hypothesis of a change in the polymerization pathways. In the FA/MA /water mix, the first peak is
predominant. It is followed by a broad thermal event that could correspond to secondary reactions or
residual cross-links between FA oligomers. For the FA/MA /IPA mix, the polymerization pathway
seems different from the other two systems due to a second and predominant thermal event. Moreover,
the FA polymerization reactions are shifted to a higher temperature. The protic character of IPA due to
its high dipolar moment (upa = 1.70 D) can explain this. The first step of FA polymerization starts
with the formation of an active furfuryl carbenium center [10]. Thus, in this system, IPA slows down
the formation rate of the carbenium center by forming hydrogen bonds and a solvation sphere with the
hydroxyl groups of FA [39]. These effects could also occur in the presence of water, which also presents
a high dipolar moment (Uwater = 1.85 D). However, the fact that MA is opened in maleic acid in the
presence of water should also be taken into account. The pKa; of maleic acid is very low (~1.8) and
decreases the pH of the mix. When the FA polymerization is initiated in an acid catalyzed condition,
the MA opening releases protons that allow the condensations to start at a lower temperature. Contrary
to IPA, the slowdown effect due to solvation is counterbalanced by the formation of H* due to the MA
hydrolysis, which results in earlier initiation of FA polymerization with water.

These curves have been used to estimate the reaction heat released during the reaction (Q) by
the integration of DSC peaks. The reaction heat values obtained for FA/MA /water and FA/MA /IPA
systems are summarized and compared to the FA reference system [40] (Table 1). In order to compare
values obtained from each formulation, the data were reported as the mass of FA. FA/MA /IPA systems
show decreasing reaction heat values with an increasing heating rate. The values of the reaction heat
are 2.4 to 3.5 times smaller than the reference values. Moreover, the reaction heat (Q) depends on
the amplitude of the first thermal event, which is rather associated with initiation reactions. Indeed,
increasing the heating rate allows less time for initiation reactions to take place and leads to a decrease
of the reaction heat. These decreasing values, combined with the particular thermal events of this mix
(two distinct peaks), suggest possible interactions between FA and IPA.

In the case of the FA/MA /water system, the opposite tendency occurs. The reaction heat increases
with the heating rate. On the other hand, the highest reaction heat value of the FA/MA /water mix
(712 g-mol 1) obtained for the fastest rate is almost the same as the reaction heat value of the FA/MA
reference mix at the slower rate (709 g-mol~1). Thus, the heating rate considerably affects the reaction
mechanism, which confirms the assumption of a complex multi-step polymerization mechanism.
This also indicates that the final properties of the materials will be completely different according to
the temperature domain used for curing the system.
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Figure 2. Non-isothermal DSC curves for the curing of FA/MA /water (red lines) and FA/MA/IPA (blue
lines). Insert: FA/MA cure without solvent. The heating rates in °C-min ! are indicated by the curves.
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Table 1. Reaction heat (Q) reported to the mass of FA for the three different systems: FA/MA /water,

FA/MA/IPA, and FA/MA.
FA/MA/Water FA/MA/IPA FA/MA (Reference)
B/°C-min—1 Q/)-g~ L of FA
1 490 + 20 300 + 30 709 + 30
2 632 + 30 230 + 20 685 + 30
4 678 + 30 216 + 20 620 + 30
6 712 + 30 168 + 20 593 + 30

3.1.2. Ex vs. a-Dependence

Model-free advanced isoconversional analysis was employed to highlight new insights on the
complex polymerization mechanism and kinetics in the presence of solvents. Figure 3 represents the
E« dependencies with the extent of conversion (x). Analysis of the E-dependencies clearly indicates
a complex mechanism that involves several chemical steps, each of them having their own activation
energy. As a result, each increasing and decreasing part of the effective activation energy (E«) can be
associated with changes in the rate-limiting steps of the overall polymerization.
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Figure 3. Dependence of the effective activation energy (E«) on extent of conversion of FA/MA /water
(open red triangles), FA/MA /IPA (open blue circles), and FA/MA (solid black lozenges).

The three systems exhibit decreasing E values in the initial stages of the reaction (for « values,
until 0.10 for reference and water systems, and 0.20 for the IPA system) that can be attributed to an
autocatalytic step [41]. This initial step corresponds to the formation of an active furfuryl carbenium
center that will induce the polymerization. The longer decay of FA/MA /IPA E values to a higher
extent of conversion (0.20) confirms the hypothesis of interactions between FA and IPA by hydrogen
bonds or solvation spheres, which slow down the autocatalytic step.

The FA disruption polymerization by IPA is also confirmed by the completely different activation
energy dependency obtained compared to the two other systems. Indeed, while alternating decreasing
and increasing values are obtained for FA/MA and FA/MA /water, the FA/MA /IPA system reveals a
continuous activation energy increase for a values from 0.20 to 1. The progressive increase observed
might correspond to competitive or consecutive reactions (i.e., condensation, Diels-Alder and possible
side reactions) during the polymerization [27]. On the other hand, E «-dependencies of FA/MA /water
and reference systems show several similarities. The polycondensation of FA occurs for « ~ 0.10 to
a ~ 0.40 for the two systems. A slight E decrease for FA/MA /water and a slight increase for the
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reference system characterize this step. The presence of water decreases the viscosity, which facilitates
the polymerization of FA.

For o ~ 0.48, E values of both systems are very close and a slight increase in the activation energy
is observed for the reference system. It has been demonstrated that this increasing tendency for the
reference system is correlated with the high viscosity increase due to the formation of crosslinks [40].
This phenomenon is not visible for FA/MA /water due to the presence of water, which still induces a
lower viscosity at the same extent of conversion.

For o > 0.48, the decreasing tendency for the two curves is still the same, with a slight shift to a
higher extent of conversion for the FA/MA /water system. At this stage of the reaction, the molecular
mobility strongly decreases, which induces a decrease of the reaction rate. Thus, the overall
polymerization becomes controlled by the diffusion of short linear chains. This is mainly due to
an increase of the viscosity of the system, which reduces the chemical reactions rates and leads to a
decrease of E [41]. This decrease is observed for both systems and is characteristic of a transition
from a kinetic to diffusion regime [40]. Diffusion control generally becomes rate limiting when the
characteristic relaxation time of the reaction medium markedly exceeds the characteristic time of
the reaction itself [29]. This decrease to low E« values is less marked, but is also present for the
FA/MA system (E decreasing from 69 to 53 kJ-mol~1! for o from 0.48 to 0.63) than FA/MA /water
(E« decreasing from 71 to 36 kJ-mol~! for « from 0.48 to 0.73). This indicates that diffusion control is
more important in the presence of water. This will be explained by an analysis of the dependence of
the effective activation energy (E) on temperature (T).

Following this decrease, an increasing E »-dependency is observed for both FA/MA (until & ~ 0.90)
and FA/MA /water (until & ~ 0.85) systems and corresponds to an increase in molecular mobility
due to temperature increase. This mobility increase permits the chemical reaction to be reactivated
and corresponds to the formation of chemical bonds in the gelled state by Diels-Alder cycloadditions.
Finally, the last decrease is attributed to the diffusion of unreacted FA monomers [40].

According to Figure 3, E« for FA/MA /water is always higher than E for FA/MA for 0 < « < 0.60,
while the reaction in the presence of water is shifted to lower temperatures (Figure 2). Generally,
a higher activation energy shifts the reaction to a higher temperature. Thus, in this case, it seems
that the opposite effect is obtained. Because E and A have opposite effects regarding the shift of a
reaction to a lower or higher temperature, this observation could be explained by a higher value of the
pre-exponential factor for the FA/MA /water system. In order to verify this, pre-exponential factors
were computed for FA/MA and FA/MA /water systems using the model-free method explained
in detail in ref. [27]. The method uses the so-called false compensation effect that allows one to
establish a relationship between E« and InA 4 in the form: InAy = aE4 + b and is based on the practical
observation that for complex (multi-step) processes, the same experimental curve can be described by
several reaction models. Once this relation has been established, it is possible to compute InAy in a
model-free way using the value of E obtained for each « value with an advanced isoconversional
method. The computations were realized for a heating rate of 2 °C-min~! and an extent of conversion
0.05 < ac < 0.15. This range was selected in order to compute the pre-exponential factors at the very
beginning of the reaction. The models that lead to the best fit (+? > 0.9995) were the model numbers
4,5,6,10,11, 12, and 13 of ref. [27]. The parameters found for FA/MA are a = 0.29475 mol~k]’1 and
b= —6.47597 (% = 0.9984), and for FA/MA /water, they are a = 0.32955 mol-k] 7! and b = —6.23381
(r? = 0.9987). These values confirm our hypothesis that much higher values for the pre-exponential
factor are obtained in the presence of water. As an example, the pre-exponential factors obtained for
FA/MA and FA/MA /water for o = 0.10 are 4.48 x 10* s~ and 7.23 x 10? s7!, respectively.

3.1.3. Additionnal Kinetic Computation of FA/MA /IPA

To better understand the complex reactivity of FA/MA/IPA, additional computations were
performed for each thermal event of this system (see Figure 2). Thus, the E calculated from the first
thermal event (before 120/140 °C) is shown in Figure 4a, while Figure 4b shows the E calculated
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from the second thermal event (after 120/140 °C). It can be seen that the activation energy of Figure 4a
has the same tendency as the curve of Figure 3 from o = 0 to & = 0.20, with a continuous E 4 decrease.
Therefore, the first thermal event of the FA/MA /IPA thermograms of Figure 2 is the result of the
autocatalytic step. The second thermal event could be related to competitive reactions during the
polymerization. These competitive reactions are displayed in Figure 4b, where a continuous increase
of E4 for « from 0.20 to 1 is observed.
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Figure 4. Partial dependence of the effective activation energy (E) calculated from the non-isothermal
DSC curves of FA/MA /IPA mix of Figure 2. (a) from the first thermal event (before 120/140 °C) and
(b) from the second thermal event (after 120/140 °C).

3.1.4. E4 vs. T-Dependence

The apparent activation energy can also be computed as a function of temperature (Ex—T
dependency), by taking an average temperature associated with each value of the extent of conversion.
Figure 5 represents the E y-dependencies with temperature. Analysis of Ex-T values shows that the
various rate-limiting steps are extended over a higher temperature range for the solvent systems and
each of these steps takes place at different temperatures depending on the polymerization environment
of FA. More precisely, Figure 5 highlights that the reaction of the FA/MA /water system is shifted to
lower temperatures and the reaction of FA/MA /IPA to higher temperatures compared to the reference.
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Figure 5. Dependence of the effective activation energy (E) on temperature (T) for non-isothermal

curing of FA/MA /water (open red triangles), FA/MA (solid black lozenges), and FA/MA /IPA (open
blue circles) systems.
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Indeed, the first E decrease associated with the autocatalytic step occurs between 100-115 °C
for FA/MA, 60-75 °C for FA/MA /water, and 120-140 °C for FA/MA/IPA system. The shift to
lower temperatures observed for the water mix system is explained by the easier MA opening into
maleic acid due to the presence of water and correlates with the higher pre-exponential factor values
previously reported. For FA/MA /IPA, analysis of the E—T dependency confirms the higher activation
energy barrier for the initial stages of the polymerization of FA in the presence of IPA instead of
water. Furthermore, the polymerization reactions (i.e., condensation and Diels-Alder reactions) of
this mix begin at 135 °C, i.e., when the polymerization is finished or almost finished for the two other
formulations. This confirms our previous hypothesis that the solvation sphere formed between FA
and IPA is very stable and hinders the reactions.

Another significant difference highlighted by the analysis of the Eq—T dependency is the
secondary E decreasing values due to the diffusion regime. This stage is observed in a very short
temperature range for FA/MA (131-133 °C), while this step takes place over a wider temperature
range for FA/MA /water (90-105 °C). For the FA/MA /IPA system, this stage is absent and E values
exhibit the same tendency as in Figure 3, where the major part of the FA/MA/IPA dependency
demonstrates increasing E values. This E decrease characteristic of the diffusion control of small
molecules is more pronounced for the FA/MA /water system (86 to 36 k]-mol~1) than for the FA/MA
system (69 to 54 k]-mol~!), in agreement with the results of Figure 3. This could seem to be, a priori,
contradictory. Nevertheless, analysis of the E4—T dependency shows that this decrease occurs at
much lower temperatures for the FA/MA /water system. This explains that diffusion control is more
pronounced in the presence of water due to the inferior molecular mobility at a lower temperature.

After the second decreasing step observed for FA/MA and FA/MA /water, the E, values
re-increase significantly in a very sharp temperature interval (133-141 °C) for the reference system.
This is attributed to the reactivation of chemical reactions and diffusion of long segments of the polymer
chains. A similar increase is observed for the water system, but at a lower temperature and in a wider
temperature interval (107-136 °C). This final re-increase was attributed to the cross-links formation
in the gelled state due to Diels-Alder cycloadditions [40]. Thus, the addition of water allows for the
re-activation of chemical reactions at a lower temperature, probably because of the higher mobility of
the system.

3.2. Residual Cross-Linking Reactions in Rubbery State

3.2.1. Non-Isothermal DMA Investigation

Once polymerized, the mechanical properties of the three PFAs were evaluated by DMA. Elastic
moduli of the three materials measured during the first heating scan or during the second scan (after a
first heating to 250 °C) are shown in Figure 6. The decreasing moduli of about two decades between 30
and 130 °C for all the systems during the first scan are unambiguously attributed to the cooperative
a-relaxation process of PFA chains commonly associated with the glass transition. Above 170 °C, i.e.,
from temperature range corresponding to the post-curing treatment, the elastic modulus increases for
the three samples. This increase may correspond to residual cross-links occurring in solid PFA resins.
As shown in Figure 6, the increase is more important when the PFA has been cured in the presence
of protic polar solvents (e.g. water or IPA). In particular, it can be deduced that polymerization
via IPA is less complete since the re-increase is about one decade and accordingly the amount of
residual cross-links is more important compared to the other systems. Compared to the first scans,
the second DMA scans measured after a first heating to 250 °C both show higher moduli and higher
glass transition temperatures for all the samples. This indicates that the re-increase of moduli above
170 °C during the first scan can be attributed to residual crosslinks, thus increasing the crosslink density
and consequently the chain mobility in PFA. It is worth noting that PFA /IPA and PFA /water shows
lower glass transition temperatures and lower values of moduli compared to PFA. These features were
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attributed to furan ring opening reactions that are exacerbated during polymerization with protic polar
solvents, thus leading to a lower cross-link density due to these more mobile entities [26].
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Figure 6. Elastic modulus vs. temperature obtained during the first heating (line) or the second heating
(dot) at 2 °C-min~" of reference PFA (black line), PFA /water (red line), and PFA /IPA (blue line).

Additional dynamic mechanical measurements were carried out at 1 and 4 °C-min~! on each
polymer from 25 to 350 °C (Figure 7) in order to further understand the kinetic of residual cross-links
occurring in solid PFA resins. These DMA measurements performed at various heating rates were
conducted to show that this increase is not due to the volatilization of either protic polar solvent added
in formulations or water from FA polycondensations, which could remain trapped within polymer
chains. These curves show that the moduli increase depends on the heating rate. Therefore, it can be
deduced that it should be a kinetic phenomenon and not a thermodynamic phenomenon, such as a
solvent evaporation. Indeed, first-order thermodynamic transitions such as vaporization should be
independent of the heating rate. It is interesting to note that the modulus increase is observed from
170°C to 290 °C for the three systems in DMA, while no thermal event was recorded at a temperature
higher than 220 °C on the first DSC heating curves. This clearly highlights the interest of using DMA
measurements to identify residual crosslinks occurring in the rubbery state after intensive post-curing.
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Figure 7. (a) Elastic modulus (E’) of three PFA samples obtained by DMA at 1, 2, and 4 °C. (a) reference
PFA, (b) PFA /water, and (c) PFA /IPA.
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Then, the modulus increase above 150 °C clearly indicates that chemical reactions still occur in
the rubbery state in the different PFA samples. The modulus increase is more important when the
samples have been cured in the presence of protic polar solvents (e.g. water or IPA). More precisely,
the polymerization in the presence of IPA is less complete since the re-increase and accordingly the
amount of residual cross-links is more important compared to the other systems.

3.2.2. E« vs. T-Dependence

The kinetic of formation of these residual cross-links in the rubbery state was evaluated from
the treatment of the DMA curves of Figure 7. For that purpose, the elastic modulus was normalized
between 0 and 1 according to Equation (2), in order to get an extent of conversion, «, for the cross-links
in the rubbery state. These data, obtained on the three PFA samples, were computed with an advanced
isoconversional method (Equations (5) and (6)).

Figure 8a shows the Ey dependencies computed as a function of temperature. The three samples
demonstrate increasing E« values, which could correspond to a kinetic control by the diffusion of
long polymeric chains. As the PFA material progressively cross-links in the solid state, the molecular
mobility becomes more restricted, which leads to an increase in the activation energy (E). The PFA
cured without solvent (i.e., PFA/MA, black lozenges) has the highest E values, which indicates
that the long chains are more constrained in comparison to the PFA samples cured in the presence
of solvents.

The E y—dependencies of the reference system obtained for polymerization from the liquid state
(DSC measurements) and for additional cross-links occurring in the rubbery state (DMA measurements)
were plotted in Figure 8b. As can be seen, there is a perfect continuity between the two dependencies,
with the final values of the reaction starting from the liquid state being in good agreement with the
first values of the reaction starting from the rubbery state. Thus, the combination of DSC and DMA
data allows one to study the polymerization kinetics and to get mechanistic information over a wide
temperature range, starting from the liquid state and ending in the solid state.

The modification of FA polymerization by the protic polar solvents (see Figure 8a) gives lower E «
values for reactions continuing in the rubbery state. The occurrence of ring opening reactions reduces
the cross-link density [26] and thus, molecular mobility in the rubbery state is promoted. This result is
in agreement with the lower values of the elastic modulus (E’) in the rubbery state for the PFA samples
prepared with solvents (Figure 6). Absolute E values of PFA /water and PFA /IPA cannot be directly
compared because these two samples were subjected to different post-curing treatments in order to
obtain a sufficiently cohesive material for permitting DMA measurements. Nevertheless, the values
are in the same order of magnitude.
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Figure 8. (a) Effective activation energy dependency (E«) as a function of temperature obtained from
DMA measurements of Figure 7 (black open lozenges: PFA/MA, red open triangles: PFA/MA /water,
blue open circles: PFA/MA /IPA); (b) Continuous E « from liquid state (DSC measurements) to solid
state (DMA measurements) for the FA/MA system.
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4. Conclusions

The presence of solvent significantly disturbs the polymerization kinetics of FA. The autocatalytic
stage is modified, likely due to a stabilization of the furfuryl carbenium center by either water or
IPA. In the presence of water, the autocatalytic stage is less marked as the initiator, maleic anhydride,
is rapidly hydrolyzed into maleic acid, which induces the onset of polymerization reactions at lower
temperatures. In this mix, we note that FA polymerization rate-limiting steps are similar to the reference
system, with only few variations of E, values and temperatures of reaction. However, the presence of
IPA shifts the beginning of the polymerization to a higher temperature. Furthermore, E values of
FA/MA/IPA clearly indicate that main reactions and other side reactions seem to occur in parallel and
throughout the whole polymerization. The only similarity between the E , dependency of FA/MA /IPA
and the two other systems is the autocatalytic step, which is characterized by a separate thermal event.

The DMA study has highlighted a continuous increase of the elastic modulus attributed to further
cross-links in the rubbery state until 290 °C. These additional reactions occurring in the rubbery plateau
cannot be highlighted by DSC since the potential exothermic variation is too small to be detected.
The E’ variations obtained for different heating rates permitted us to obtain E y-dependency in the
rubbery state. It was shown that the modification of FA polymerization by protic polar solvents slightly
decreases E values in the rubbery state due to the increase of molecular mobility. For reference PFA,
the E «-dependencies obtained from the liquid state and from the rubbery state are in perfect continuity,
which prove the validity of the new approach proposed to obtain mechanistic information over a very
wide temperature range for complex polymerization.
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Abstract: Random copolymers of poly(propylene 1,4-cyclohexanedicarboxylate) containing different
amounts of neopentyl glycol sub-unit were investigated from the gas barrier point of view at the
standard temperature of analysis (23 °C) with respect to the three main gases used in food packaging
field: Ny, Oy, and CO,. The effect of temperature was also evaluated, considering two temperatures
close to the Ty sample (8 and 15 °C) and two above Tg (30 and 38 °C). Barrier performances were
checked after food contact simulants and in different relative humidity (RH) environments obtained
with two saturated saline solutions (Standard Atmosphere, 23 °C, 85% of RH, with saturated KCIl
solution; Tropical Climate, 38 °C, 90% RH, with saturated KNOj3 solution). The results obtained
were compared to those of untreated film, which was used as a reference. The relationships between
the gas transmission rate, the diffusion coefficients, the solubility, and the copolymer composition
were established. The results highlighted a correlation between barrier performance and copolymer
composition and the applied treatment. In particular, copolymerization did not cause a worsening of
the barrier properties, whereas the different treatments differently influenced the gas barrier behavior,
depending on the chemical polymer structure. After treatment, Fourier transform infrared analysis
confirmed the chemical stability of these copolymers. Films were transparent, with a light yellowish
color, slightly more intense after all treatments.

Keywords: biodegradable polymers; Poly(propylene 1,4-cyclohexanedicarboxylate); random
copolymers; gas barrier properties; food packaging; eco-friendly copolyesters; food simulants;
relative humidity

1. Introduction

Plastic packaging, particularly that used for food packaging, accounts for a large proportion
of the total polymer production due to a combination of several favorable factors such as being
lightweight, flexible, strong, stable, impermeable, and easy to sterilize. Due to their high versatility and
safety, plastics are used for fresh meat, beverages, oils and sauces, fruit and vegetables, yoghurt, fish,
essentially for all kinds of food. Most importantly, food packaging must guarantee food conservation
and preservation for long periods, simultaneously reducing time wastage and the use of preservatives.
Prolongation of the shelf-life results in considerable savings in terms of money, material consumption,
and food waste.

Shelf-life has been defined many times, but no definition has been regulated. The European
Commission Regulation (EC) No. 2073/2005 provided the following definition: shelf-life is the time
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frame corresponding to the period preceding the “use by” or the “minimum durability date”, with “use
by” and “minimum durability date” taken from Art. 9 and 10 of Directive 200/13/EC). Food shelf-life
is governed by several factors: (1) the intrinsic food characteristics, like pH, water activity, fat content,
nutrient, respiration rate, and biological structure; (2) environmental influences such as temperature,
relative humidity, and gas surrounding (permeability factor); and (3) the type of packaging. Control
over these three parameters contributes to prolonging, or at least maintaining food quality during the
“use by” time.

Moreover, food deterioration can occur via chemical, biochemical, physical, and microbiological
attack. Several materials, such as paper, glass, or metal, have been used for food preservation. Only
in the last century have plastics appeared, being the current most used material for food packaging.
Plastics must fulfil strict requirements to be used for this application. In particular, they have to be
“passive”, “active”, and/or “intelligent”. “Passive” means that packaging must not interact with
food; plastic packaging must maintain the same physical, chemical, mechanical, and permeability
behavior during the food’s entire shelf life, and no migration of monomers or additives can occur
from packaging to food. Food organoleptic properties, including smell, taste, color, and texture, must
also remain unaltered. “Active” implies that packaging should perform an active role when used
for food preservation (modify its properties), remaining “passive” in order to ensure food shelf life
extension, to improve safety and sensory properties, and to maintain the food quality [1]. To this
purpose, the incorporation of additives could represent a solution to create an “active packaging”.
So far, many additives have been introduced in the market: oxygen scavengers, CO,, O, C;Hy, and
moisture absorbers, antimicrobial agents, etc. Lastly, “intelligent” means that plastic has to be able
to communicate with food inside the package and the surroundings outside the package. Although
“passive” and “active” represent intrinsic material properties, “intelligence” is an added characteristic,
readable by the consumer [2].

The huge amount of plastic packaging produced annually quickly becomes, significantly
contributing to the pollution of aquatic and terrestrial environments. Therefore, growing environmental
awareness is creating a need for package film to be eco-friendly [3]. In addition to recycling used
packages, the development of materials with biodegradability and/or compostability attributes would
reduce municipal solid waste [4]. As a result, biodegradability is not only a functional requirement,
but is also crucial from an environmental point of view [3], especially considering that the bioplastics
industry is growing at a rate of more than 20% per year [5].

With the aim of broadening the spectrum of bioplastics used in this field, several research
groups have been focusing their efforts on developing new bioplastics, compounds, and master
batches. Until now, only a limited number of these materials have been made available on the
market for food packaging applications, with most common being aliphatic polyesters, above all
Poly(lactic acid) (PLA), starch, and cellulose [4,6,7]. Aliphatic polyesters can be considered very
competitive, as most are biodegradable and bio-based. Some of the monomers used for their production,
such as succinic acid, adipic acid, 1,3-propanediol, 1,4-butanediol, lactic acid, and y-butyrolactone,
can be obtained from both petroleum resources and renewable resources [8]. Within this class,
polyesters with cycloaliphatic units like poly(alkylene 1,4-cyclohexanedicarboxylate)s offer several
advantages: excellent tensile strength, stiffness and impact properties, high thermal stability, and
easily attackable by microorganisms that allow these materials to be biodegradable. Furthermore,
most of poly(alkylene 1,4-cyclohexanedicarboxylate)s are biodegradable and bio-based materials.
The monomer 1,4-cyclohexane dicarboxylic acid can be obtained from bio-based terephthalic acid
starting from limonene and other terpenes [8]. Our research group synthesized a poly(butylene
1,4-cyclohexane dicarboxylate) homopolymer as well as some of its random and block copolymers
with the aim of evaluating the potential of these new materials to be used for eco-friendly food
packaging. The barrier performances appeared to be promising, being superior compared with some
traditional fossil-based plastics, strictly correlated to material chemical structure [9-11].
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Poly(propylene 1,4-cyclohexanedicarboxylate) (PPCE) and its random copolymers containing
different amounts of neopentyl glycol sub-units (P(PCExNCEy) have been synthesized and
characterized from the molecular, thermal, structural, and mechanical points of view [12]. These new
polyesters represent a new class of bio-based and biodegradable ecofriendly materials with the
potential for use in food packaging applications.

Copolymerization is a useful tool for obtaining materials with well-tailored properties for the final
desired application [13,14]. Using this strategy, synthetizing a new class of materials with improved
characteristics is possible without compromising the pre-existing satisfying characteristics.

As the gas barrier behavior is fundamental in food packaging applications in order to select the
best material for prolonging food shelf life, while maintaining the safety and quality of the packed
food throughout the storage period, our research work focused on the study of such properties in
different situations for PPCE and P(PCExNCEy) random copolymers. The gas barrier behavior was
first analyzed in standard conditions with the three main gases, nitrogen, oxygen, and carbon dioxide
(N2, O, and COy), used with the modified atmosphere packaging technique (MAP). The permeation
mechanism was studied in the temperature range of 8 to 38 °C in order to understand the influence
of temperature and to calculate the activation energy of the permeation process. Then, a different
moisture environment was considered, simulating storage under standard atmosphere (85% relative
humidity) and in tropical atmosphere (90% relative humidity). Lastly, food contact was mimicked, with
the use of four food simulant liquids, following the guideline provided by the European Regulation
for packaging in contact with food. The correlation between chemical polymer structure and barrier
properties was determined to establish structure-property relationships, which are of fundamental
importance for evaluating the suitability of a certain material for a specific application.

2. Materials and Methods

2.1. Materials

1,4-dimethylcyclohexanedicarboxylate (DMCE), containing 99% trans isomer (TCI Europe,
Zwijndrecht, Belgium), 1,3-propanediol (1,3-PD), neopentyl glycol (NPG), and titanium tetrabutoxide
(Ti(OBu)y) (Sigma Aldrich, Milan, Italy) were used as supplied, without any preliminary purification.
Only the catalyst Ti(OBu), was distilled before use.

2.2. Polymer Synthesis, Film Preparation, and Thickness Determination

Poly(propylene cyclohexanedicarboxylate) (PPCE) and poly(propylene/neopenthyl glycol
cyclohexanedicarboxylate) random copolymers (P(PCEXNCEy)) were synthesized according to the
procedure reported by Genovese et al. [12]. The polymerization was performed starting from DMCE
and 1,3-PD for the homopolymer, and different ratios of PD/NPG for the copolymers, with 40% mol
excess glycol with respect to dimethylester. A total of 150 ppm of Ti(OBu)4 per g of polymer were used.
The polymers were prepared according to the two-stage polymerization procedure. In the first step,
the temperature was raised to 180 °C and kept constant for about 120 min, until more than 90% of the
methanol was distilled off. In the second step, the pressure was reduced to about 0.1 mbar to facilitate
the removal of the residual methanol and the excess glycol. The temperature was increased to 240 °C
and the polymerization was performed for about 180 min. Temperature and torque were continuously
recorded during the polymerization. The syntheses were performed in a 250 mL glass reactor under
continuous stirring in a thermostated silicon oil bath.

The obtained copolymers were indicated as P(PCEXNCEy) with x and y of the mol % of
propylene 1,4-cyclohexanedicarboxylate (PCE) and neopenthyl glycol 1,4-cyclohexanedicarboxylate
(NCE) co-monomeric units, respectively. For simplicity, the chemical formula of the synthesized
copolyesters is shown in Figure 1.
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Figure 1. Chemical formula of neopentyl glycol sub-units P(PCExNCEy) random copolyesters.

Films of P(PCExNCEy) were obtained by hot pressing in a hydraulic press (Carver Inc., Wabash,
IN, USA). The powder was placed between two sheets of Teflon for 2 min at a temperature T equal to
Tm + 40 °C, with Tr, being the fusion temperature determined by calorimetric experiments. The films
were cooled directly in the press until reaching room temperature by running water.

Before completing the analyses, the films were maintained at room temperature for at least three
weeks to reach crystallinity equilibrium.

The film thickness was determined using the Sample Thickness Tester DM-G (Brugger
Feinmechanik GmbH, Munich, Germany), consisting of a digital indicator (Digital Dial Indicator)
connected to a PC. The reading was made twice per second (the tool automatically performs at
least three readings), measuring a minimum, a maximum, and an average value. The thickness
value is expressed in pm and the measured values range from 240 to 310 pm, with a resolution of
0.001 pm. The reported results represent the mean value thickness of the three experimental tests run
at 10 different points on the polymer film surface at room temperature.

2.3. Gas Transport Measurements

The determination of the gas barrier behavior was performed using a manometric method, using a
Permeance Testing Device, type GDP-C (Brugger Feinmechanik GmbH, Munich, Germany), according
to ASTM 1434-82 (Standard test Method for Determining Gas Permeability Characteristics of Plastic
Film and Sheeting), DIN 53 536 in compliance with ISO/DIS 15 105-1, and according to the Gas
Permeability Testing Manual [15].

After a preliminary high vacuum desorption of the system, the upper chamber was filled with
the gas test at ambient pressure. A pressure transducer, set in the chamber below the film, recorded
the increasing gas pressure as a function of time. The gas transmission rate (GTR, expressed in

3.m~2.d~!-bar!) was determined by considering the increase in pressure in relation to the time

cm
and the volume of the device. The pressure was given by the instrument in bar units. To obtain the data
value in kPa, the primary SI units, we used the following correction factor: 1 bar = 10 kPa, according to
NIST special publication 811 [16]. Films were analyzed at 23 °C (the standard temperature of analysis),
at 8 and 15 °C (around Tg), and 30 and 38 °C (above Ty), with a food grade gas stream of 100 cm?®-min~!
and a 0% gas RH. Gas transmission measurements were performed at least in triplicate and the mean
value is presented. Method A was used for the analysis, as previously reported in the literature [15,17]
with the evacuation of the top and bottom chambers. The sample temperature was set by an external
thermostat HAAKE-Circulator DC10-K15 type (Thermo Fisher Scientific, Waltham, MA, USA).

The experiments were performed in triplicate and the results are presented as the average +
standard deviation.

The transport phenomena background is well described in the literature, with a full description
of the mathematical equation and interpretation [18,19].

2.4. Relative Humidity Solution

According to the procedure reported in the Gas Permeability Testing Manual [15], the analyses
were performed at different relative humidity (RH) obtained with several saturated saline solutions.
In particular, we performed the analyses at Standard Atmosphere, which is 23 °C, 85% RH, with a
saturated KCl solution, and at Tropical Climate, which is 38 °C, 90% RH, with a saturated KNOj3 solution.
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The values of the relative humidity for the saline solutions were obtained from DIN 53 122 part 2.
A glass-fiber round filter humidified with the desired saturated saline solution was inserted in the
humid part of the top permeation cell. Method C was used, with gas flow blocked from the test
specimen during evacuation. Using this method, the test gas was humidified inside the permeation
cell. This method evacuates only the area of the bottom part of the sample. On the top part of the test
specimen, filled with the humidified gas, normal ambient pressure was applied.

2.5. Simulant Liquids

The food contact simulation was performed in accordance with EU Regulations No. 10/2011 on
plastic materials and articles intended to come into contact with food [20]. Four solutions were used as food
simulants: (1) Simulant A, Ethanol 10% (v/v), 10 days, 40 °C; (2) Simulant B, Acetic acid 3% (v/v),
10 days, 40 °C; (3) Simulant C, Ethanol 20% (v/v), 10 days, 40 °C; and (4) Simulant D1, Ethanol 50%
(v/v), 10 days, 40 °C.

Measurements were collected from a completely immersed 12 cm x 12 cm film specimen. A total
of 200 mL of simulant were placed into 400 mL glass flasks containing the film sample and the flasks
were then covered with caps. Samples were placed in a stove (Universalschrank UF110, Memmert
GmbH + Co. KG, Schwabach, Germany). After the assay time elapsed, the specimens were removed
from the flasks, washed with distilled water twice, and dried with blotting paper. Before analysis, the
films were kept at room temperature, in dry ambient conditions for at least two weeks. The samples
were tested in triplicate.

2.6. FTIR Spectroscopic Analysis

The Fourier transform infrared (FTIR)/ATR spectra were recorded on sample films by a
Perkin-Elmer-1725-X Spectrophotometer (Labexchange Group, Burlandingen, Germany). Spectra were
recorded from 4000 to 600 cm ™! with a resolution of 4.0 cm~!. The results are an average of
10 experimental tests, run on 10 different sample points to test the results’ reproducibility. Sixty-four
scans were recorded on each sample. The experiments were performed at room temperature, directly
on the samples, without any preliminary treatments.

2.7. Color Evaluation

The color of the film samples was measured using a HunterLab ColorFlex EZ 45/0° color
spectro-photometer (Reston, VA, USA) with D65 illuminant and 10° observer according to ASTM
E308. Measurements were recorded using CIE Lab scale. The instrument was calibrated with a black
and white tile before the measurements. Results were expressed as L* (lightness), a* (red/green),
and b*(yellow /blue) parameters. The total color difference (AE) was calculated using the following
equation: AE = [(AL)? + (Aa)® + (Ab)? 15, where AL, Aa, and Ab are the differentials between a
sample color parameter (L*, 4%, and b*) and the color parameter of a standard white plate used as the
film background (L” = 66.39, a’ = —0.74, and b’ = 1.25). Chromaticity C* = [(@)? + (b*)2]°° and hue
angle iy, = [arctan (b*/a*)/2m] 360, were calculated, as previously reported in the literature [21-23].
Measurements were recorded in triplicate at random positions over the film surface. Average values
are reported.

2.8. Molecular Weight Determination

Molecular weights were evaluated by gel-permeation chromatography (GPC) at 30 °C using a
1100 high performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara,
CA, USS.) equipped with PLgel umeter MiniMIX-C column (Agilent Technologies). A refractive index
was used as the detector. Chloroform was used as the eluent with a 0.3 mL/min flow and sample
concentrations of about 2 mg/mL. A molecular weight calibration curve was obtained with polystyrene
standards in the range of 2000 to 100,000 g/mol.
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2.9. Statistical Analysis

One-way analysis of variance (ANOVA) and testing of the mean comparisons according to Fisher’s
least significant differences (LSDs) was applied to the obtained results, with a level of significance of
0.05. The statistical package STS Statistical for Windows, version 6.0 (Statsoft Inc., Tulsa, OK, USA)
was used. Values are given as mean =+ SD of 3 replicates.

3. Results and Discussion

3.1. Molecular Characterization

All samples were synthesized and characterized as previously reported [12]. Some of the
characterization data are provided in Table 1. These data are useful for the future interpretation
of gas barrier behavior.

Table 1. Molecular, thermal, diffractometric, and mechanical characterization data of poly(propylene
1,4-cyclohexanedicarboxylate) (PPCE) and neopentyl glycol sub-units (P(PCExNCEy)) random
copolyesters [12].

a NCE ¢ Thickness Tm @ T, ¢ X d

Polymer Mn®  Dindex” (ol %) (um) CO O
PPCE 36,398 22 0 246 + 22 148 9 29 +4
P(PCE95NCEDb5) 29,549 29 5 292 + 31 142 11 26 +£3
P(PCE90NCE10) 31,124 22 10 268 + 18 135 12 25+2
P(PCE85NCE15) 27,522 2.6 15 238 + 33 125 13 25+2
P(PCES8ONCE20) 25,386 2.4 20 308 + 10 119 13 24 +2

Note: @ number average molecular weight calculated by GPC analysis; ® polydispersity index (Diygex) calculated
by GPC analysis; ¢ experimental copolymer composition calculated by TH NMR; d from differential scanning
calorimetry, first scan; and © from differential scanning calorimetry, second scan.

The synthetized polyesters appeared as opaque and slightly yellow powders, and were
characterized by high and comparable molecular weight and by a real copolymer molar composition
very close to the feed copolymer. The chemical structure and the real copolymer composition were
determined by 'H NMR analysis. By NMR, it was possible to calculate the ratio between the trans
and cis forms of the 1,4-cyclohexylene ring present in the DMCE molecule. In particular, less than
5% of the cis form was evicted after the polymerization process. All the copolymers showed a high
thermal stability, comparable to that of the PPCE homopolymer, due to the presence of a cycloaliphatic
ring, which is more thermally stable than a benzene ring [12]. The glass transition temperature was
not always evident. A slight increase in Tg as the amount of NCE co-units increased was observed,
in agreement with previously obtained results [24-26]. However, all the studied polymers were in the
rubbery state at room temperature. Both calorimetric and diffractometric analyses showed a modest
reduction in the degree of polymer crystallinity by copolymerization, suggesting the partial inclusion
of NCE co-units into the PPCE crystal lattice (partial co-crystallization) [12].

3.2. Barrier Properties

Carbon dioxide, oxygen, and nitrogen are the main gases used in the food packaging field,
especially in Modified Atmosphere Packaging (MAP) technology. These gases may transfer through
the packaging wall, continuously influencing the food shelf life as well as food safety and quality.
Therefore, gas permeation studies are fundamental to understand and find the best packaging solution,
avoiding food damage and losses. As reported in the literature, several parameters can be considered
that affect the final barrier performance of a polymeric film, such as temperature, thickness, polymer
chemical structure, moisture environment, kind of food in contact with the package, etc. [2].
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The samples were analyzed at 23 °C (standard condition) in the range of 8 to 38 °C, in order to
study the temperature-permeability dependence, in two different moisture ambient environments,
simulating the standard atmosphere (23 °C, 85% RH obtained with KClI saturated saline solution) and
a tropical atmosphere (at 38 °C, 90% of RH obtained with KNOj5 saturated saline solution). The barrier
performances were also evaluated after food simulant contact. The results were compared to untreated
samples to study the effect of these treatments.

3.2.1. Barrier Properties under the Standard Condition

Permeability was expressed as GTR (cm3-cm/m?-d-atm), normalized for sample thickness.
To convert this unit to others reported in the literature, the converting factors reported by Robertson
were used [2]. The theoretical models, the permeation process mechanism, and the permeability
coefficients were previously described [18,27].

The gas transmission rate data, recorded for all the samples under study, are reported in Figure 2.
Measures were recorded at 23 °C with the three main gases, Ny, O, and CO,, used for food packaging,
especially for the modified atmosphere packaging technique (MAP). As previously reported [28], O, is
responsible for the food respiration rate. By decreasing O», it is possible to reduce the enzymatic
degradation, extending the food shelf-life. However, if the O, amount becomes too low, off-flower and
off-odors could be produced, leading to food tissue deterioration. CO,, as explained by Farber [29],
confers antimicrobial behavior to the food packed, whereas Nj is used as an inert gas to complete the
inside package atmosphere and to prevent film collapse. The best mix of these gases is fundamental
to preserving food quality and safety during the entire storage time. In Table 2, the S, D, and t;, data
recorded with the CO, gas test are reported. It was not possible to detect the same parameters with the
N, and O, gas tests because of the inability to fit the slope of the linear portion of the GTR curves [30].
Perm-selectivity ratios are also reported in Table 2.

35+ 3 100% CO,
[ 100% O,
30+ C100% N,

251

GTR (Cm’ cm/m’ d atm)
I
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< 95\;0
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Figure 2. Gas transmission rate at 23 °C for the nitrogen (N3), oxygen (O;), and carbon dioxide (CO;) gas tests.

Table 2. GTR, S, D, and t;, data for the carbon dioxide (CO,) gas test and perm-selectivity ratio of

the films.
GTR s D L

Sample (cm®-cm/m?-d-atm) (cm®/cm?-atm) (cm®/s) (s) €0:/0:  CO/N: 0:/N:

PPCE 11.04 3.02 + 4.04-E%2 418-E% 4+ 0.16-E " 8513 + 86 1.73 3.53 2.04
P(PCE95NCES) 34.35 8.44-E0 + 4.04-E% 4.64-E% £+ 1.15.E10 4623 £15 3.80 8.26 217
P(PCE90NCE10) 29.36 1.69 + 1.0-E2 1.98-E% £+ 1.15-E10 3464 + 18 441 6.88 1.56
P(PCE85NCE15) 31.25 7.48-E9 + 1.60-E0? 4.77.E% +1.05-E% 3312473 3.58 7.59 212
P(PCE80NCE20) 27.47 1.22 + 3.51.E 2.57-E% + 651.E10 6043 + 145 3.70 7.78 2.10
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As observed from the experimental data, CO, was more permeable than O, and Ny for all the
samples under study, as reported for other similar polymers previously investigated [28,31], due to
the diffusivity drop and solubility increase with decreasing permeant size (molecular diameter of
CO, 34 A, oxygen molecular diameter 3.1 A, and nitrogen molecule diameter 2.0 10%, respectively) [2].
Copolymerization appeared to affect slightly the permeation behavior, which changed with copolymer
composition. As previously reported [12], an insertion of bigger NCE units into the PPCE crystal
cell was observed by X-ray diffraction analysis. Consequently, the cocrystallization supported the
modest decrease in the degree of crystallinity, as well as the reduction in the melting temperature.
The introduction of NCE co-units along PPCE macromolecular chains caused a worsening of the barrier
performance, particularly pronounced in the case of the most permeable gas, carbon dioxide. As an
example, for a copolymer containing the highest amount of comonomeric units (P(PCESONCE20)), the
ratio of GTR to carbon dioxide is 2.5 times higher than that of the PPCE homopolymer, whereas GTR to
oxygen is of the same order of magnitude. In general, in the case of the oxygen and nitrogen gas tests,
the GTRs of the copolymers are only slightly higher than that of the PPCE homopolymer. This result is
analogous to the one we previously found by investigating Poly(L-lactic acid) (PLLA)-based triblock
copolymers, containing poly(butylene/neopentyl glycol succinate) random copolymers as central
soft block [32]. The short ramifications (methyl groups) exert an obstacle effect toward the small
permeant molecules, such as oxygen and nitrogen; their effect being practically negligible in the case
of large CO, molecules. Hydrophobic side alkyl groups contribute to reducing the solubility of carbon
dioxide in the polymer matrix, with a consequent increase in GTR (see value reported in Table 2).
On the contrary, the diffusion coefficient of copolymers appeared to be higher, explaining the higher
values of GTR in the CO, gas test. The effect of copolymer composition is not as clear; in fact, an
alternating trend was observed with increasing the NCE co-unit amount. As mentioned above, all the
copolymers at room temperature were above their glass transition temperature and semicrystalline
with a similar crystallinity degree. The polymer polydispersity index (Dindex) is among the factors
affecting permeability behavior: the lower the Dj,4ex, the better the barrier performances. As seen
from the data reported in Table 1, P(PCE95NCE5) and P(PCE85NCE15) had higher Djygex values
with respect to P(PCE9ONCE10) and P(PCE80NCE10) samples, explaining the observed GTR trend
(Figure 2).

The D, S, and t;, parameters were previously fully described by Siracusa et al. [18]. As can be
observed from the data reported in Table 2, with respect to the PPCE homopolymer, the S value
decreased, meaning a lower CO, solubility within the matrix, whereas the D value increased, meaning
more diffusivity of the gas molecules through the films. Consequently, the t;, value was lower than
the homopolymer value, due to the less time being needed to reach the permeability steady-state.
The GTR rate increase recorded for the copolymers is a direct consequence of this behavior.

Perm-selectivity values, which represent the permeability ratio of different permeants, are also
reported in Table 2. Those values are useful because they allow the calculation of the unknown
GTR date, knowing the GTR value of another gas. As reported in the literature [33], for many
polymers the N»:0,:CO; is in the range of 1:4:16. Our results are very different than those tabulated
in the literature, demonstrating that using these values for calculation would not be appropriate. As
previously demonstrated [11,31], those ratios are not constant, but depend on the chemical structure,
temperature, moisture, and kind of simulant in contact with food.

Lastly, PPCE homopolymer and P(PCES8ONCE20) copolymer were compared with some common
petrochemical-based polymeric packaging materials (Figure 3). Both samples exhibit very good
performance in terms of barrier properties against CO, and O,, being worse than Nylon6 and
polyethylene terephthalate (PET). Whilst this comparison is far from being exhaustive, it can be
considered meaningful to highlight the potential of PPCE and PPCE-based copolymers for use as high
barrier films.
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Figure 3. Gas transmission rate of O, and CO, gases for PPCE and P(PCESONCE20) and some common
petrochemical-based polymeric packaging materials [13].

3.2.2. Activation Energy of Gas Transport Process

Temperature is one of the most important parameters affecting food respiration rate. To understand
the behavior of polymer membranes in terms of gas permeation, the effect of temperature on permeation
behavior has to be evaluated [26]. To establish a correlation with temperature and calculate the
activation energies of the permeation processes, the barrier behavior was investigated in the range
of 8 to 38 °C. This temperature range was chosen considering all possible temperature scenarios,
from food preservation (lower temperatures) to food handling (higher temperatures). Limited
information is available about film permeability properties at different storage temperatures. As can
be observed in Figure 4, an increase in the GTR was recorded for all samples, being less evident for the
PPCE homopolymer.
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Figure 4. CO,-GTR at different temperatures for PPCE and P(PCExNCEy) copolymers.

The CO, gas transfer rate was still higher than those of O, and N, (data not reported).
The behavior confirmed the previously observed gas barrier trend. S, D, and t;, followed the theoretical
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behavior. By increasing the temperature, S decreased, D increased, and t, decreased. The S value,
correlated with gas solubility, indicated a reduction in CO, interaction with the polymer matrix.
Consequently, D, which is correlated to the kinetic parameter, increased and the ¢, decreased with
increasing temperature. To describe the permeation dependence on the temperature, the Arrehenius
model was used. The activation energy for the gas transmission rate (Egtr), the specific heat of gas
solution (Hs), and gas diffusivity (Ep) processes were calculated using the mathematical relationships
reported in the literature [17,33,34]. The activation energy was calculated from the slope (-E,/R) of
the straight line obtained plotting In(GTR) as a function of 1/T for all the samples under investigation
(Figure 5), where R is the universal gas constant, equal to 8.314 ] /mol K. From Figure 5, the experimental
data are well-fitted by an Arrhenius-type equation; a high value of the regression coefficient (R?) was
obtained from the fitting. In Table 3, the gas transmission rate data in the temperature range of 8 to
38 °C with CO; gas test are reported. No data were obtained for the O, and N gas tests because it
was not possible to fit the slope of the linear portion of the GTR curves [30].
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Figure 5. Arrhenius plot of GTR for PPCE and P(PCExNCEy) copolymers.

Table 3. Egtr, Hs, and Ep data for CO; pure gas, in the 8-38 °C temperature range, with the linear
regression coefficients R? provided in brackets.

Sample PPCE P(PCE95NCE5) P(PCE90NCE10) P(PCE85NCE15) P(PCES8ONCE20)

(KI]S/CEOI) 30.7 £ 0.13 (0.97) 26.8 + 0.18 (0.97) 28.9 +0.11 (0.97) 30.1 4 0.14 (0.99) 32.5 4+ 0.21 (0.97)
Hs

K]/ o) - ~154+0.11(0.60) —358+0.16(0.18)  57+011(0.02)  —7.24 +0.12 (0.01)
Ep

(K] /mol) - 553 4 0.18 (0.88) 8.32 £ 0.12 (0.00) 95.1 £ 0.15 (0.97) 388 + 0.11 (0.15)

In general, the activation energy values for gases that migrate through a polymer membrane range
from 12 to 63 KJ/mol [34]. The activation energies for the samples under investigation ranged from
27 to 33 KJ/mol, being very similar to those reported by other authors PET, Polyethylene furanoate
(PEF), and poly(neopentyl glycol furanoate) (PNF) [19,26,35]. As reported in the literature [36-38], high
activation energy implies more sensitivity to temperature deviation. Whereas the permeation process
is characterized by a good correlation with the temperature variation, the sorption and diffusion
process shows consistent deviation due to the chemical composition of the polymers. In general, the
solubility decreased with temperature and it is the parameter correlated with the polymer composition.
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The recorded trend is a confirmation that the gas interacts differently with the polymer matrix. From
low to high temperatures, the InS value fluctuated as did the InD values.

3.2.3. Barrier Properties at Different Relative Humidity

Materials characterized by good barrier properties in dry ambient conditions can perform
differently when tested in different environments, for example in water. As reported in the
literature [39], in the case of low barrier films, the medium reduces the gas permeation rate, whereas
for higher barrier materials, like poly(vinylidene-chloride) (PVDG), the influence of the environment
on the permeation process is almost undetectable. The GTR results for the PPCE and P(PCEXNCEy)
samples at different relative humidity are reported in Figure 6.
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Figure 6. (a) O,-GTR and (b) CO,-GTR at 23 °C with 85% relative humidity (Standard Atmosphere).
(c) O-GTR and (d) CO,-GTR at 38 °C, 90% relative humidity (Tropical Atmosphere).

As reported in the literature [40-42], plasticization and swelling phenomena can occur in moist
ambient environments. The hydrogen bonds and/or dipole-dipole interactions between water and
the polar side of the polymer chains are responsible for this behavior. In particular, due to the water
interaction, small network fragments are lost, promoting the transfer of the gas throughout the film.
The effects of these phenomena become more intense as the relative humidity and temperature increase.
As shown in Figure 6, an increase in the GTR was recorded with increasing RH due to the presence of
ester polar groups. In particular, for the sake of simplicity, Table 4 reports the percentage of increase or
decrease with respect to the results recorded on the samples without treatments.
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Table 4. Percentage increase (+) or decrease (-) in GTR for PPCE and P(PCExNCEy) samples under
different ambient moistures.

CO,
Sample 23°C 38°C 23°C 38°C
85% RH (KCl)  90% RH (KNO3;)  85% RH (KCl)  90% RH (KNO3)
PPCE —22% +136% +7% +54%
P(PCE95NCES) +126% +23% +11% +62%
P(PCE9ONCE10) +85% +197% +5% +47%
P(PCE85NCE15) +55% +159% +8% +35%
P(PCES8ONCE20) +53% +121% -22% +60%

A progressive increase in the gas transmission rate was recorded at increasing RH and temperature.
In particular, a considerable increase was recorded at 38 °C from 0% to 90% RH for both gases.
In general, barrier properties worsened at higher relative humidity, highlighting that the water played
an important role in the gas transport process in a wet polymer matrix. The permeability of wet
polymers did not follow the same trend as the dry samples. In some cases, the O,-GTR was higher than
the CO,-GTR and vice versa, highlighting that several different factors play a role in the gas barrier
behavior. The concomitant action of these factors prevents the establishment of a clear correlation
between the chemical structure and barrier behavior under different environmental conditions.

Regardless, these results are important because they account for the strong gas-water-polymer
matrix interactions always present for the real conditions during the use of the packaging.

3.2.4. Barrier after Food Simulant Contact

The GTR data recorded after food simulant contact with the CO; and O, gas tests are reported in
Figure 7, together with those of untreated samples added for comparison.
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Figure 7. (a) CO,-GTR and (b) O,-GTR after food simulant contact for PPCE homopolymer and
P(PCExNCEy) copolymers.

When polymer matrixes are used for food packaging applications, and the polymer packages are
consequently placed in contact with food, several scenarios must be considered due to the different
characteristics of food.

In particular, as reported in the literature [43,44], food can be aqueous, acid, containing oil/fat,
oily or fatty, alcoholic, or low moisture content solid food. To understand the behavior of the materials
under study, the worst of the foreseeable conditions were chosen in terms of contact time and
temperature (Tables 1-3 of the E.U. Regulation) [20]. To perform the analysis, the test number OM2
was chosen in order to analyze a large spectra of food packaging scenarios with a contact time of 10
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days at 40 °C. This test is used to analyze the packaging behavior for any long-term food storage at
room temperature or below, at heating up to 70 °C for 2 h, and at heating up to 100 °C for up to 15 min.
This test also covers the food contact conditions covered by test numbers OM1 and OM3. In particular,
food simulants A, B, C, and D1 were chosen. According to the E.U. regulation: (1) simulant A, B, and C
simulate the contact of packaging plastic material with food characterized by a hydrophilic character,
able to extract hydrophilic substances; (2) simulant B is indicated for food with a pH below 4.5;
(3) simulant C is indicated for alcoholic food with an alcohol content up to 20% and for food containing
relevant amounts of organic ingredients that render the food more lipophilic; and (4) simulant D1
is indicated for food with a lipophilic character and able to extract lipophilic substances, that mimic
alcoholic food with an alcohol content above 20%, and oil in water solution.

For simplicity, the percentages of GTR increase or decrease (£, %) with respect to the results
recorded on the untreated samples are reported in Table 5.

Table 5. Percentage (%) of CO,-GTR/O,-GTR increase (+) or decrease (—) for PPCE and P(PCExNCEy)
copolymers after food simulant contact.

Simulant A Simulant B Simulant C Simulant D1

Sample/Simulant

CO,/0,

PPCE +8%/—21% +24%/ —18% +25%/—17% +37%/ —28%
P(PCE95NCES) —70%/—20% —64%/—17% —50%/—10% —34%/+4%
P(PCE90NCE10) —36%/—3% —47%/+11% —36%/—5% —36%/—1%
P(PCE85NCE15) —49%/ —25% —49%/ —24% —37%/—17% —34%/ —8%
P(PCE8ONCE20) —31%/—10% —15%/+6% —3%/+11% —20%/—13%

When CO, was used as the test gas, an increase in the GTR value was recorded for the PPCE
homopolymer, ranging from 8 to 37%, with the highest value for simulant D1. Interestingly, for all the
copolymers investigated, a consistent decrease in the GTR values was recorded, indicating the great
stability of these materials when in contact with the food simulants under the worst conditions. In the
case of the O, gas test, a general stability, with a light decrease in the GTR values, was also recorded.
This behavior was supported by the D, S, and f;, data (data not reported). The S value increased after
food simulant contact, indicating a higher compatibility of the gas with the polymer. Consequently,
the D value decreased, due to the lower speed of the gas molecules moving through the polymer
membrane. Thus, the time to attain the steady-state was longer, due to requiring more time for the gas
molecules to homogeneously arrange inside the polymer. Due to the influence of several parameters in
the permeability process, clear correlation with polymer chemical structure could not be confirmed [2].
Further analyses are in progress to correlate the changes in gas permeation behavior to the chemical
and morphological characteristics (change in the crystalline/amorphous ratio after treatments).

3.3. FTIR Characterization, Molecular Weigt Determination and Color Evaluation

3.3.1. FTIR Characterization and Molecular Weight Determination

FTIR spectra were recorded for each sample to investigate the change in the chemical structure
due to the different treatments. The principal absorption bands for all films are summarized in Table 6.
From the spectra, no substantial changes were recorded after each treatment. The main peaks were
still present with a small change in the band intensity by increasing the NCE co-unit content due to the
presence of -CHj pendant groups. A shift of no more than 10 cm~! was recorded with respect to the
untreated samples. The shift was more evident after food contact with simulant liquids, as also seen
for gas barrier permeability.

The interaction with polar liquids was evidenced by a slight increase in the -OH band intensity
that was similar in all samples. These results highlighted the suitability of these materials to be used in
humid environments as well as in contact with food. Furthermore, a molecular weight decrease of
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no more than 1-2% was recorded for all samples after stressed treatment, confirming the stability of
such materials.

Migration tests need to be performed to evaluate the effectiveness of such materials to be placed
in contact with real food.

Table 6. Fourier transform infrared (FTIR) data for PPCE and P(PCExNCEYy) films.

Chemical Group Peak Position (cm~1)
—OH stretch (free) 3578
CH-stretch (of CHy) 2916 (vas CHy), 2853 (vs CHj)
—-CHj; (pendant group) 2871 (vs)
—-C=0 normal carbony! stretch 1712
—CH-deformation symmetric and asymmetric bending 1472 (6s CHy)
C-O-H in-plane bend 1424
-CH3 1451 (as), 1378 (85)
—CH;-scissoring 1438
—C=0 bending 1245
—C-O stretching 1178, 1153
—-OH bending 1046
-CH; wagging and twisting 1243,1180
—CH; rocking 731
O-H out-of-plane 992 (as), 945(s)
C—C stretch 920, 809

3.3.2. Color Evaluation

Film transparency and color are important requisites, especially if the material is used for food
packaging application. Food color, associated with a high amount of naturally present pigments, has
been always considered one of the key factors for evaluating food quality and taste, especially from the
final consumers. Therefore, as previously reported [44], packaging should interfere as little as possible
with the color of the food product, in order to preserve the consumer attractiveness. In Table 7, the
film surface color determination for PPCE and P(PCExNCEy) samples are reported and compared to a
white standard.

Table 7. Lightness coefficient (L*), a*, and b*, total color difference (AE), C* and I}, of PPCE film and

P(PCEXNCEy) films.

Sample L* a* b* AE C* hyp,

White standard 66.47 £0.01 —0.73 £0.01 1.22+0 - 1.42 121
PPCE 63.67 +0.14 —0.89+0.03 1.78+0.13 2.85 1.99 139
P(PCE95NCES) 61.86 £ 0.69 —0.88+0.02 293 +0.52 492 3.06 107
P(PCE9ONCE10) 6349 +£0.60 —0.87+0.02 1.85+0.28 3.05 2.04 115
P(PCE85NCE15) 6292+0.32 —095+0.05 252+0.27 3.79 2.69 111
P(PCESONCE20) 6196 £0.43 —0.98+0.02 2.88+0.24 4.81 3.04 109

hap = 0°, red-purple; hy, = 90°, yellow; h,, = 180°, green; hiy, = 270°, blue.

On the CIE Lab Color scale, the lightness coefficient (L*) ranges from black (0) to white (100).
For any L* value, the coordinates a* and b* situate the color on a rectangular coordinate grid
perpendicular to the L* axis. At the origin (a* = 0 and b* = 0) the color is achromatic (gray). Moving on
the horizontal axis, a positive a* value indicates a hue of red-purple and a negative a* value indicates
a green hue. Moving on the vertical axis, a positive b* value indicates a yellow hue and a negative
b* value indicates a blue hue [45]. P(PCExNCEy) films showed an L* closer to white, whereas a*
and b* indicated a faint tendency toward a yellowish color (h,}, over 90°), like the as-synthesized
polymer powder. A very low C* was recorded, meaning low color saturation and consequently a good
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transparency of the film, despite some differences being recorded related to the copolymer composition.
The same characteristics were observed after treatments, indicating the good stability of the samples.

4. Conclusions

A new class of aliphatic biobased polyesters, previously synthesized and characterized from
the thermal and mechanical points of view, was subjected to studies aiming to evaluate their
barrier performances.

The results obtained are extremely interesting as the copolymers under investigation could be
considered good candidates for food packaging application using the modified atmosphere packaging
technique (MAP). The introduction of a neopentyl glycol unit into the PPCE did not result in a
significant worsening of barrier performance with respect oxygen and nitrogen. As oxygen promotes
the oxidation process, with subsequent deterioration of the chemical-physical, organoleptic, and
quality properties of the packed food, a low oxygen permeation value can be considered a good
result. Conversely, low permeation of nitrogen is a guarantee of package stability, avoiding bag
collapses. In the case of the larger and polar CO, molecules, a worsening in barrier performance due
to copolymerization was found; the two side methyl groups present in the macromolecular chains
rendered the polymer less polar and therefore decreased the solubility of carbon dioxide in the polymer
matrix. However, an atmosphere poor in oxygen and rich in carbon dioxide decreases the metabolism
of packed products or the spoilage activity, maintaining and/or prolonging the desired food shelf-life.

A general worsening in the gas barrier properties after measurement in different moisture
environments was recorded, showing an important interaction between the polymer matrix and water.
On the contrary, all the samples under investigation showed good stability after food simulant contact.

In conclusion, due to their bio-based and biodegradable nature, the new investigated polyesters
can be considered good candidates for substitution of the traditional petroleum-based polymers for
packaging application.
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Abstract: The goal of this study was to synthesize, through a facile strategy, high molecular
weight poly(ethylene furanoate) (PEF), which could be applicable in food packaging applications.
The efficient method to generate PEF with high molecular weight consists of carrying out a first
solid-state polycondensation under vacuum for 6 h reaction time at 205 °C for the resulting polymer
from two-step melt polycondensation process, which is catalyzed by tetrabutyl titanate (TBT).
A remelting step was thereafter applied for 15 min at 250 °C for the obtained polyester. Thus, the PEF
sample was ground into powder, and was then crystallized for 6 h at 170 °C. This polyester is then
submitted to a second solid-state polycondensation (SSP) carried out at different reaction times (1, 2,
3.5, and 5 h) and temperatures 190, 200, and 205 °C, under vacuum. Ultimately, a significant increase
in intrinsic viscosity is observed with only 5 h reaction time at 205 °C during the second SSP being
needed to obtain very high molecular weight PEF polymer greater than 1 dL/g, which sufficient for
manufacturing purposes. Intrinsic viscosity (IV), carboxyl end-group content (-COOH), and thermal
properties, via differential scanning calorimetry (DSC), were measured for all resultant polyesters.
Thanks to the post-polymerization process, DSC results showed that the melting temperatures of
the prepared PEF samples were steadily enhanced in an obvious way as a function of reaction time
and temperature increase. It was revealed, as was expected for all SSP samples, that the intrinsic
viscosity and the average molecular weight of PEF polyester increased with increasing SSP time and
temperature, whereas the number of carboxyl end-group concentration was decreased. A simple
kinetic model was also developed and used to predict the time evolution of polyesters IV, as well as
the carboxyl and hydroxyl end-groups of PEF during the SSP.

Keywords: poly(ethylene furanoate); solid-state polymerization; high molecular weight; thermal
properties; polyester; remelting process

1. Introduction

The search for sustainable biobased alternatives for polymer production has dramatically
intensified in recent years, due to an increasing awareness of finite fossil fuel resources and the
disrupting climatic effects of greenhouse gas emissions [1-3]. For this reason, the interest in biomass
has rapidly emerged as a renewable source of chemicals and mainly monomers for bio-based polymers
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production [4,5]. The demand for this attractive feedstock in nature is motivating both industrial and
scientific communities to innovate a new generation of polymers, and therefore, an opening of the way
to an all-inclusive sustainability [6]. Extensive research has escalated in recent years into biorefineries
technology development, which has shown a burgeoning surge for producing green monomers [7].
2,5-Furandicarboxylic acid (FDCA) is the most promising rigid bio-based building block, which has
been recognized as one of the twelve most important renewable-based monomers [8]. This furan
derivative, which may provide a suitable alternative for terephthalic acid, can be prepared by catalytic
oxidation of 5-hydroxymethylfurfural (HMF) derived from C6 sugars or polysaccharides [9,10]. In fact,
extensive efforts made up to date on the synthesis of different homopolyesters derived from the
renewable-based monomer (FDCA) and various diols [11-19]. The most successful furanic biobased
polyester is poly(ethylene furan dicarboxylate) (PEF), which is produced from 2,5-furandicarboxylic
acid (2,5-FDCA) and ethylene glycol. It is a fully biosourced alternative to its commercial analogue
polyethylene terephthalate (PET), produced from petroleum-derived terephthalic acid [20]. Extensive
research efforts were triggered since the last decade towards PEF, and its historical progress has been
extensively described in two recent extended reports [21,22].

Recently, intensive investigations have been conducted on the commercial polyester (PEF)
and its interest is increasing in a spectacular way, due to its renewable nature and promising
features. Compared to PET, PEF showed excellent thermal properties, i.e., its processability at lower
temperatures due to a lower melting temperature (Tr,), and the ability to withstand high temperatures
thanks to a higher glass transition temperature (Tg) [23], as well as it is characterized by greatly
improved thermal stability up to 320 °C [24]. An impressive 10-27-fold and 19-fold reduction has
been reported in oxygen and carbon dioxide permeability, respectively, for PEF compared to PET [25].
Other attractive properties, such as excellent mechanical properties [26], reduced carbon footprint [27],
and ability to formulate in films, fibers, and mostly bottles make PEF an appealing substituent to
PET [28]. The combination of all PEF features aforementioned are suitable for use as bottles in food
and beverage packaging. In 2010, manufacturing of PEF using Avantium’s YXY technology has been
started by Avantium in Netherlands [29] for typical applications for packaging of water and fibers,
alcoholic beverages, and soft drinks, among others.

Apart from several reports dealing with the emerging topic of PEF by highlighting on its attractive
features compared with its analog PET, a drawback still currently an obstacle of interest for researchers,
besides the undesired yellowing of the final polyester, as well as its high brittleness, is the production
of high molecular weight PEF, which ensures, therefore, the resulting polymer processing in a large
safety without any deterioration of its mechanical properties. The decomposition of 2,5-FDCA at high
reaction temperatures during melt polycondensation reactions, as well as the important role in the
molecular weight increase of the catalyst type used could be the main cause for the emergence of the
low molecular weight defect for PEE.

Solid-state polymerization (SSP), performed under mild conditions, has numerous potential
advantages and a strong industrial interest to overcome the polymers’ molecular weight limitations
obtained from the melt methods [30]. This well-known technique is extensively employed in industry
as an extension of the melt polycondensation to produce high molecular weight polyesters with
improved properties suitable for wide range of applications (e.g., bottles, films, and fiber production).
This competitive process to conventional melt polycondensation, involving heating of the starting partially
crystalline polyester at a temperature between its glass transition temperature (Tg) and its melting point
(Thm), is used mainly for PET manufacturing to get over its relatively low molecular weight [31-38].

PEF has been the topic of a significant number of publications addressed on its biaxial
orientation [39], thermal properties, glass transition, mechanical properties, and isothermal or non-
isothermal crystallization [40-49], as well as investigations on the synthesis and full characterization
of this biobased polyester have been well discussed [50-59].

Surprisingly, although there are numerous studies on PEF synthesis and characterization, only
very few publications deal with the industrially relevant process (SSP) of PEF, which leads to
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manufacturing of high-molecular weight polyester. To date, only three preceding reports [60,61]
have been addressed on SSP of PEF as a third stage after two-step melt polycondensation process.

In this context, Knoop et al. [62] have managed to apply SSP method under reduced pressure
for PEF, using Ti(IV)-isopropoxide as catalyst. This study, which aims to increase the polymer degree
of polymerization during several hours, revealed that PEF with molecular weight of 25.000 g-mol~!
was obtained after 24 h SSP, and it was increased to 83.000 g-mol~! after 72 h SSP of heating at 180 °C.
The goal of this report was chiefly focused on the crystallization investigation, and its influence on the
mechanical properties of high molecular weight polyester PEF. As it was presented by Hong [63], SSP
has been recently carried out for PEF. It was found that the IV increased from 0.6 to 0.64 and 0.72 dL/g
after 24 and 48 h of SSP reaction time, respectively.

The current report extends the very limited studies, available nowadays in literature, regarding
the synthesis via SSP of high molecular weight PEF. Such work is necessary to enable large-scale
industrial applications in PEF-market. In the present study, a facile and efficient method, which is
never applied to PEF, has been revealed to effectively circumvent the limited molecular weight of this
biobased polyester, and thereafter, the access to very high intrinsic viscosity (IV), up to 1.02 dL/g,
appropriate to several applications, such as frozen food trays, tire-cord applications, and principally,
for bottle manufacturing [64-67].

The efficiency of the developed method herein was compared, regarding molecular weight
increase, with resulting PEF samples from the application of one SSP reaction to two prepolymers
having different initial IV values.

The effect of the temperature and reaction time on the molecular weight increase of the obtained
polyester PEF was studied in detail using both experimental measurements and a simple kinetic
theoretical model.

2. Experimental

2.1. Materials

2,5-Furan dicarboxylic acid (2,5-FDCA, purum 97%), ethylene glycol (99.8%), and tetrabutyl
titanate (TBT) (97%) catalyst was purchased from Aldrich Co. (Chemie GmbH, Unna, Germany).
All other materials and solvents used were of analytical grade.

2.2. Synthesis of 2,5-Dimethylfuran-Dicarboxylate(DMFD)

DMFD was prepared as described in the reported procedure [49], whereby a reaction was
performed into a round bottom flask (500 mL) in presence of 2,5-furandicarboxylic acid (15.6 g),
200 mL of anhydrous methanol, and 2 mL of concentrated sulfuric acid. The mixture was refluxed for
5 h. The excess of methanol was removed by distillation and filtration was performed out through a
disposable Teflon membrane filter (Chemie GmbH, Unna, Germany). During filtration, DMFD was
precipitated as white powder, and then 100 mL of distilled water was added, after cooling. Na,COs
5% w/v was added during stirring while pH was measured continuously to neutralize, partially, the
dispersion. DMFD was recuperated as white powder, which was collected by filtration and washed
with distilled water, and after drying, was recrystallized with a mixture of 50/50 v/v methanol/water.
According to this procedure, white needles of DMFD were prepared (yield about 83%) with melting
point 115 °C, and purity measured by hydrogen nuclear magnetic resonance (‘"H NMR) 99.5% (Bruker
spectrometer, Bremen, Germany).

2.3. Polyester Synthesis

The PEF polyesters were prepared through the two-stage melt polycondensation method
(esterification and polycondensation) in a glass batch reactor as described in our previous work [13].
DMFD and ethylene glycol at a molar ratio of diester/diol = 1:2 were charged with 400 ppm of TBT as
catalyst into the reaction tube of the polyesterification apparatus. The reaction mixture was heated
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under controlled argon flow for 2 h at a temperature of 160 °C, for an additional 1 h at 170 °C, and
finally, at 180-190 °C for 1 h. The transesterification stage (first step) was considered complete after
the collection of almost all the theoretical amount of methanol, which was removed from the reaction
mixture by distillation and collected in a graduated cylinder. In the second stage of polycondensation,
the vacuum was gradually reduced to 5.0 Pa over a time of about 30 min, to remove the excess diol, to
avoid excessive foaming, and furthermore, to minimize oligomer sublimation, which is a potential
problem during melt polycondensation. The temperature was gradually increased, during this time
interval, to 230 °C, while stirring speed was also increased to 720 rpm. The reaction was maintained for
2 h at this temperature. After the polycondensation reaction was completed, PEF sample was removed
from the reactor, milled, and washed with methanol.

2.4. Solid-State Polycondensation

Solid-state polymerization (SSP) was performed using an apparatus involving five volumetric
flasks (100 mL) which were connected to a vacuum line, and were immersed in a potassium
nitrate/sodium nitrite thermostated bath, having a precision within £0.5 °C. Crystallized PEF (2 g)
with a particle size fraction of —0.40 + 0.16 mm was charged in each one of the volumetric flasks under
vacuum, stabilized beneath 3 and 4 Pa. The reaction temperature was kept constant at 190, 200, or
205 °C. The reaction flasks were withdrawn from the bath after 1, 2, 3.5, and 5 h for analysis of the
PEF sample’s intrinsic viscosity (IV), to identify the molecular weight of the resulting PEF samples, as
well as measuring the carboxyl end-group concentration (COOH). The protocol mentioned above was
conducted for two prepolymer PEF samples obtained from melt polycondensation procedure with
different initial IV values (0.28 and 0.38 dL/g). The resulting PEF polyesters from SSP are respectively
named PEF /TBT.1 and PEF/TBT.2.

The effective method used herein to increase the molecular weight of PEF involves the application
of one SSP for 6 h at 205 °C, followed by a remelting step of the obtained polyester for 15 min at
250 °C, and thereafter, a second SSP reaction was applied at different reaction times (1, 2, 3.5, and
5 h) and temperatures 190, 200, and 205 °C, under vacuum. The resulting PEF polyesters are labeled
as PEF/TBT.3.

2.5. Polyester Characterization

2.5.1. Intrinsic Viscosity Measurement

For intrinsic viscosity [n] measurements, PEF samples (1 wt %) have been dissolved in a mixture of
phenol/tetrachloroethane (60:40 w/w) at 90 °C, and their flow time was measured using an Ubbelohde
viscometer (Schott Gerate GMBH, Hofheim, Germany) at 25 °C. The [n] value of each sample was
calculated using the following Solomon-Ciuta equation:

[n] = [2{t/to — In(t/to) - 1}]*/?/c @)

where c is the concentration of the solution; t; the flow time of pure solvent; and ¢, the flow time of
solution. Three different measurements were repeated for each sample to ensure the accuracy of the
results, and the average value was calculated.

2.5.2. Molecular Weight

The number average molecular weight (My) of the PEF polyester samples was calculated from
the intrinsic viscosity [n] values, using the Berkowitz equation [68], as was modified in our previous
work [69]:

My = 3.29 x 10*[q)"** )
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2.5.3. End-Group Analysis

Carboxyl end-group content (C.C.) of the PEF polyesters was determined according to Pohl’s
method, by titrating a solution of the polyester in benzyl alcohol/chloroform mixture. NaOH solution
in benzyl alcohol was used as standard solution, and phenol red as indicator [70]. Three different
measurements were performed for each sample, and the average value was calculated.

2.5.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) study of PEF was carried out on a Perkin-Elmer, Pyris
Diamond DSC differential scanning calorimeter (Perkin-Elmer, Waltham, MA, USA), calibrated with
high purity indium and zinc standards. For each measurement, a sample of 7 + 0.1 mg was sealed
in aluminum pans, and was then scanned in the instrument from 30 to 240 °C at a heating rate of
20 °C/min under nitrogen flow (50 mL/min). The melting temperature (Tr,), the heat of fusion (AHn,),
and the glass transition temperature (Tg) the of the PEF samples were determined from these scans.

3. Modeling the PEF SSP Kinetics

3.1. Reaction Mechanism

The reactions taking place during SSP of PEF include polycondensation/transesterification,
esterification, thermal degradation, and side reactions of vinyl end-groups [31], and they are illustrated
in the following Equations (3)-(6). In these equations, ki, K; and ky, K, denote the forward and
equilibrium rate constants of transesterification and esterification reactions, respectively, kq and ky refer
to the kinetic rate constants of the degradation and polycondensation of vinyl end-group reactions,
which are considered one way.

Polycondensation/transesterification

2 mﬁ@ O_CHZ_CHZ_OH
O

k|| kK 3)
‘O“ —O—CH,~CH,— ”Ocm + HO—CH,—CH,—OH
Esterification
NWC@— —O—CH,—CH,—OH + HO—C@—CW
I | S
O (0] (0]
Kk || k/K, “)

O” —0—CHy;—CH,—0— ||O—Cm + H,O
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The molecular weight of the polymer is increased by two reactions: in the first, Equation (3), two
hydroxyl end-groups react, and ethylene glycol is produced. In the second, Equation (4), a carboxyl
end-group reacts with a hydroxyl, and water is released as byproduct. By contrast, when thermal
degradation takes place (Equation (5)), the molecular weight of the polyester can be decreased from
the cleavage of an ester bond in the macromolecular chain, generating a vinyl ester end-group and
a carboxyl end-group. In addition, acetaldehyde may be released from the side reaction of a vinyl
ester end-group with a hydroxyl end-group, resulting also in an increase of the molecular weight
(Equation (6)). The overall reaction rate is influenced by a combination of several factors, including
intrinsic reaction kinetics, change of polymer degree of crystallization, and diffusional limitations of
the reactive end-groups, and of the desorbing volatile byproducts (i.e., glycol and water) [71].

3.2. Simplified Mathematical Model

The problem of modelling the SSP kinetics is complicated, since, besides chemical kinetics,
describing the rate of change of the concentration of the species as a function of time, diffusion
phenomena should be incorporated, which results in additional variation with the distance from
the interface [31]. Thus, two independent variables are introduced, resulting in a set of partial
differential equations that should be solved, including several kinetic, diffusional, and crystallization
parameters [72]. Using such complicated models to simulate a few experimental data points is out
of any physical meaning. Since in this investigation, only five data points were measured at each
experimental condition, a simple kinetic model was adopted afterAgarwal and co-workers [73,74].
This approach was originally developed for the solid-state polycondensation of PET, and successfully
applied by our group in modelling the SSP of PET with several nanoadditives, as well as of PEF with
nanoadditives [75-77].

In order to develop the mathematical model, several assumptions were made, including
the following:
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- All kinetic rate constants are considered independent of polymer chain length (only end-group
reactivity is considered).

- Backward reactions in Equations (3) and (4) are eliminated, due to the fast removal of the water
and ethylene glycol, produced in the reaction mixture, caused by the application of high vacuum
(beneath 3 and 4 Pa).

- Due to the performance of the polycondensation at relatively low temperatures (i.e., 190-205 °C),
no side reactions for the formation of acetaldehyde or thermal degradation are considered
(Equations (5) and (6) are eliminated).

- Diffusional limitations on account of desorbing volatile species are neglected.

- Then, the rate of change of hydroxyl [OH] and carboxyl [COOH] end-groups can be described by
the following expressions [73,74]:

d[OH],

=2k [OH]? — [COOH],[OH], @)

d[COOH],

a

where [OHJ; and [COOH]; denote the actual “true” hydroxyl and carboxyl end-group
concentrations, respectively.

—k»[COOH],[OH], ®)

The term “actual hydroxyl and carboxyl end-groups” was introduced by Ma and Agarwal [73,74],
in order to account for the slowdown in SSP kinetics at high [n] values. Accordingly, a part of the
carboxyl ([COOH]) and hydroxyl end-groups ([OH]) were considered to be rendered temporarily
inactive (denoted as [COOH]; and [OH];) and the actual concentration of OH and COOH in
Equations (7) and (8) can be expressed as

[OH]=[OH]-[OH]; ©)

[COOH];=[COOH]-[COOH]; (10)

where [OH], [COOH] and [OH];, [COOH]; denote the concentration of the total and temporarily
inactivated OH and COOH end-groups, respectively.
Moreover, the number average molecular weight is expressed as

— 2

M = 1c60H] + [oH] ()

Equations (7) and (8), together with Equations (2) and (9)—(11), constitute a set of ordinary
differential equations which can be easily solved numerically using a varying step-size Runge-Kutta
method, to give results on the variation of the intrinsic viscosity and the concentration of -COOH and
—OH end-groups as a function of time. Four adjustable parameters, namely k;, k», [OH];, and [COOH];,
are estimated at each experimental condition by simultaneous fitting of the values of [OH], [COOH],
and IV to the experimental data points as a function of time.

4. Results and Discussion

The chemical structure of the initial polyesters before carrying out the SSP procedure (PEF/TBT.1,
PEF/TBT.2, and PEF/TBT.3) was confirmed by TH NMR spectroscopy, as shown in Figure 1.
The resonances appeared (b) at 5.4 for PEF/TBT.1, 5.32 for PEF/TBT.2, and 5.31 ppm for PEF/TBT.3
correspond to the methylene protons of the ethylene group. The peaks labelled (a) at 7.98, 7.91, and
7.90 ppm were respectively assigned to the ring protons (2 H, s) of PEF/TBT.1, PEF/TBT.2, and
PEF/TBT.3.
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Figure 1. "H NMR spectra of poly(ethylene furanoate) (PEF)/ tetrabutyl titanate (TBT) samples.

4.1. Kinetic Study of the Solid-State Polymerization of PEF

As it was also pointed in part I of this research [58], SSP of PEF results in polyesters having
increased average molecular weights. The effect of temperature and time on the molecular weight
increase during SSP of PEF with TBT catalyst was also investigated here. Two initial PEF samples
were employed, having initial IV equal to 0.27 and 0.38 dL/g, and given the names PEF/TBT.1 and
PEF/TBT.2, respectively. These IV values correspond to polyesters having initial average degree of
polymerization equal to 24 and 40, respectively. As it can be seen in Figure 2, the IV of neat PEF starting
at 0.27 dL/g, increases to 0.47, 0.50, and 0.53 dL/g after 5 h of SSP at 190, 200, and 205 °C, respectively.
Similar final IV values (i.e., 0.47, 0.50, and 0.54 dL/g after 5 h of SSP at 190, 200, and 205 °C) were
measured for the polyester starting at 0.38 dL/g. Increased temperatures favor the increase in the
IV values, since both esterification and transesterification reactions are accelerated. Furthermore,
diffusion of byproducts produced (such as water and ethylene glycol) is much slower at low SSP
temperatures. For these reasons, by increasing the SSP temperature to 205 °C, the IV increase is much
higher compared to that at 190 °C (Figure 2a,b). At temperatures close to the melting point of PEF,
the macromolecular chains have higher mobility and thus, hydroxyl end-groups react with carboxyl
end-groups more easily, joining the macromolecular chains and increasing the molecular weight of
PEF. Crystallinity plays also an important role since as higher it is as lower will be the diffusion rate of
formed byproducts.

PEF samples, described above, at the end of the SSP, show a relatively low intrinsic viscosity,
ranging from 0.47 to 0.54 dL/g. These low values also correspond to low molecular weights, resulting
in polyesters having inferior mechanical performance, which is not appropriate for several promising
applications. One way to increase the average molecular weight of a polymer conducted after SSP
is to employ the so-called remelting process. This is widely applied in the industrial production of
polyamides [78-81], and to a lesser extent, in PET [82,83]. Although many papers have been reported
on the advantageous features of the remelting process with respect to the MW increase, to the best of
our knowledge, there are no such studies in applying this technique to PEF. In this context, this is the
first time that synthesis of PEF is undertaken via this method, in order to achieve a high molecular
weight, and consequently, to overcome the inferior properties of the resulting polyester. Therefore, this
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procedure was applied on PEF/TBT sample for 30 min at 240 °C under argon atmosphere, preceded by
SSP involving the same PEF polyester (initial sample with IV = 0.38 dL/g) at 205 °C for 6 h. Once the
reaction was over, the polymer was cooled at room temperature, and then, a second SSP reaction was
conducted at time intervals 1, 2, 3.5, and 5 h at constant temperatures 190, 200, and 205 °C under
vacuum. The evolution of the intrinsic value of the resulting PEF/TBT.3 polyester is depicted in
Figure 2c. The IV of PEF starts at 0.61 dL/g, and increases to 0.76, 0.86, and 1.02 dL/g after 5 h of
SSP at 190, 200, and 205 °C, respectively. As can be seen, a higher increase of the polymerization rate
has been proved, especially at SSP temperatures of 205 °C. This effect is due to the remelting features,
which begets a redistribution /homogenization of the reactive end-group separation, and on the other
hand, it reduces the polyester water content, which occurs during remelting, and afterwards, making
end-group diffusion much easier [30,81].

0.55 1 i
0.50 - .
) 0.45 .
: o4
o 0.40 :
£ 0.35- i
0.30 m PEF/TBT.1 190°C
1 ® PEF/TBT.1200°C| 1
0.25 A PEF/TBT.1205°C|T
0 1 2 3 4 5
SSP time (h)
0.56 i
0.52 -
_ 0.48- .
o l
—1 0.44+ .
o l
E 0.40—_ !
0.36 -
| m PEF/TBT.2190°C| {
0.32- ® PEF/TBT.2200°C |+
1(b) A PEF/TBT.2 205°C | A
028 d T e T g T ¥ T L T
0 1 2 3 4 5

SSP time (h)

Figure 2. Cont.
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Figure 2. Variation of the intrinsic viscosity with time during solid-state polymerization (SSP) of PEF
using TBT catalyst and three different initial IV values; PEF/TBT.1 (a), PEF/TBT.2 (b), and PEF/TBT.3
(c) at different temperatures. Continuous lines represent the theoretical kinetic model simulation results.

The calculated number average molecular weight, M,, as well as the corresponding
number-average degree of polymerization from the experimentally measured IV of all prepared
samples are summarized in Table 1. The final PEF polyesters obtained after 2, 3.5, and 5 h of SSP at
205 °C for the PEF/TBT.3 sample are characterized by high IV values of 0.82, 0.97, and 1.02 dL/g,
corresponding to number average molecular weights of 24,236; 31,392; and 33,920 g~m01_1, respectively.
These values are much higher compared to the corresponding values obtained for the PEF/TBT.1 and
PEF/TBT.2 samples, which are similar at 205 °C, and range from 11,300 to 12,700 g-molfl. It can be
stated that the reached IV range is enough to meet specific end-use requirements. It is suitable for
packaging applications, such as carbonated beverage bottles and manufacturing of sheet grades for
thermoforming [66].

Table 1. Number average molecular weights (Mn, g'mol~!) of PEF polyester using TBT catalyst obtained
after SSP at different temperatures and times. The value includes, in parentheses, the corresponding number

average degree of polymerization.

SSP time (h)

Temperature (°C) SSP time (h) PEF/TBT.1 PEF/TBT.2 PEF/TBT.3
0 4400 (24) 7400 (40) 15,000 (81)

1 8000 (44) 7700 (42) 15,800 (86)

190 2 9300 (51) 8300 (45) 18,600 (101)
35 10,000 (54) 10,000 (54) 20,700 (112)

5 10,300 (56) 10,600 (58) 21,600 (117)

1 8300 (45) 8300 (45) 17,400 (90)

200 2 9600 (52) 9000 (49) 19,800 (108)
35 10,600 (58) 10,300 (56) 22,900 (124)

5 11,300 (62) 11,000 (59) 26,100 (142)

1 10,300 (56) 9600 (52) 20,300 (110)

205 2 11,300 (62) 11,700 (63) 24,200 (132)
35 11,900 (63) 12,400 (67) 31,400 (171)

5 12,400 (67) 12,700 (69) 33,900 (184)
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Moreover, end-group analysis (-COOH and -OH) was performed on all prepared samples.
Figures 3 and 4 show the effect of SSP time and temperature on the -COOH and —~OH concentrations
of all PEF/TBT samples. It is obvious that the carboxyl and hydroxyl contents decrease with increasing
SSP time and temperature, wherein at low SSP temperature (190 and 200 °C), carboxyl end-groups
content decreases almost linearly with the SSP time, while it begins to sharply deviate from the linear
relationship at 205 °C. Carboxyl end-groups start at approximately 24 eq/10° for both PEF/TBT.1
and PEF/TBT.2, and after 5 h of SSP, depending on the temperature, reach values ranging from 9 to
12 eq/ 106 and 11 to 14 eq/ 10° for PEF/TBT.1 and PEF/TBT.2, respectively. Moreover, it was expected
that PEF/TBT.3 samples should exhibit a content of carboxyl end-groups much lower compared to
those of other PEF/TBT samples, due to their much higher molecular weights. However, this was
not the case, as a high COOH concentration of 46.9 eq/10° was obtained after remelting. After 5 h of
SSP, the carboxyl content was reduced to 32-37 eq/10° depending on temperature. The main reason
for these high values could be the existence of degradation reactions, which take place principally
at high temperatures in the melt phase, wherein a high amount of carboxyl end-groups have been
easily created. Accordingly, the major degradation reaction responsible for the generation of carboxyl
ends happened mainly via the cleavage of an ester bond in the PEF main chain producing vinyl ester
and carboxyl end-groups. More impressive results were observed when calculating the hydroxyl
content, which in the case of PEF/TBT.1 and PEF/TBT.2, start at high amounts, i.e., 433 and 245 eq/ 100,
respectively, and after 5 h, SSP ranges from 150 to 180 eq/10°, depending on temperature. By contrast,
in the PEF/TBT.3 samples, the hydroxyl content was very much lower, starting at 87 eq/10°, and after
5 h SSP, decreasing to only 55, 41, and 27 eq/106 at 190, 200, and 205 °C, respectively. Thus, it seems,
that in this polyester, in contrast to results obtained for PEF/TBT.1 and PEF/TBT.2, the concentrations
of -COOH and —OH are similar.
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Figure 3. Variation of carboxyl end-groups with time during PEF/TBT.1 (a); PEF/TBT.2 (b); and
PEF/TBT.3 (c) SSP at different temperatures. Continuous lines represent the theoretical kinetic model
simulation results.

Furthermore, in order to provide results on the kinetic rate constants of the esterification and
polycondensation reactions, the theoretical kinetic model presented in Section 3, was employed.
Differential Equations (7) and (8) were solved numerically together with Equations (2), (9)—(11), and
IV values, as well as the concentration of hydroxyl and carboxyl end-groups were obtained as a
function of SSP time. The best-fit values of the parameters ki, ky, [OH];, and [COOH]; were estimated
using the experimental data presented in Figures 2—4 for all PEF/TBT samples at all temperatures.
Optimized values are illustrated in Table 2. Results of the theoretical simulation curves are included
as continuous lines in the abovementioned figures. As it can be seen, theoretical simulation curves
follow satisfactorily the experimental data at all different temperatures. Slight discrepancies could be
attributed to the assumptions made, when developing the simple kinetic model. From an inspection
of the values reported in Table 2, it seems that the values of the transesterification rate constant, kj,
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are lower than that of the esterification rate constant, k, for PEF/TBT.1 and PEF/TBT.2, following the
concentration of -COOH, which is lower compared to that of -OH for these polyesters. However, in
PEF/TBT.3, where both concentrations are similar, the model also resulted in similar k; and k; values.
Decreased k; estimated for the PEF/TBT.3 compared to the other polyesters is a direct consequence of
the restricted mobility of reactive end-groups (e.g., hydroxyl and carboxyl) to come into close proximity
and react, which is facilitated by the polyester’s higher molecular weight.

In addition, from Table 2, it was estimated that the best fit value for the hydroxyl inactive groups,
[OH]; (meaning those which are inaccessible to react), are always lower in PEF/TBT.3 compared to
the other polyesters, while they are always reduced with increasing temperature. An increase in
temperature improves the mobility of the polymer chains, and thus, reduces the number of inactive
end species. The lower values in PEF/TBT.3 is a direct consequence of the always lower -OH
end-group concentration measured at all reaction times and temperatures compared to other polyesters.
Concerning the inactive [COOH];, the values are always low enough for all polyesters.
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Figure 4. Variation of hydroxyl end-groups with time during PEF/TBT.1 (a), PEF/TBT.2 (b), and
PEF/ TBT.3 (c) SSP at different temperatures. Continuous lines represent the theoretical kinetic model

simulation results.

Table 2. Kinetic rate constants of the transesterification and esterification reaction and concentration
of temporarily inactivated OH and COOH end-groups at different polycondensation temperatures of
PEF/TBT.1, PEF/TBT.2, and PEF/TBT.3.

Temperature 1 —1 [OH] [COOH];

Sample ©0) kq-(kg/meq)-h™" kj-(kg/meq)-h (meg/kg) (meg/kg)
PEF/TBT.1 190 39 x 1074 51 x 10~* 157 9.5
200 50 x 1074 64 x 1074 150 75
205 59 x 104 71 x 1074 138 6.0
PEF/TBT.2 190 2.0 x107* 22 x 1074 60 11.5
200 32 x 107 31 x 10°% 58 115
205 6.6 x 107* 72 x 1074 52 11.5
PEF/TBT.3 190 15 x 1074 14 x 104 31 9.0
200 25 x 1074 21 x 1074 26 9.0
205 36 x 1074 37 x 107* 13 9.0

Finally, both kinetic rate constants were correlated with temperature using an Arrhenius-type
expression. As expected, the values of all rate constants increase with SSP temperature, in accordance
with the mobility and activity of the chain ends. When plotting In(k) vs 1/T, good straight lines were
obtained with a correlation coefficient greater than 0.90. From the slope of these straight lines, the
activation energies for the transesterification, E;, and esterification, E, reactions were determined
(Table 3). It should be noted that the estimation of the activation energies using only 3 experimental
data points (at the three investigated temperatures) results in a somehow great uncertainty in the
values denoted by their high standard deviation. Thus, a safe conclusion concerning the activation
energies cannot be set.

Table 3. Activation energies and correlation coefficients of the transesterification and esterification
reaction of all PEF/TBT polyesters.

Sample E; (kJ/mol) R? E, (kJ/mol) R?
PEF/TBT.1 50.0 £ 4.0 0.996 40.7 + 0.6 0.999
PEF/TBT.2 1374+ 114 0.950 133.1 £15.1 0.907
PEF/TBT.3 1053 +9.7 0.979 112.5 +£24.1 0.895
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4.2. Thermal Analysis of Solid-State Polymerization PEF Polyester Samples

Differential scanning calorimetric (DSC) measurements showed that SSP strongly affects the
thermal properties of the PEF samples. The results of the melting behavior of the PEF samples at
different temperatures and reaction times are provided in Figure 5 (as well as in Figures S1 and S2 in
the Supporting Information). For all samples, increasing either the SSP time or the SSP temperature
shifts the endothermic melting peaks to a higher temperature, with an accompanying increase of
the crystallinity. The increased molecular weight of the polyester produced during SSP procedure
is responsible for the increase in the melting points, as well as the increase in the sharpness of the
melting peaks.
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Figure 5. DSC thermograms of PEF/TBT.3 samples prepared after SSP at different temperatures and
times (a) 190 °C, (b) 200 °C, and (c) 205 °C.

Table 4 shows the degree of crystallinity values (X.) for all SSP PEF samples. The latter were
calculated from measured melting enthalpy (AHy,) using the heat of fusion value for the pure crystalline
PEF polyester found in previous report to be about 137 J-g~! [13]. As illustrated in Figure 6, the degree
of crystallinity reached the highest value for PEF/TBT.1, and then showed a slightly lower value for
PEF/TBT.2, while the polyester PEF/TBT.3 exhibits much lower X.. Considering though, the fact
that the SSP procedure takes place in the amorphous regions, and as the mobility of the diffusion
rate and the polymer chain end-groups, which are concentrated only in the amorphous phase of the
semi-crystalline polyester, are affected by the crystallinity, it can be inferred that the rapidly increasing
molecular weight rate/IV values of PEF/TBT.3, when compared with the other two polyester samples,
is due, in fact, to the lowest degree of crystallinity, as presented in Figure 6. This implies that the scape
of low molecular weight byproducts got more facile, thus, the increase of molecular weight became
faster. This explanation is in good accordance with the M, /IV values obtained in this study.
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Table 4. Degree of crystallinity values (%) of the different SSP PEF/TBT samples.

SSP temperature (°C) SSP time (h) PEF/TBT.1 PEF/TBT.2 PEF/TBT.3
0 23 288 27
1 377 38.1 29.6
2 438 389 31
190 35 44 409 345
5 473 462 367
1 43 39.2 202
2 455 40 26.7
200 35 463 405 303
5 493 482 315
1 463 433 27.8
2 484 442 284
205 35 50.8 448 315
5 544 454 375
3 50
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Figure 6. Effect of SSP time and temperature on the evolution of the degree of crystallinity of PEF
samples: (a) PEF/TBT.1, (b) PEF/TBT.2, (c) PEF/TBT.3.

5. Conclusions

The present work is, to the best of our knowledge, the first study which investigated the feasibility
of SSP after remelting process to synthesize PEF polyesters. Obviously, by introducing a remelting step
in the SSP procedure, the latter was found to be a very efficient method that leads to the production of
PEF with very high molecular weight appropriate for food packaging applications. The effect of the
remelting on the SSP kinetics of PEF was investigated at several temperatures, both experimentally and
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using a simple kinetic model. As expected, the average molecular weight and the intrinsic viscosity
of PEF increased as SSP time and temperature increase. This is because the elimination of formed
byproducts during both esterification and transesterification reactions that are occurring during SSP, are
diffusion controlled. A simple kinetic model was also developed, and used to predict the time evolution
of polyesters’ IV, as well as the hydroxyl and carboxyl content during the SSP of PEF. From both the
theoretical simulation results and the experimental measurements, it has been demonstrated that
the introduction of remelting process in SSP procedure resulted in similar transesterification and
esterification kinetic rate constants, as well as in a higher increase of the polymerization rate, and thus,
the obtaining of very high molecular weight PEF.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/5/471/s1,
Figure S1: DSC thermograms of PEF/TBT.1 samples prepared after SSP at different temperatures and times,
Figure S2: DSC thermograms of PEF/TBT.2 samples prepared after SSP at different temperatures and times.
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Abstract: o and p crystalline phases of poly(ethylene furanoate) (PEF) were determined
using X-ray powder diffraction by structure resolution in direct space and Rietveld refinement.
Moreover, the &’ structure of a PEF sample was refined from data previously reported for PEF
fiber. Triclinic «-PEFa=5.729 A, b=7.89 A, c=9.62 A, a = 98.1°, B = 65.1°, y = 101.3°; monoclinic
o/-PEFa=5912 A, b =691 A, c=19.73 A, « = 90°, p = 90°, v = 104.41°; and monoclinic B-PEF
a=5953A,b=6.60A,c=1052 A, a=90°, p =107.0°,y = 90° were determined as the best fitting of
X-ray diffraction (XRD) powder patterns. Final atomic coordinates are reported for all polymorphs.
In all cases PEF chains adopted an almost planar configuration.

Keywords: poly(ethylene furanoate); PEF; 2,5-furan dicarboxylate; crystal structure; polymorphism

1. Introduction

In recent years, in view of a greener and more sustainable economy, many efforts from both
academic and industrial sectors have been devoted to the development of bio-based alternatives to
fossil-based plastics. Bioplastic production is expected to increase from the actual 4.2 million tons to
over 6.1 million tons in 2021, thus highlighting a very fast growing rate [1].

Among different renewable starting materials that have been used for the preparation
of bioplastics, furan-based monomers have attracted considerable attention. In particular,
2,5-furandicarboxylic acid (FDCA), whose initial diffusion was hampered by the difficulty to produce
large amounts with high purity, has been lately the object of much research [2,3]. Currently, FDCA can
be readily obtained from the oxidation of hydroxymethylfurfural, in turn derived from the dehydration
of (poly)saccharides or by exploiting new synthetic routes, such as through 2-furoic acid and CO, [4-6].
From this framework, in October 2016, the Dutch company Avantium announced the establishment
of a new joint venture with BASF corporation, named Synvina, for the large-scale production and
marketing of FDCA [7].

The reason behind the success of FDCA mostly lies in its use for the synthesis of
poly(ethylene-2,5-furanoate) (PEF), considered the most credible bio-based alternative to poly(ethylene
terephthalate) (PET), thanks to its very interesting physical/mechanical and barrier properties.
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PEF can be processed with outstanding results into films, fibers, and, above all, bottles for beverage
packaging. From a comparison between the barrier properties of PEF and PET, the following
outcomes emerged: PEF exhibited 11X reduction in oxygen permeability [8], 19x reduction in carbon
dioxide permeability [9], and 5x lower water diffusion coefficient [10] compared to PET. In addition,
PEF displays more attractive thermal and mechanical properties than PET: higher T (85 °C vs. 76 °C),
lower T, (211 °C vs. 247 °C) [11], and 1.6x higher Young’s modulus [2]. Lastly, the production of
PEF would decrease non-renewable energy use by about 40-50% and greenhouse gas emissions by
ca. 45-55% with respect to PET [12].

Several papers in the literature have been devoted to PEF characterization [10,13,14].
The relationships between the thermal and structural properties of PEF have been investigated to
explain the complex behavior exhibited during isothermal crystallization. Two phases, called o and
«, were identified by Stoclet et al. [15]. The influence of different experimental conditions on the
crystallization, stability, and transformation of PEF polymorphs were reported by Tsanatkis et al.;
they also described a new [3-phase obtained after solvent crystallization [16,17].

Nevertheless, the crystal structures of PEF polymorphs have yet to be defined, and further
investigation is therefore necessary. Indeed, the triclinic cell proposed in an early study [18]
with dimensions of 1 =5.75 A, b =535 A, ¢ =20.1 A, o = 113.5°, 3 =90°, and y = 112° is not compatible
with the data reported by all other authors whatever PEF phase is considered, as it would cause
a wrong positioning of the main peaks in the XRD pattern. Although in a recent work by Mao et al. [19]
the high-resolution structure of a PEF fiber is documented, a comparison between the powder and
fiber data is needed. During the review process of this paper, the structural evolution of PEF upon
uniaxial stretching was deeply investigated. Evidence of a mesomorphic phase at low stretching
temperatures and of a crystalline phase, different from the thermally induced ones, was reported [20].
Therefore, the main aim of the present work is to shed light on the crystal structures of a-, «’-,
and (3-PEF obtained during usual PEF preparations, with no need for fibers or stretching conditions,
from powder pattern X-ray diffraction. The study of structure-property relationships is indeed of
crucial importance for the optimization of the end-use behavior of a polymeric material.

2. Materials and Methods

2.1. Materials and Sample Preparation

2,5-furan dicarboxylic acid (purum 97%), ethylene glycol, and tetrabutyl titanate catalyst of
analytical grade were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) All other materials
and solvents used were of analytical grade. Poly(ethylene furandicarboxylate) polyester was
synthesized as previously reported by the two-stage melt polycondensation method (esterification and
polycondensation) in a glass batch reactor [21,22].

The PEF sample displays an intrinsic viscosity value 0.45 dL/g. Its weight- and number-average
molecular weight (M, M;), measured by gel permeation chromatography (GPC) apparatus
equipped with differential refractometer as detector (Waters Inc., Milford, MA, USA), are respectively
My, = 24,640 g/mol and M, = 11,200 g/mol (Polydispersity Index, PDI = 2.2). To attain a high
degree of crystallinity and to favor the selective formation of pure crystalline phases, x-PEF was
obtained by annealing an “as-synthesized” sample at 195 °C for 24 h, «’-PEF was obtained by
isothermal crystallization at 150 °C of a melt-quenched sample, and 3-PEF was obtained by slow
solvent evaporation at room temperature after dissolution in a trifluoroacetic acid /chlorofom 1/5 v/v
mixture and precipitation in cold methanol. An overall sample preparation procedure is reported
in Scheme 1.
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Scheme 1. Preparation of different crystal forms of poly(ethylene-2,5-furanoate) PEF.

2.2. Diffraction and Infrared Measurements

X-ray diffraction (XRD) patterns were collected in Bragg-Brentano geometry with a flat sample
holder, over the 26 range 3°-80° (40 kW—40 mA; Cu-K« radiation A = 1.5418 A, step size 0.05°,
1500 s/step) on a X'Pert PRO automated diffractometer (Panalytical, Almelo, The Netherlands)
equipped with a fast X'Celerator detector. Crystallinity was determined as X = A./Ator, where A¢
represents the integrated crystalline scattering and Ay the integrated total scattering, both crystalline
and amorphous; air and incoherent scattering were taken in due consideration. Attenuated Total
Reflectance Fourier Transform Infrared (ATR-FTIR) spectra were recorded on an Alpha FT IR
spectrometer (Bruker Optik GmbH, Ettlingen, Germany) with a platinum ATR single reflection
diamond module. The background spectrum of air was collected before the acquisition of each
sample spectrum. Spectra were recorded with a resolution of 2 cm ™!, and 64 scans were averaged for
each spectrum (scan range 4000-450 cm™1).

2.3. Structure Determinations

Topas 5 software package (Coelho Software, Brisbane, Australia) was used for indexing and
structure determination in direct space and Rietveld refinement. A Pawely refinement was performed
with the best cells, and the best one for each phase was chosen for structure solution. It was run in
direct space by a simulated annealing algorithm. During the solution, the two torsional angles of the
monomer were allowed to move freely. The background was described by the Chebyshev function
with four parameters, while the amorphous content was modeled with two peaks centered at 20 =22.1°
and 45.8° based on a fully amorphous PEF profile, and suitably scaled on each pattern of -, «’-, 3-PEF,
respectively. The peak profile was described by a combination of Gaussian and Lorentzian functions.
Microstructural parameters are reported in Table S1 (Supplementary Materials).

3. Results and Discussion

3.1. Sample Characterization

To the best of our knowledge, PEF displays three different XRD patterns [16,17].
Various experimental conditions were screened to obtain highly crystalline samples showing pure
crystal phases. The diffraction patterns of the samples, used for structure resolution and refinements,
are reported in Figure 1 together with the profile of an amorphous ‘as-synthesized” sample. The degrees
of crystallinity, as measured by XRD, are 47, 45, and 27% for «, «’, and (3 samples, respectively. o and «’
profiles are very similar, although «-PEF shows sharper reflections and an extra peak at 19.3° (26).
On the other hand, -PEF exhibits five main reflections roughly positioned at the same angular
values as «’-PEF. However, they are broader and display completely different relative intensities.
Lastly, an additional low-intensity reflection is detectable at 9.5°.
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Figure 1. X-ray diffraction (XRD) patterns of PEF: (a) from top to bottom: -, «’-, a-phase and
amorphous sample; (b) superposition of the patterns in the range 15°-30°.

The Temperature Modulated Differential Scanning Calorimetry (TMDSC) scans reported in
Figure S1 show the presence of narrow melting peaks for the solution crystallized sample ( crystals)
and for the sample crystallized at 195 °C (« crystals). In particular, in the non-reversing signal curves,
only a large non-reversing melting appeared, indicating the high perfection and thermal stability of
the crystals, which do not suffer any recrystallization/reorganization upon heating. This result is
consistent with the highly stable unique crystalline phases. For the sample crystallized at 170 °C a small
recrystallization peak appeared, but only after non-reversing melting and at a very high temperature,
just before the end of melting. On the other hand, PEF crystallized at 150 °C, showed a broad melting.
A recrystallization exothermic peak was also observed above 170 °C, in the non-reversing signal curve,
as well as in the case of the melt-quenched sample. This behavior indicates that crystal perfection
occurred upon heating, due to the poor nature of the original crystals. This behavior is consistent
with the transition from the less perfect «” to the « crystal phase at 170 °C, as already reported in
the literature [15-17], Scheme 1. The ATR-FTIR spectra analysis, reported in Figure S2, confirm the
presence of the right functional groups of the polymer (comparisons in Figure S3), but do not provide
any specific insight about the solid phase, since no particular differences were detected in the bands
position. A careful analysis of XRD data can give further confidence about the phase purity. As can be
seen in Figure 1b, the peak at 19.3° (20) can be taken as a x-phase marker because at this angular
value both of the other two samples display no peaks, thus indicating a complete absence of the
a-phase. Similarly, a verification of the base line intensity around 9.5° in the «’-, x-samples excludes
the presence of the 3-phase because of the detection of a flat background.

3.2. Crystal Solutions and Refinements

Structural analysis was carried out on powder patterns and each dataset was treated as completely
new. Patterns were indexed using 16 peaks and the cells were chosen based on cell volume and
calculated density. Cells with a density higher than 1.60 (g/cm?) or with a volume corresponding to
a non-integer number of molecules were discarded.

The values found, although unusually high for organic polymers, were not surprising since
comparably high densities for PEF have been reported in the literature [11,19]. A pretty good
agreement between the observed and calculated diffraction profiles was obtained for all of the
polymorphs (Figure 2). Cell parameters and discrepancy factors are reported in Table 1. The R,
factors achieved, lower than 13%, are satisfactory for polymer structures determined by powder
diffraction. The fractional atomic coordinates of the asymmetric unit for each of the phases are
reported in Tables 52-54, and the atomic distances and angles are reported in Tables S5-57.
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Table 1. Structural data; estimated standard deviations (e.s.d.) in parentheses.

Cell Parameters o-PEF o’-PEF B3-PEF
a(A) 5.729(7) 5.912(3) 5.953(3)
b (A) 7.89(3) 6.913(4) 6.600(3)
c(A) 9.62(6) 19.73(2) 10.52(1)
« (%) 98.1(3) 90.0 90.0
B (%) 65.1(4) 90.0 107.0(1)
v () 101.3(4) 104.41(3) 90.0
S.G. P-1 P1 P1
Vol (A%) 385.85 780.84 394.30
Peale (g/cm3) 1.567 1.549 1.482
Rp (%) 12.5 11.4 13.2
Rup (%) 132 12.1 13.5
o
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Figure 2. Comparison between observed (red), calculated (black), and Io-Ic difference (grey)
powder-diffraction patterns: (a) a-PEF; (b) o’-PEF; (c) 3-PEF. Dashed line (grey) represents the sum
of background and amorphous phase contributions. The Miller indices of the reflections that mainly
contribute to the peak intensities are reported.
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3.3. a-PEF

The structure of x-PEF is displayed in Figure 3. The unit cell contains two monomers. The polymer
chain expands in opposite directions with respect to the furanic ring due to the orientation of the two
ester groups. The chains are aligned in the c-axis direction and lie roughly parallel to the 2 -5 0 plane
(see Figure 3b,c).

: (a)

g,

a

Figure 3. Views of the chain arrangements in the unit cell for the x-PEF structure: (a) along the b-axis;
(b) projection down the c-axis; (c) a view to highlight chain section. Oxygen atoms are in red; dotted line
represents the intersection of the 2 -5 0 plane with the 4, b plane.

3.4. o’-PEF

The less stable «’-phase shows a different structure. During the course of this study the work of
Mao et al. appeared in the literature, reporting the PEF structure of a fiber sample investigated with
synchrotron light [19]. We found that one of the proposed structures showed a calculated powder
pattern very similar to that of o’-PEF except for the amorphous “bump”, see Figure S4. For this reason,
we refined the «’-PEF phase starting from the data of the 3/12 structure, as proposed by Mao et al.
With respect to the cell determined from a fiber sample [19], we found longer 2 and b axes and a shorter
c axis. The pseudo monoclinic unit cell displays a double volume as compared to x-PEF and hosts
four molecular units organized in two chains. Each of these has two monomers in a “trans” planar
conformation with a 2; axis between adjacent monomers, as shown in Figure 4. The two chains
in the unit cell are parallel to the 4, ¢ plane, staggered by 3/12 of the c-axis in the chain direction,
and slightly bent.

(a)

> \ / AY
FV_J\/\/\_F
a’~ A~
g g

< (c)

Figure 4. Views of the chain arrangement for the o’-PEF structure: (a) projection down the b-axis;
(b) along the c-axis; (c) projection down the a-axis. Oxygen atoms are in red.
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3.5. B-PEF

The crystal structure of the 3-phase, generated by solvent-induced crystallization, is displayed in
Figure 5. Two planar molecules are contained in the monoclinic cell with a volume slightly bigger than
that in the x-phase. Two flat chains lie parallel to the a, c plane, shifted 0.4 units in the c-axis direction.

(b)

="

c

Figure 5. Views of the chain packing for the 3-PEF structure: (a) along the b-axis; (b) projection down
the c-axis; (c) projection down the a-axis. Oxygen atoms are in red.

Taking in the due consideration the thermal expansion of the unit cell, 3-PEF may also be a good
candidate for comparison with the structure of the strain-induced phase followed by in situ heat
treatment, as reported by Stoclet et al. [20].

4. Conclusions

Suitable experimental conditions to obtain PEF samples with a unique crystal phase and very
good crystallinity have been found. By structure determination in direct space («-, f-phases) or by
structure refinement («’-phase), the solutions that gave the best fit with the experimental X-ray powder
patterns have been determined. The unusual high density values of PEF have been confirmed and
justified. The structure previously reported for a PEF fiber corresponds to the «’-phase and shows
a double cell volume as compared to the other forms. None of the PEF phases is isomorphous to PET
crystal lattice. PEF structures show unit cell dimensions different from PET [23]; nevertheless, the chain
packing in «-PEF is similar to that of the polymer derived from terephthalic acid (see Figure S5).
The presence of several polymorphs for PEF, as compared to the unique phase so far known for PET,
could be associated with different factors, such as the intrinsic lower symmetry of furane with respect
to benzene, which causes much more conformations, and to the lower chain mobility and higher
rigidity of furanoate with respect to terephthalate [11].

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/3/296 /51,
Figure S1: TMDSC scans, Figure S2: ATR-FTIR scans, Figure S3: comparisons of IR spectra, Figure S4: calculated
pattern of 3/12 structure reported by Mao, Figure S5: overlap of the crystal structures of PET and «-PEF, Table S1:
microstructural parameters, Table S2: crystal data of x-PEF, Table S3: crystal data of «’-PEF, Table S4: crystal data
of B-PEF, Table S5: bond distances and angles of «-PEF, Table S6: bond distances and angles of «’-PEF, Table S7:
bond distances and angles of 3-PEF.
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