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palavras-chave

resumo

Poli(2,5-furanodicarboxilato de etileno), copoliésteres, poli(2,5-
furandicarboxilato de isosorbido)-co-poli(1,12-dodecanodioato de isosorbido),
(bio)degradagao, Penicillium brevicompactum

A produgéo massiva de polimeros convencionais (comumente designados por
plasticos) com base em recursos fosseis e a poluicdo do meio ambiente tém
fomentado a investigacdo em polimeros de origem renovavel como alternativas
mais sustentaveis. Neste sentido, o acido 2,5-furandicarboxilico (FDCA) é um
destacado mondmero de origem renovavel para a sintese de polimeros,
nomeadamente o poli(2,5-furanodicarboxilato de etileno) (PEF). O PEF tem uma
série de propriedades térmicas, mecanicas e de barreira bastante promissoras,
0 que o torna uma alternativa renovavel ao polimero de origem fossil
poli(tereftalato de etileno) (PET), para a producdo de embalagens plasticas,
entre outras aplicagbes. Para diminuir possiveis impactos ambientais é
importante que, para além da sua origem renovavel, o fim-de-vida do PEF
(assim como de qualquer plastico) seja devidamente acautelado,
nomeadamente via (bio)degradacado. Contudo, ha uma falha na literatura no que
toca ao estudo do fim-de-vida, nomeadamente via (bio)degradagdo dos
polimeros baseados no FDCA, tais como o PEF. Nesse sentido, no presente
trabalho pretendemos estudar a biodegradagdo do PEF (Cap.ll) utilizando o
fungo Penicillium brevicompactum. Neste estudo, foi avaliado a biodegradagao
do PEF pelo fungo P. brevicompactum por anadlise gravimetrica e por
espectroscopia de infravermelho. O P. brevicompactum n&o demonstrou
capacidade de degradar o PEF. Pelo contrario, foi observado um efeito negativo
no crescimento do fungo. Estes resultados intensificam a hipétese de que o PEF
€ pouco biodegradavel e evidenciam a necessidade de desenhar outros
polimeros cuja biodegradabilidade possa ser mais efetiva e modelada.

Por conseguinte, num segundo estudo, sintetizou-se com sucesso uma nova
série de (co)poliésteres de origem renovavel, os poli(2,5-furandicarboxilato de
isosorbido)-co-poli(1,12-dodecanodioato de isosorbido)s (PIsFDDs) e avaliou-
se a sua (bio)degradagao (Cap.lll). A estrutura dos PIsFDDs foi confirmada
detalhadamente por caraterizagdo via espectroscopias de infravermelho,
ressonancia magnética de 'H e '3C e difrag&o de raios-X; e as suas propriedades
térmicas avaliadas por TGA, DSC e DMTA. Estes novos polimeros, dependendo
das quantidades relativas de FDCA e acido dodecanodioico, exibiram caracter
amorfo ou semi-cristalino e estabilidade térmica até cerca de 290 °C.
Adicionalmente, realizou-se a (bio)degradacdo hidrolitica/enzimatica dos
PIlsFDDs, onde se observou valores promissores, nomeadamente para o
PIsFDD 10/90 a perda de peso atingiu os 10.5% apds 35 dias de incubacgéo,
apresentando, em geral, potencial para serem aplicados em produtos
(bio)degradaveis.
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furandicarboxylate)-co-poly(isosorbide 1,12 - dodecanedioate),
(bio)degradation, Penicillium brevicompactum

The excessive production of conventional polymers (routinely called plastics),
and the related depletion of fossil sources, as well as the environmental
pollution, has prompted massive research on sustainable polymers alternatives
to current fossil-based homologs. 2,5-Furandicarboxylic acid (FDCA) has been
highlighted as a promising bio-based key chemical for polyesters production,
mainly due to the similarity of this renewable monomer with the well-known
terephthalic acid (TPA). One of the most promising FDCA-based polyesters
developed so far is, undoubtedly, poly(ethylene 2,5-furandicarboxylate) (PEF).
PEF is considered the renewable alternative to the fossil-based poly(ethylene
terephthalate) (PET), suitable for packaging applications, among others. PEF
has a very interesting set of properties, including, for example, high thermal
properties and superior barrier behavior. Despite the enormous efforts put in
studying PEF properties and applications, PEF end-life has been barely
addressed.

In this vein, in this work, we aim to study the biodegradation of PEF using the
Penicillium brevicompactum fungus (Chapter. Il). The biodegradation of PEF
by the fungus was evaluated through gravimetric and ATR-FTIR analyses. P.
brevicompactum did not demonstrate the ability to degrade PEF. On the
contrary, a negative effect was observed on the growth of the fungus. These
results intensify the hypothesis that PEF is poorly biodegradable and highlight
the need to better study alternative more biodegradable polymers.

Therefore a series of copolyesters from the FDCA and other renewable-based
aliphatic compounds the poly(isosorbide 2,5-furandicarboxylate)-co-
poly(isosorbide  1,12-dodecanedioate) (PIsFDD) were  successfully
synthesized. Their structure was checked by ATR-FTIR, 'H and '*C NMR, and
X-ray diffraction, and their thermal properties were evaluated by TGA, DSC, and
DMTA. The PIsFDD copolyesters depending on the monomeric quantities
exhibited amorphous or semi-crystalline character and thermal stability up to
290 °C. Additionally, hydrolytic/lenzymatic degradation of PIsFDDs showed
promising results namely for PIsFDD 10/90 a 10.5% weight loss was reached.
These copolyesters showed the potential to be applied as (bio)degradable
products.
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l. Introduction

The human population has been increasing at explosive rates to the actual exorbitant
number of 7.7 billion and it is expected to reach 9.7 billion by 2050". With this explosive
increase, we are confronting serious challenges, such as resources and energy scarcity,
and global environmental pollution?3. The development of a sustainable world is one of the
most demanding challenges for our society, as it is viewed as the “development that
meets the needs of the present without compromising the ability of future
generations to meet their own needs” *. In this regard, to make sustainable development
a worldwide reality, in 2016, the United Nations (UN) resolution entitled " Transforming our
World: The 2030 Agenda for Sustainable Development " came into force®. One of the main
focuses of this agenda is “to protect the planet from degradation, including through
sustainable consumption and production, sustainable managing its natural
resources and taking urgent action on climate change, so that it can support the need
of the present and future generations™. This agenda has as Goal 12. “Ensure
sustainable consumption and production patterns” 5. Hence, entirely aligned with the
meaning of sustainability. The contemporary world relies on polymers (routinely called
‘plastics’). The success of plastics as a material has been substantial due to their properties
and versatility. Their proprieties include high durability, lightweight, chemical- and light-
resistant, and toughness®’. These properties together with their low cost have driven the
annual worldwide demand for plastics to reach 359 million tonnes in 20188. However, this
demand is largely supported by fossil-based polymers, such as: poly(propylene) (PP),
poly(ethylene) (PE) with different densities, poly(vinyl chloride) (PVC), poly(urethane)
(PUR), poly(ethylene terephthalate) (PET), poly(styrene) (PS)/ poly(styrene), expandable
(EPS)8. This excessive production of polymers from finite fossil resources requires the
search for alternative ones from renewable resources®.

In addition, conventional polymers have typically low biodegradability in the environment,
which is a property appreciated in some applications (such as tubes, aircraft), but in what
concerns massive-use packaging (“convenience packaging”) and other “short-term”
applications, polymers waste and management is particularly warring due to plastic
accumulation in the environment'®'. It is estimated that over 5800 million tons (Mt) of
plastic waste is currently in the environment, and is expected to reach 12000 Mt by 20502,
Plastics entering the marine environment have received particular concern'® because their
amount increase in the ocean at a shocking rate of 4.8-12.7 Mt per year'* and also due to

their ability to reach microplastics (particles <5 mm in diameter) and nano-plastics (particles



<1 um in diameter) size'®. This debris is spread globally across the oceans, having
consequences on all ecological systems'®. For example, microplastics are a concern
especially because they can be transferred along the food chain, causing toxicity due to the
additives and monomers that constitute them, and due to their ability to absorb water
contaminants'” '8, Nanoplastics have shown similar behavior to microplastics, but with the
additional problem of being more likely to cross biological membranes affecting the normal
functioning of cells'®'°. These problems have been forcing a change in our society, making
scientists and industrials search for renewable-based, biodegradable, and more harmless

polymers™O.

The emergence of the biorefinery concept in the early 2000s2° brought whit it the opportunity
to replace the non—sustainable fossil-based model of development with a more sustainable
one based on renewable resources. Biorefinery refers to “the sustainable processing of
biomass into a spectrum of marketable products (food, feed, materials, chemicals)
and energy (fuels, power, heat)’?'. In 2004, the US National Renewable Energy
Laboratory highlighted 12 promising building block chemicals produced from biomass, all
of them with the ability to be converted into several high-value bio-based chemicals or
materials??. 2,5-Furandicarboxylic acid (FDCA) was one of those highlighted building
blocks, as this diacid can be used for the development of promising bio-based polymers.23.

The term “bio-based” refers to polymers derived from biomass?.

Clobal production capacities of bioplastics 2018 (by material type)
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Figure 1-Global production of bioplastics in 2018. Adapted from reference®

In 2018, the bioplastics market represented 1% (2.11Mt) of world plastic production.

However, it is a growing market, not only due to its increasing demand but also due to the



emergence of new bio-based polymers. Now, the bioplastics market (Figure 1) consists of
bio-based biodegradable polymers such as poly(lactic acid) (PLA) and
poly(hydroxyalkanoates) (PHA)), but also non-biodegradable bio-based polymers (such as
bio-based polyethylene (bioPE), bio-based poly(ethylene terephthalate) (bioPET).
Poly(ethylene 2,5-furandicarboxylate) (PEF), a bio-based polymer derived from FDCA, is
expected to hit the market in 202325,

i. Aims and scope

Due to this need of replacing non-renewable polymers with more sustainable and

(bio)degradable alternatives, the present thesis had two main goals.

We first aim to evaluate the biodegradation of PEF by the fungus Penicillium
brevicompactum and secondly, we aim to synthesize a series of new bio-based
copolyesters based on the FDCA and other aliphatic compounds and to evaluate their
degradation under different conditions. In this way, the present thesis is divided into four
main chapters. In Chapter I, we address all the theoretical concepts needed to understand
and develop the works underlying the dissertation. Chapter Il presents the work on PEF
synthesis and biodegradation by the fungus P. brevicompactum. In Chapter Ill, we present
the work developed in the synthesis, characterization, and degradation of poly(isosorbide
2,5-furandicarboxylate)-co-poly(isosorbide 1,12-dodecanedioate) (PIsFDD) copolyesters.
Finally, in Chapter IV, we summarize the main general conclusions and the future

perspectives.



1. Furanic polyesters

1.1. 2,5-furandicarboxylic acid monomers

2,5-Furandicarboxylic acid (FDCA) is one of the 12 highlighted chemicals, it is a bio-based
rigid aromatic monomer and both industry and academy had increased the interest to
explore it?. The chemical structure of FDCA is similar to terephthalic acid (TPA) (Figure 2).
Due to this similarity, the FDCA has been recognized as a promising bio-based substitute
for TPA, which is a petroleum-based monomer widely used for the synthesis of high-
performance polymers?®, such as PET (used e.g. for the production of plastic bottles), but

also poly(butylene terephthalate) (PBT) and poly(propylene terephthalate) (PPT)%"-28,

| TPA ‘p FDCA

NS QIPATEN

Figure 2- Similar chemical structures of TPA and FDCA

Generally, the FDCA is obtained via catalytic oxidation of 5-hydroxymethylfurfural (HMF)
from hexoses 2°: first, the production of 5-hydroxymethylfurfural by dehydration of hexoses,

and secondly, its oxidative conversion into FDCA (Figure 3).

FDCA

Frutose dehydratlon / \ OXIdat|0n / \
Glucose
C6 Polysaccharides

Figure 3- General route to obtain HMF and FDCA from hexoses and C6 based polysaccharides.
Adapted from Sousa et al. .

The HMF oxidation into FDCA has been the focus of many studies, resulting in a wide
variety of procedures. Then, FDCA was successfully prepared by oxidation of HMF using

distinct types of oxidation conditions and catalysts (homogeneous and heterogeneous



metal catalysts as well bio- or electrocatalysts)?*3°. Some interesting examples of this
oxidation procedures, with high yield (>90%), was FDCA prepared under mild conditions,
by oxidation of aqueous HMF whit O, using several types of catalysts, namely Pt, Pt/Bi, Pd,
and Au modified with Pd or Pt and supported in different carbon forms (carbon nanotubes
and graphene)?. However, FDCA synthesis is out of the scope of this appraisal.

A wide variety of polymeric materials have been obtained from FDCAZ23, including
polyesters, polyamides, polyurethanes, and epoxy resins. Most of the studies have been

related to FDCA-based polyesters, which is also one of the main focus of this study.

There are several types of polyesters derived from FDCA, which are divided into two main
groups, depending on the chemical unit to which FDCA is attached: (i) furanic—aliphatic
polyesters, derived from FDCA and an aliphatic unity, including those with a linear carbon
chain (that can span from C2 to C18, or even further), or instead, those with a more rigid
cyclic structure and (ii) furanic-aromatic polyesters, derived from FDCA and an aromatic
unity, such as benzenic or furanic based?®. Among FDCA-based polyesters, PEF is the most
studied because of its similarities to the engineering plastic PET (Figure 4). Poly(propylene
2,5-furandicarboxylate) (PPF), poly(butylene 2,5-furandicarboxylate) (PBF) and poly(1,4-
cyclohexane-dimethylene 2,5-furandicarboxylate) (PCDMF) are also very promising

materials3'.
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Figure 4- Chemical structure of fossil-based PET (left) and renewable-based PEF (right).

1.2. Poly(ethylene 2,5-furandicarboxylate) (PEF)

As previously mentioned, 100% renewable-based PEF has been proposed as an important
alternative to its fossil-based counterpart PET?2. PET is one of the dominant polymers in
the global market with an annual output of over 50 Mt33. Compared with PET, PEF is
considered to have a lower carbon footprint, equivalent thermal and mechanical properties,

and importantly superior barrier properties. Moreover, the production of PEF has been



claimed to decrease the non-renewable energy use by about 40-50% and greenhouse gas

emissions by 45-55% what makes PEF an excellent sustainable alternative to PET34.

The large-scale production of PEF is being fostered by companies such as Avantium BV,
but it is still not a commercial reality, yet. In 2015, Avantium company using YXY technology
opened an operational pilot plant for PEF production3®. This pilot project achieved promising
results, which led the company Avantium to announce that PEF will reach the market by

2023, for high-value applications such as high-barrier films and specialty bottles?¢.

Regarding the properties of PEF, it is a semicrystalline homopolyester, showing accordingly
both a glass transition (T4) around 75-80 °C and a melting temperature (Tn) at 210-215 °C.
Also, PEF is thermally stable up to approximately 300 °C. Several studies demonstrated
PET and PEF have similar properties (Table 1), but PEF has a higher Tgand a lower Tr32.
For example, in the work conducted by Burgess et al.®” PEF films had T4 =85 °C; T = 211
°C; and thermal decomposition (T4) = 389°C, while PET presented T4 = 76°C; Tm = 247°C;
and Tq = 413 °C%¥. The Young’s modulus and the maximum stress of PEF are 2070-2450
MPa and 35-67 MPa, respectively, which are comparable to those of PET (2000 MPa and
45 MPa, respectively), Young’s modulus of PEF is slightly higher 2. The elongation at break
was about 4%, and much lower than the observed in PET (90-250%)%*. PEF has increased
barrier properties: about 11 times less permeable to oxygen?, 19 times less to carbon

dioxide*' and, 3 times less to water*> when compared to PET.

Table 1- Comparison of properties between PEF and PET 37-3°,

Properties PEF PET
Ty 85°C 76 °C
Tm 211 °C 247 °C
Tq 389 °C 413 °C
Young’'s modulus 2070-2450 MPa 2000 MPa
Maximum stress 35-67 MPa 45 MPa
Elongation at break 4% 90-250%

PEF synthesis. Studies concerning PEF synthetic conditions have been performed:
different approaches (polycondensation and/or polyesteresterification); using FDCA or its

derivatives (Figure 5); varying temperatures pressures, catalysts; or time?23.

The most used approach is based on a 2-stage melt polymerization (Figure 6). Briefly, this
approach consists of (i) first-stage esterification or transesterification reaction of FDCA or

dimethyl 2,5-furandicarboxylate (DMFDC) with ethylene glycol (EG) respectively, carried



out under nitrogen and heating up to 215 °C, followed by, in a second-stage (ii), a slow
evacuation of the excess of diol and a polytransesterification reaction with increasing

temperature (up to 215-245 °C) under reduced pressure®:.
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Figure 5- Derivatives of the FDCA: dimethyl 2,5-furandicarboxylate (DMFDC); Bis(hydroxyethyl)-
2,5-furandicarboxylate (BHEFDC); 2,5-furandicarbonyl dichloride (FDCDCI). Adapted from Sousa et
al. %,

Additionally, some studies implemented a third-stage (iii) of solid-state polycondensation
during several days and using temperatures between PEF glass transition and melting
point, aiming at increasing the polyester degree of polymerization obtaining a higher
molecular weight PEF3343, To prevent the decarboxylation of FDCA it is preferable to use
the derivative DMFDC instead of the FDCA as starting monomer*4,
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Figure 6-Scheme of PEF synthesis by the two-stage melt approach. Adapted from Sousa et al. 2.



Weinberger et al.*5 have studied the potential of amorphous PEF films to be degraded by
two different enzymes, cutinase 1 from the bacterium Thermobifida cellulosilytica
(The_cut1) and cutinase from the fungus Humicola insolens (HiC). The authors concluded
that PEF is highly degraded by the fungal enzyme HiC, leading to a 100% degradation of
the polymer to soluble molecules (FDCA and oligomers) after only 72 h of reaction, being a
promising enzyme to be used in PEF recycling, but also showing that PEF may be sensitive
to fungal biodegradation*®. Austin et al.*¢ used the enzyme PETase extracted from the
bacteria Ideonella sakaiensis 201-F6, which has the rare ability to biodegrade PET, to study
the degradation of PEF. They showed that PETase is able to degrade PEF and is potentially
more active for PEF than for PET*6. So far, studies on standard biodegradation of PEF are
almost non-existent. To the best of our knowledge, the only study is a test carried out by
Organic Waste Systems (Gent, Belgium) which showed that PEF degrades much faster
than PET under industrial composting conditions (250-400 days with air/oxygen and at 58
°C, in soil)*748, At this time, Avantium has a 10-year field study underway to assess the
biodegradation of this polymer*®. However, more studies are required to assess the
biodegradation of PEF, either under control laboratory conditions to find the best options to

carry out PEF (bio)degradation, but especially under environmentally relevant conditions.

1.3. Furanic — aliphatic polyesters

Furanic—aliphatic polyesters are one of the most studied families of furan polymers. The
research about this family is mainly due to the wide range of aliphatic molecules that can
form monomers with the FDCA, allowing the synthesis of various polyesters with a wide
variety of end-properties. Some of the aliphatic molecules used may be of linear chain or
cyclic structure, and studies tend to have these molecules also obtained from renewable
sources, a factor that contributes to the development of more sustainable polymers?3.
Polyesters obtained from these furan-aliphatic moieties have been shown to have a wide
range of thermo-mechanical properties®®#° and some also promising ability to be
(bio)degradable®®®'. For now, the PEF (discussed in the previous topic) is the most relevant
member. But in addition to PEF, many other furanic — linear aliphatic and furanic-

cycloaliphatic copolyesters are part of this interesting family23.

Some examples of homolyesters are PPF, PBF, poly(1,6-hexylene 2,5-furandicarboxylate)
(PHF), poly(1,8-octylene 2,5-furandicarboxylate) (POF), poly(1,9-nonylene 2,5-
furandicarboxylate) (PNF), poly(1,10-decylene 2,5-furandicarboxylate) (PDF), poly-(1,12-
dodecylene 2,5-furandicarboxylate) (PDDF)3%52 among many others. PBF is also an

important polymer because it is the renewable counterpart of the fossil-based plastic PBT



(this latter quite used in electronics). The thermal and mechanical properties of PBF are
very similar to those of PBT#%53,

Scientific knowledge regarding furan-cycloaliphatic homopolyesters, which are normally
formed by reacting FDCA with cycloaliphatic diols, is not yet abundant and is mostly focused
on the use of 1,4:3,6-dianhydrohexitols (DAHs)?3. DAHs are bicyclic dihydroxyethers
derived from C6-sugar alcohols that have two hydroxyl groups located at the C2 and C5
positions that may have different spatial arrangements, leading to three possible
stereoisomers, namely from the most reactive to the least reactive: isoidide > isosorbide >
isomannide (Figure 7).
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Figure 7- Molecular structures of isoidide, isosorbide, and isomannide.

Isoidide, despite being the most reactive, is not the most used since its precursor is scarce
in nature. Isosorbide is the only DAH that is manufactured on an industrial scale and has
been the most used in the development of these polyesters?®. These DAHs may impart
attractive characteristics to polymers such as stiffness, chirality, and non-toxicity,
contributing to the synthesis of polyesters with high glass transition temperature, and/or
special optical properties®*. Due to the low reactive character of DAHs, low molecular weight
polyesters are usually formed®*. Poly(isosorbide 2,5-furandicarboxylate) and poly(isoidide
2,5-furandicarboxylate) were produced by Gomes et al®® (Figure 8) using 2,5-
furandicarbonyl dichloride (FDCDCI) and isosorbide or isoidide via a solution
polycondensation at low temperatures. Both polymers showed high glass transition
temperatures, the first with a T4 = 180 °C (M, = 13 750 g mol™"), and the second with a T =

140 °C (M» = 5670 g mol™"). These two polyesters showed amorphous structures®®.
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Figure 8- Polycondensation reaction of FDCDCI with isosorbide or isoidide. Adapted from Sousa et
al. .

More recently, Terzopoulou et al®® also synthesized poly(isosorbide 2,5-
furandicarboxylate) but in this study, the authors prepared this polyester via a more eco-
friendly melt polycondensation process using DMFDC and isosorbide. The differential
scanning calorimetry (DSC) thermogram showed a T4 = 157 °C, which is lower than that
reported in the previous work. It exhibited high thermal stability since it only degraded at
temperatures above 300°C. The authors confirmed by Wide-angle X-ray diffraction that this
homopolyester was amorphous , prompted by the asymmetric nature of isosorbide with exo

and endo isosorbide hydroxyl groups %6.

Ways for increasing (bio)degradation. There is a lack of (bio)degradation knowledge of
the furanic — aliphatic homopolyesters mentioned above, with very few studies assessing
their potential (bio)degradability 475”60, One exception is the work carried out by Karolina
Haernvall et al.?° evaluating the susceptibility to enzymatic hydrolysis of various furanic —
linear aliphatic polyesters formed with linear diols with 3, 5, 6, 8, 9, or 12 carbons, or
diethylene glycol. They used enzyme cutinase 1 of the bacteria T. cellulosilytica (Thc_Cut1)
at 50 °C and pH 7.0. After a 72h incubation period, the authors concluded that all tested
homopolyesters suffered some enzymatic damage®’. Unfortunately, it is expected that their
(bio)degradation will be difficult to occur, since, as already observed with the petrochemical
counterparts, they also have a strong potential to resist hydrolysis, as well as fungal and
bacterial attack®'. Thus, the use of these homopolyesters can lead to serious environmental
problems due to the accumulation of plastic waste.

A simple way to overcome this problem is to increase the (bio)degradability of these
polyesters right from the start through adequate polymer design achieved through

copolymerization of FDCA and aliphatic comonomers — furanic-aliphatic copolyesters®'.

Copolymerization is a well-known technique, which allows the modification and
improvement of the polymer properties to target properties, not being used exclusively to
improve (bio)degradability. A wide range of furanic-aliphatic copolyesters can be

synthesized, either by using different combinations of diols or simply by using additional
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acids or hydroxyacids?®. Some studies had reported these copolyesters whit improved
(bio)degradability'-61-68. Others only synthesize them and characterize their properties, but
do not evaluate their potential (bio)degradability>>6%-74, Matos et al.' designed the
poly(ethylene 2,5-furandicarboxylate)-co-poly(lactic acid) (PEF-co-PLA) copolyesters, that
modified PEF to a promising (bio)degradable material. The authors copolymerized different
molar ratios of bis(hydroxyethyl)-2,5-furandicarboxylate) (BHEFDC - PEF precursor) with
oligomeric poly(lactic acid) (PLA) (M, ca. 5000 g. mol™') using Sb,O3 or SnCl»-2H,0 as a
catalyst (Figure 9). In general, these copolyesters had a rigid amorphous structure. They
have proved, through hydrolytic degradation in phosphate buffer solution, that the PEF-co-
PLA copolyesters have improved degradative capacities when compared to the PEF
homopolyester. For example, the incorporation of only 8 mol% of PLA in the PEF-co-PLA
substantially increased its degradation without drastically altering its thermal properties,
since it kept a very high thermal decomposition temperature (T4) and high T4 values (ca.

324 and 76 °C, respectively), similar to PEF homopolyester®’.
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Figure 9- Scheme of PEF-co-PLA synthesis through polycondensation of BHEFDC and PLA.
Adapted from Sousa et al. .

In another study, to overcome the total lack of crystallinity of poly(isosorbide 2,5-
furandicarboxylate) homopolyester, Chebbi et al.8” copolymerized it with PDF giving rise to
poly(decamethylene-co-isosorbide 2,5-furandicarboxylate) (PDIsF). These copolyesters
were synthesized from DMFDC and diverse feed molar ratios of 1,10-decanediol (flexible)
and isosorbide (rigid), via a three-step melt polycondensation method (Figure 10). The

authors evaluated the thermal and mechanical properties and soil biodegradation of these
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copolyesteres. All PDIsF studied had a semi-crystalline structure with excellent thermal
stability with T4 values above 405 °C. The increase from 5 to 40% of the feed molar ratio of
isosorbide substantially increased the T4 from -1.2 to 20.6 °C, also increasing the thermo-
oxidative stability. In contrast, as the isosorbide increased, the T, decreased from ca. 111
to 64 °C. Further, PDIsF copolyesteres with low amounts of isosorbide (5 to 15% feed molar
ratio) showed a substantial mechanical improvement over the homopolyester PDF. This is
important, as it has been observed that these PDIsF copolyesters (containing 5 to 15% feed

molar ratio of isosorbide) were clearly sensitive to biodegradation processes in the soil.
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Figure 10- Scheme of synthesis route of copolyesters PDIsFs from Isosorbide, 1,10-Decanodiol,
and DMFDC. Adapted from Chebbi et al.?”.

Poly(ethylene dodecanedioate-2,5-furandicarboxylate) (PEDF) copolyesters were
synthesized by Jia et al.”®. These copolyesters were synthesized from EG and different feed
molar ratios of DMFDC and dimethyl dodecanedioate (DMDC) via 2-stage melt
polymerization (Figure 11). The thermal and mechanical properties and the potential
(bio)degradability of these copolyesters were evaluated. All copolyesters showed high
thermal stability, with T4 above 350 °C. With the increase in the mol% of DMDC, the PEDF
copolyester changed from amorphous elastomers (30 and 40 mol% of DMDC) to a semi-
crystalline structure. Enzymatic degradation by a lipase from the porcine pancreas in
phosphate buffer solution showed that, in general, there was an increase in degradation
with the increase in mol% of DMDC, which evidenced that aromatic ester bonds (formed by
DMFDC and EG) are more difficult to degrade than aliphatic ester (formed by DMDC and
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EG). In this case, the degradation was more affected by the DMFDC quantity than by the
crystallinity. However, the copolyester with 60 mol% DMDC exhibited a curiously improved
degradation compared to the other copolyesters, probably because the two factors

(crystallinity/amount of DMFDC) played a combinatory role’s.
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Figure 11- Scheme of co-polyesters PEDFs synthesis from DMFDC (DMFD in the figure), DMDC,
and EG. Adapted from Jia et al. 7.

The bio-based furanic—aliphatic homopolyesters have proven to be excellent substitutes for
petrochemical polymers, in terms of thermal and mechanical properties. However, as
observed for their petrochemical counterparts, they may exhibit reduced (bio)degradability.
Copolymerization has been successfully used for enhancing biodegradability, and with the

adequate design of the copolyesters, without drastically altering their desired properties.

2. Polymer Degradation
2.1. What is polymer degradation?

Polymer degradation is any physical or chemical change in the polymer as a result of
environmental factors (light, heat, moisture, chemical conditions, or biological activity)
through chemical, physical or biological reactions, resulting in bond scission and
subsequent chemical transformations. Degradation can be observed in the change of
material properties such as mechanical, optical, or electrical characteristics, in crazing,
cracking, erosion, discoloration, phase separation, or delamination®. These processes are
commonly termed “abiotic” degradation if they involve parameters like mechanical stress,

light or temperature, or “biotic” degradation (biodegradation) if they involve naturally
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occurring microorganisms like bacteria, fungi, and algae’”. In nature, abiotic and biotic
factors act synergistically, the abiotic degradation is critical to initiate polymer degradation,
as it results in loss of mechanical and structural properties, increasing the available surface

area for both microbial colonization and physicochemical interactions.

2.2. Abiotic degradation

Abiotic degradation occurs mainly due to four factors: mechanical, thermal, chemical, and
photo-degradation, the last two are considered the most efficient abiotic factors occurring

in the environment’s.

Mechanical degradation can take place due to compression, tension, and/or shear forces.
This process is not predominant but can activate or accelerate the degradation, acting
synergistically with other factors’. In an aquatic environment, this process is facilitated by

the action of waves and attrition with sand and other sediments?®.

Chemical degradation can be due to interaction whit atmospheric pollutants, agrochemicals,
oxygen, or water. Water may lead to polymer hydrolysis if the polymer contains hydrolyzable
covalent bonds such as esters, anhydrides, and amides, this process is dependent on
parameters as water activity, temperature, pH, and time®. This kind of degradation is
correlated with the polymers’ crystallinity because crystalline domains limit the diffusion of

Oz and H0, contrariwise the amorphous domains facilitate this72.

Thermal degradation of polymers results from overheating, high temperatures make the
polymer chain unstable, which leads to changes in the properties of the polymers, like the
reduction of weight and ductility or color changes. Two types of reactions may occur,
random molecular scission of the long-chain backbone or chain-end scission of C—C
bonds?. However, in the environment, this type of degradation is difficult to occur, since the
melting point of polymers is considerably higher than the environmental temperatures, but
some thermoplastics polymers have a melting temperature near the environmental
conditions or composting temperature (for example the PCL, with a T, = 60 °C)’8.
Nevertheless, the temperature is a factor that positively affects the degradation, polymers
whit semicrystalline structure such as poly(lactic acid) (PLA) or poly(butylene terephthalate)
(PBT), have structural changes around their glass transition temperatures (50 °C for .-PLA,
25 °C for PBT), resulting in altered chain mobility. Above Ty (rubbery state), the polymer

becomes less rigid, facilitating the accessibility to chemical and biological degradations®’.
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Under Ty (glassy state), additional crystallite formation (called spherolites) may occur,

producing interspherulitic cracks and the brittleness of the thermoplastic polymers®2.

Photo-degradation is caused due to the absorption of solar radiation by the polymer.
Ultraviolet (UV) radiation is responsible for the direct photo-degradation (photolysis, initiated
photooxidation), visible light (400-760 nm) accelerates polymeric degradation by heating
and, infrared radiation (760-2500 nm) accelerates thermal oxidation. UV absorption by the
polymer activates their electrons to excited states and causes oxidation, C-C bond
cleavage, and other degradation’. Considering that this is one of the most efficient factors
in the environment, some polymers were developed with photosensitive molecular

structures added to the polymer chain to improve the photo-degradation83.84,

The degradative capacity of abiotic factors is not the same in all-natural environments. In
the water column, the polymers can be buoyant, neutrally buoyant or they can sink
depending on their composition, density, and shape. For example, microplastics are
distributed throughout the water column, low-density microplastics are predominantly found
in the sea-surface microlayer and, high-density microplastics are normally found in the
benthic zone. It's important to highlight that in the marine environment, the biofouling
phenomenon in plastics can increase its density® also, plastic particles can adhere to each
other, factors that cause buoyant plastics to sink®. The deep-sea has been proposed to act
as a global sink for microplastic pollution®’, in this deep environment both abiotic and biotic
degradation is extremely low, temperature and sunlight- or oxidation-mediated processes
are minimal, also the diversity and density of microbial communities is reduced, that allows
the accumulation and durability of plastic particles on the seabed, constituting a permanent
source of environmental exposure®®8%, On the other hand, in less deep waters, plastics are
more exposed to abiotic degradation®, and on the surface of these plastics are present
several microbial communities of autotrophs, heterotrophs, and symbionts, with an active

role in its biodegradation®.

2.3. Biodegradation of polymers

Biotic degradation, or biodegradation, is mediated by microorganisms and it is defined as a
“process which is capable of decomposition of materials into carbon dioxide,
methane, water, inorganic compounds, or biomass in which the predominant
mechanism is the enzymatic action of microorganisms, that can be measured by
standard tests, in a specified period of time, reflecting available disposal

conditions’™'%2. |t is considered that biodegradation occurs after or concomitant whit
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abiotic biodegradation. This previous abiotic degradation weakens the structure of
polymers, making them more susceptible to microbial attack®-%4, and it allows the beginning
of biodegradation processes carried out by physical, chemical, and enzymatic action of

microorganisms.

The interaction between plastics and microorganisms has been studied by the scientific
community aiming to understand the mechanisms involved in biodegradation. Currently, the
biodegradation process is divided into four main steps: (i.) biodeterioration, (ii.)

biofragmentation, (iii.) assimilation, (iv.) mineralization® (Figure 12).
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Figure 12- Schematic representation of the different steps involved in biodegradation. Adapted
from Haider et al."".

i. Biodeterioration:

Biodeterioration is the deterioration of polymer properties caused by microorganisms. In this
first step, microorganisms damage the polymer by physical, chemical, and/or enzymatic
action, resulting in macroscopic alterations (such as holes, cracks, and color changes) and
the initial breakdown of the polymer material into smaller particles. The biodeterioration
results from the activity of microorganisms growing on the surface or inside the polymer

material’®.
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The physical biodeterioration occurs because microorganisms secrete a complex matrix
made of polymers (e.g., polysaccharides and proteins) that allows them to adhere to
plastics. This matrix infiltrates the polymer pores and modifies their size, distribution,
moisture degrees, and thermal transfers. The entry of matrix into the pores allows
microorganisms to grow inside, consequently, increasing the pore size and promoting
cracks, which results in the weakening of the polymeric material®. A relevant aspect of the
matrix is that it acts as a surfactant, facilitating the exchanges between the hydrophobic and
hydrophilic phases. Further, the matrix promotes the accumulation of pollutants, a potential
nutrition source for microorganisms, that leads to microorganism development and

accelerate the biodeterioration®.

The chemical biodeterioration is caused by the chemical compounds released by the
metabolism of microorganisms. During growth, microorganisms can use organic and/or
inorganic sources to develop, depending on the metabolic processing of the source and the
type of microorganisms involved a large variety of acid compounds are released. They
induce water to enter the polymer pores, enhancing the hydrolysis process, leading to the

formation of oligomers and monomers’897,

The enzymatic biodeterioration is related to the ability of microorganisms to produce
enzymes, such as lipases, ureases, or proteases. These enzymes bind to some type of

polymers and catalyze the hydrolysis of specific bonds”®.
ii. Biofragmentation/ Depolymerization:

This step refers to the catalytic action that cleaves polymers into oligomers, dimers, or
monomers (small fragments of low molecular weight). It is critical to allow later assimilation
by the microorganisms since, without biofragmentation, high molecular weight
macromolecules are unable to cross microbial membranes’®9’. Biofragmentation is carried
out by the ectoenzyme or free-radicals secreted by the microorganisms. There are a wide
variety of enzymes that act in different ways. Enzymes are biological catalysts of a protein
nature which exhibit different molecular weight ranging from several thousand to several
million g/mol®”. During growth, microorganisms produce constitutive enzymes that are not
dependent on the presence of specific polymers, but they can also adapt cellular machinery
to produce inducible enzymes in response to the recognition of a specific polymer?.
Extracellularly, enzymes may be free or fixed to particles, its enzymatic action may occur

inside (endoenzymes) or at the ends (exoenzymes) of the polymeric chain. They may be
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specific to a particular polymer or cleave different types of polymers. In biofragmentation
processes, the most relevant groups of enzymes are hydrolases (enzymatic hydrolysis),

and oxidoreductases (enzymatic oxidation)?®.

Free radicals may also play an active role in biofragmentation, these molecules may be
secreted by microorganisms or produced by enzymes in the extracellular environment,
these free radicals attack the polymeric chain causing oxidation reactions that lead to their

breakdown?8.97,
iii. Assimilation:

After biofragmentation oligomers, dimers and monomers are released. This step is
characterized by the uptake of these small molecules by the microorganisms and their use
in microbial metabolism. These fragments must pass the microbial membranes to be
assimilated. Small oligomers, dimers, and monomers can be transported®. Some
monomers are easily transported to the cytoplasm via specific membrane carriers’. In
contrast, the cell membrane can be impermeable to other fragments that prevent them from
being assimilated, however, these molecules may undergo biotransformation reactions
being converted into products (organic intermediates like acids, alcohols, and ketones) that
can be assimilated’®. Inside the microorganisms, the transported fragments are oxidized
by catabolic pathways leading to the production of energy (e.g. adenosine triphosphate),
constitutive elements of the cell structure, and new biomass’. Microorganisms,
depending on their ability to grow under aerobic or anaerobic conditions, essentially use
three catabolic pathways to produce the energy to maintain cellular activity, structure, and
reproduction: aerobic respiration, anaerobic respiration, and fermentation’®. After
processing these fragments by catabolic pathways, various end products can be formed: in
the presence of oxygen there is the formation of CO, and H>O and microbial biomass, in an
anoxic environment are formed CO;, H»O, microbial biomass and under methanogenic
conditions CH4’® or under sulfidogenic condition H,S'®. If the catabolic pathways have
microbial biomass (organic matter) as the end products, degradation may not be complete.
These metabolites can be transported out of microorganisms if they do not have the
metabolic capacity to transform them, or do not want to metabolize or store them. In the
extracellular environment, excreted metabolites may be used by other microorganisms that
can continue biodegradation, or maybe non-assimilable compounds®. Microbial organic

metabolites excreted can represent an ecotoxic hazard at different level®.
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iv. Mineralization:

The biodegradation process is completed if mineralization occurs. Mineralization is the
process where the catabolic pathways have mineral components (completely oxidized
metabolites) as their end products, such as CO,, N, CHi, H>0®%. Mineral molecules
released by microorganisms do not represent an eco-toxicological risk for the environment,

since they follow the biogeochemical cycles®’.

Biodegradation of polymers is dependent on several factors (Figure 13): exposure
conditions, characteristics of the polymer, type of microorganism(s) involved, and previous
abiotic degradation’®'%. Exposure parameters, namely, humidity, temperature, pH, salinity,
the presence or absence of oxygen, and the supply of different nutrients influence the
polymer biodegradation, as well as on the microbial population and enzymatic activity 10101,
Numerous polymer characteristics can influence biodegradation, such as flexibility,
crystallinity, molecular weight, functional groups, hydrophobicity, and more®101. Flexible
polymeric chains facilitate the fitting of the active site of enzymes, for example, aliphatic
polyesters are easily biodegraded than aromatic polyesters''. The molecular weight
determines several physical properties of the polymer, biodegradation becomes difficult with
the increase in molecular weight'%2. Crystalline structures are more resistant to
biodegradation than amorphic ones, their organized structure with strong interchain
hydrogen bonds limits the enzymatic access'®'. Generally, polyesters with a higher melting
temperature have less biodegradability®®. Besides all the above mentioned, other factors,
for example, low molecular weight additives (e.g., plasticizers), polymers blends,
copolymers, cross-linking, substituents and tacticity may play an important role in

biodegradation®’.

It is also important to point out that polymer biodegradation studies (even non-
biodegradable polymers) are usually successful, but under optimal conditions created in the
laboratory, under environmental conditions, they may not occur in the same way. In natural
environments the exposure conditions are more inconstant and diverse, most laboratory
studies fail to reproduce these conditions, such as mixed microbiological populations, water
salinity variation, and natural cycles of temperature and light'®. In addition, homogeneous
materials of a given thickness or morphology are normally used for research, which does
not consider the changes caused to the polymer when exposed to the environment, not only

change in size and morphology but also chemical composition, propensity for aggregation,
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hydrodynamic size, and chemical and colloidal stability'. A good example of this is PET.
PET is considered a non-biodegradable plastic and accumulates in the environment, but a
study has already reported that under laboratory conditions the bacteria /deonella
sakaiensis 201-F6 can degrade and assimilate it. In this study, the bacteria degraded PET
films almost completely in just six weeks at 30°C'%3. The environment where the polymer
ends is probably the factor that most influences its rate of biodegradation. Exposure
conditions vary substantially between composting, soil, and marine environments, and the

same polymer may have different rates of biodegradation in each of these environments''.

Factors affecting polymer biodegradation
Abiotic factors m Polymer characteristics

= Temperature = Hydrophobicity = Morphology
= pH = Extracellular enzymes = Flexibility
= Moisture content = Biosurfactants = Crystallinity
= UV radiation = Molecular weight
= Salinity = Functional groups
= Plasticizers/additives
= Blends of polymers
= Copolymers
= Cross-linking
= Hydrophobicity
= Tacticity

Figure 13- Parameters that affect the biodegradation of polymers. Adapted from Artham et al.'0".

2.4. Polymer degrading microorganisms — Penicillium brevicompactum

Polymer degrading microorganisms are widely distributed in the environment, such as
marine waters, soil, aerobic and anaerobic sludge, industrial wastes, compost, and also in
the human body'%4. Bacteria, archaea, fungi, and other eukaryotic beings (e.g. algae) have
already been detected by numerous studies in plastics collected from the ocean®. Several
studies have been proving in laboratory conditions the biodegradative capacity of these
microorganisms, a lot of bacteria and fungi with the capacity to degrade plastics have

already been described®, some reviews list these plastic degraders?6.94.99.105,106,

The fungi kingdom consists of a wide variety of eukaryotic organisms, morphologically
classified as filamentous fungi, yeasts, or dimorphic fungi. These organisms can be

considered saprotrophic (decomposition of dead material) obligated or opportunistic
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organisms (decomposers, mutualists, or pathogens)'°7-1%8_ Filamentous fungi have been the
most reported’®®. The filamentous network structure gives them the advantage to explore
and grow in places that are difficult for other microorganisms to access, as it allows them to
extend through substrates in search of nutrients'%®. Fungi are mostly aerobic and can inhabit
terrestrial and aquatic environments, even in extreme environmental conditions''%'1", These
organisms are provided with several extraordinary strategies, such as powerful enzymatic
systems, the adsorption capacity, and the production of natural biosurfactants (i.e.,
hydrophobins), which allows them to use polymers as a source of carbon and energy'%.
Several studies have reported this ability that some fungi have to biodegrade fossil-based

polymers (conventional plastics)%2112.113,

The filamentous fungi belonging to the genus Penicillium (phylum Ascomycota, class
Eurotiomycetes, order Eurotiales, family Aspergillaceae''¥) have shown promising
capabilities in degrading conventional plastics. The genus Penicillium was suggested by
Link in 1809 to accommodate asexual fungi that bore penicillum (painter's brush)-like
fruiting bodies''®. These fungi are usually characterized by forming green colonies, and their
conidia are cylindrical to bottle-shaped and aggregated in compact penicilli'*é. Including
more than 400 species, Penicillium is widely distributed in all habitats (soil, plants, air,
aquatic environments, indoor environments, and food)!'"”. Some Penicillium strains are
adapted to live in marine environments, this ability to tolerate high concentrations of salts
can be an advantage in the application of these microorganisms in the bioremediation
field"'®. Penicillium brevicompactum can live in saline environments and is particularly
common in Adriatic salterns''®. Also, Gongalves et al.'?® studied the presence of the genus
Penicillium in coastal marine environments from Portugal and observed that P.
brevicompactum was one of the most frequently identified'?°. Regarding the biodegradation
of polymers by P. brevicompactum there is not much information. Lugauskas et al.'?'
evaluated the colonization of fungi in various types of polymers exposed to different
environmental conditions. They observed that in polyethylene (PE) samples the most
dominant isolated fungus was P. brevicompactum. This fungus was also frequently isolated
from other polymers'™'. In addition to P. brevicompactum, other species of the genus
Penicillium showed a potential to biodegrade plastics. Namely, P. simplicissium can
biodegrade and use polyethylene as a carbon source'??'23. Qjha et al.'?* isolated several
fungi from PE sheets and demonstrated that the fungi P. oxalicum and P. chrysogenum
have a great capacity to biodegrade this polymer. After 90 days of PE (different densities)
incubation with these fungi, they obtained weight loss (%) values between = 34 -

59%71'24. Sepperumal et al.'?® reported that Penicillium species caused chemical changes in
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PET flakes and powdered PET, and there was the assimilation of this polymer as a carbon
source'®. Novak et al. evaluated the biodegradation of PET films, and after 84 days of
incubation in the presence of the fungus P. funiculosum they observed that there were

important chemical changes in the polymer chains26,

Considering all this information, the genus Penicillium presents potential to biodegrade
fossil-based polymers, specifically to biodegrade PET. The bio-based PEF as mentioned
above is structurally and has properties similar to PET polymer. In this context, P.

brevicompactum emerged to be a good option for assessing the biodegradation of PEF.
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Il. Synthesis of Poly(ethylene 2,5-furandicarboxylate) (PEF)
and evaluation of biodegradation by the fungus
Penicillium brevicompactum

1. Background

Considering what was previously contextualized, PEF biodegradation has not yet been
demonstrated under relevant environmental conditions'?”. It is essential to promote more

studies to obtain an environmental perspective on its biodegradation'?’.

The genus Penicillium has been distinguished for including several species with a promising
ability to degrade fossil-based polymers'2'-126, P, brevicompactum growth has already been
reported in several polymeric materials, and in PE samples it was the most frequently

isolated fungus'?'.

In this context, the objective of the present study was to evaluate the biodegradation of PEF
by the fungus Penicillium brevicompactum. PEF was synthesized by a 2-stage melt
polymerization approach, and the success of its synthesis was confirmed by Attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and 'H nuclear
magnetic resonance ("H NMR). A biodegradation test was designed based on gravimetric

and ATR-FTIR analysis of the fungus and PEF microparticles.

2. Material and Methods

2.1. Materials:

To synthesize the DMFDC and PEF: 2,5-furandicarboxylic acid (FDCA, 98 %) was acquired
from TCI Chemicals. Ethylene glycol (EG, > 99%), trifluoroacetic acid (TFA, 99%), titanium-
(IV) isopropoxide (Ti-(OiPr)s4, 99.999% trace metals basis), deuterated trifluoroacetic acid
(TFA-d, 99.5 atom % D) and deuterated tetrachloroethane (TCE-d2, 99.5 atom % D) were
purchased from Sigma—Aldrich. Concentrated hydrochloric acid (HCI, 37 %) was purchased
from Panreac. Methanol (analytical grade) and chloroform (HPLC grade) were purchased

from Fisher Chemical.

Biodegradation test - culture medium: D(+)-glucose (anhydrous, for bacteriology) was
acquired from LabKem. Peptone special was purchased from Sigma-Aldrich. Sodium
Chloride (NaCl, reagent grade) was acquired from Scharlab, and malt extract from Oxoid.

All chemicals were used as received unless otherwise stated.
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2.2. Synthesis of dimethyl 2,5-furandicarboxylate (DMFDC):

DMFDC was synthesized by Fischer esterification of the FDCA as already reported in 3257,
Briefly, FDCA reacts with an excess of methanol (0.2/8.9 mol), under acidic conditions
(aqueous HCI 37%, 15 mL) at 80 °C for approximately 15 h (Figure 14). The mixture was
then cooled to room temperature. The ensuing white precipitate formed in the mixture was
isolated by filtration and thoroughly washed with cold methanol until reaching pH = 5. The
DMFDC retained in the filter was dried in the oven at 40 °C for 3 days.

0] (o] (o] (@]
o N Refluxing, 80°C. 15h o HO
HO \ / OH H;C OH ol - 3CO \ / OCH3 + 2
FDCA Methanol DMFDC
Excess

Figure 14- DMFDC synthesis scheme.

2.3. Synthesis of poly(ethylene 2,5-furandicarboxylate) and film preparation:

PEF was synthesized by a 2-stage melt polymerization approach (Figure 15). DMFDC and
ethylene glycol (EG) were charged with a molar ratio of diester/diol = 1/3 to a reaction
apparatus with magnetic stirring and under a nitrogen atmosphere. The mixture was
gradually heated until it became homogeneous (=120 °C), at this point the catalyst Ti-(OiPr)4
(0.14 mol%) was added. The temperature was gradually increased to 190 °C, and the
reaction allowed to proceed for 4h. Subsequently, the vacuum was switched on, and a
stabilization period of 30 minutes was carried out at 190 °C. Then, the reaction proceeded
(polytransesterification stage) under vacuum, and the temperature was gradually increased

to 210 °C and kept in these conditions for 3h.

1ST STAGE: TRANSESTERIFICATION

o o] . el 0

190 °C, 4h, N,
0 o IHO A~ —— 7 . g o + CH;OH)
Hco” \\ J/ TOCH; Ti(OiPr)4 Ho 0" \ J/ o7~ _-OH

DMFDC EG

2ND STAGE: POLYTRANSESTERIFICATION

o

o]
n o 21() °C, 3h, vacuum + HO\/\OHj
Ho__/ 0 N/ 0"N\_-0H | i(0iPra \ /

Figure 15- PEF synthesis scheme
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When the reaction finished the polymer was purified: the reaction mixture was dissolved in
CHCI; with a few drops of TFA and precipitated in an excess of cold methanol (ca. 1 L),

filtered, and the precipitate was dried in the oven at 40 °C for 3 days.

PEF films were prepared by melting. A rectangular aluminum mold (ca. 10 x 70 x 1 mm;
width x length x thickness) was filled with powdered PEF and the temperature was gradually
increased until melting was observed (~ 200 °C). When the polymer was completely melted
and visually uniform, the mold was allowed to cool to room temperature. Finally, the film
was removed from the mold. For the biodegradation test, the films were mechanically cut

into fragments with a size < 2 mm.

2.4. Microorganism - Penicillium brevicompactum

Penicillium brevicompactum (CMG 72) was isolated in our lab, from a contaminated culture
of Zalerion maritimum. The identification of the strain was confirmed through phylogenetic
analysis of sequences of the rDNA internal transcribed spacer region (ITS), as described

by Gongalves et al.'?.

Before the biodegradation test, this fungus was grown at 25 °C in a growth medium
containing 20 g/L of glucose, 20 g/L of malt extract, 1 g/L of peptone, and 35 g/L NaCl,

under stirring for 7 days.

2.5. PEF biodegradation test by the fungus Penicillium brevicompactum

Results obtained by our working group regarding the biodegradation of PEF by the fungus
P. brevicompactum during 28 days of incubation were not conclusive, with imperceptible
biodegradation being observed. Bearing this in mind and considering that 28 days of
incubation may be insufficient time to observe PEF biodegradation, the present assay was
designed to maximize the incubation time of the fungus P. brevicompactum, to promote a
longer contact time between the fungus and the PEF. For this purpose, a procedure with
discontinuous feeding of the culture medium was developed, which is an unusual procedure

in polymer biodegradation tests.

Three types of Erlenmeyer flasks were used, growth control (GC), PEF control (PC), and
PEF + P. brevicompactum (PEF+P.b) (Figure 16). All Erlenmeyer (of 100 mL) consisted of
50 mL of culture medium prepared with the following concentrations: 35 g/L of NaCl, 4.6 g/L
of glucose, 16.3 g/L of malt extract, and 0.56 g/L of peptone. Additionally, in the GCs 0.5 g
of fungus were inoculated. In PCs, 0.015 g of PEF microparticles were added. The PEF+P.b
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were prepared with both 0.5 g of inoculated fungus and 0.015 g of PEF microparticles. The
Erlenmeyer’'s were autoclaved with the culture medium and with/without polymer and only
after the fungus was inoculated under aseptic conditions. For each incubation time, 3 GC,
3 PC, and 4 replicates of the PEF+P.b were prepared. Also, 3 PC replicates were prepared
to be analyzed after autoclaving. A total of 60 Erlenmeyer flasks were prepared for six
incubation times: 14, 28, 42, 56, 70, and 84 days. The Erlenmeyer’s were placed in a shaker
at 25 °C with stirring at 120 rpm. At each incubation time, the respective Erlenmeyer flasks
were removed, and the fungus and the PEF microparticles were separated from the medium

by filtration.

Growth Control (GC) PEF Control (PC) PEF + P le’f:‘f‘;ol’)"paCt”m

o 's %S PEF microparticles (<2 mm)

* Penicillium brevicompactum

Figure 16- Composition of the Erlenmeyer used in biodegradation test.

The fungus biomass was recovered, frozen, and lyophilized, and later weighed and
analyzed by ATR-FTIR spectroscopy. The PEF microparticles were stored, dried in the oven
at 40 °C for 2 days, and then weighed and analyzed by ATR-FTIR spectroscopy. The culture
medium was collected at 56 days of incubation, frozen and lyophilized, and then analyzed
by ATR-FTIR spectroscopy and '3C ssNMR.

Discontinuous feeding of the culture medium was performed every 14 days of incubation.
Every 14 days, 10 mL of culture medium prepared with 35 g/L of NaCl, 11 g/L of glucose,
40.75 g/L of malt extract, and 1.4 g/L of peptone were added under aseptic conditions to all
Erlenmeyer. To design this method of feeding, a PEF biodegradation test was carried out
for 28 days in which the growth of P. brevicompactum and its consumption of culture
medium were evaluated, as well as the biodegradation of PEF, results available in

Supplementary data A. This 10 mL contained half the amount of initial nutrients in the
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50mL, the goal was to try to promote the longevity of the fungus, but without excessively
increasing its growth (biomass), a factor that can compromise the survival of the fungus
(due to lack of space and nutrients), as well as trying to promote the use of PEF by the
fungus. The procedure used in this biodegradation test is schematically summarized in

Figure 17.

Total of 63 erlenmeyers

o s S PEF microparticles (< 2 mm)

S  Penicilium brevicompactum Incubation
period

O,~

A
o — 10 mL feed
batch
Shaker: 25 °C,120 rpm (every 14 days)

A

Epe (3 [E0m B0 (£ [Cn

(= | (6= | | | B

Figure 17- Schematic summary of the PEF biodegradation test by the fungus Penicillium
brevicompactum. After each incubation time: 1) Filtration of the fungus and/or PEF microparticles; 2)
Separation of the fungus and/or PEF, and culture medium; 3) PEF (drying 40°C), fungus and culture medium
(Iyophilization); 4) Analysis of results.

2.6. Analysis

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) analyses
were carried out using a Perkin Elmer (USA) Spectrum BX FTIR instrument. The FDCA and
the synthesized DMFDC and PEF were analyzed within the 4000-500 cm™'! range, with a
resolution of 8.0 cm™" at 128 scans. In the biodegradation test, the PEF and lyophilized
culture medium samples were analyzed within the range of 4000-500 cm-*, with a resolution
of 4.0 cm™ at 64 and 32 scans, respectively. The lyophilized fungus samples were analyzed
within the range of 4000-400 cm', with a resolution of 8.0 cm™" at 64 scans. Air was used

for the background spectrum.
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"H NMR spectroscopy spectrum of PEF was recorded on a Brucker AMX 300 spectrometer
operating at 300.13 MHz. Deuterated tetrachloroethane (TCE-d2, 99.5 atom % D) and 3
drops of deuterated trifluoroacetic acid (TFA-d, 99.5 atom % D) were used as solvents.
Chemical shifts (8) were obtained at 60 °C and expressed in parts per million (ppm),

reported relative to the main solvent (TCE-d2).

13C Solid-State Nuclear Magnetic Resonance Spectroscopy ('*C ssNMR) spectra were
acquired using a Bruker Avance-lll 400 MHz spectrometer, operating at 9.4 T, with 4 mm
probe and frequency of 12 kHz, in CP MAS.

3. Results and Discussion
3.1. Synthesis of DMFDC and PEF and characterization

DMFDC was synthesized by Fisher's esterification, as described previously, and a white
powder was obtained in 34% vyield. Low value compared to the literature®”-'?%, The
characterization of DMFDC via FTIR spectroscopy (Figure 18 and Table 2) allowed us to
verify the success of its synthesis. Comparing the FTIR spectra of the FDCA with DMFDC,
it was possible to observe peaks of characteristic bands in common, such as the C=C peak
appeared around 1582 and 1526 cm, furan ring breathing peak 1026 cm™ and 2,5-
disubstituted ring peaks appeared around 972, 828, and 758 cm-'. The main differences
between the spectrum of the two compounds allow confirming the formation of DMFDC,
namely, the disappearance of the elongation O-H (carboxylic acid) between 3300-2300 cm-
', the displacement to a higher wavenumber of the peak associated with the carbonyl group
(C = 0; from 1656 to 1708 cm-') and the appearance of a new peak associated with the C-
H bonds of the methyl group (CHs) at 2970 cm-'. The DMFDC spectrum was in line with

those already reported in other studies®”-128,

PEF was successfully synthesized, with an isolation yield of ca. 58%. The typical FTIR
spectrum of PEF (Figure 18 and Table 2) was essentially the same as that of its precursor
DMFDC, except for the presence of low-intensity peaks detected at 2964 and 2913 cm-!
related to the antisymmetric and symmetric stretching of C—H bond of aliphatic CH groups
(instead of the CH3) and a very weak OH peak around 3494 cm-', corresponding to end
groups, suggested that the PEF reached a reasonably high molecular weight. The FTIR

spectrum obtained for PEF is identical to those already reported 32:38.129,
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Figure 18- ATR-FTIR spectrums of FDCA, DMFDC, and PEF.
Table 2 - ATR-FTIR Data of FDCA, DMFDC, and PEF.
Assignment (functional Wavenumber (cm')
group) FDCA DMFDC PEF
O-H - - 3494
O—H (carboxylic acid) 3300-2200 - -
=C—H (furan) 3150 3174 3156
C—H (CH3) - 2970 -
C—H (C H2) - --- 2964;2913
C=0 (COOH) 1656 - -
C=0 (COOCH:s) - 1708 -
C=0 (COOCH2CH?2) - - 1716
C=C (furan ring) 1570;1524 1582,1526 1576;1508
c-0 1266 1286 1262
Ring breathing 1040 1026 1016
2,5-disubstituted ring 960;844;758 972;828;758 966;832;760

Regarding the "H NMR spectra (Figure 19 and Table 3) of PEF, typical chemical shifts and
integration areas were observed': '"H NMR (300 MHz, TCE-d2) & 7.32 (s, 2H), 4.72 (s,
4H). The main chemical shifts were observed (a) at 4.72 ppm attributed to the methylene
groups and at (b) 7.32 ppm related to furan protons. Resonances (a) and (b) were presented
as singlets due to the symmetry of FDCA'3'. The proportion of the integral areas of the
protons a:b was 2:1, which indicated that the polymer had the correct structure. Additionally,
it was possible to observe resonances related to methylene protons in terminal positions (e)
at 4.59 and (f) at 4.13 ppm, this made it possible to calculate a DPn = 44 and number-
average molecular weight (M,) = 8103 g.mol~'. Resonances (c) at 4.59 ppm (overlapped

with the peak (e)) and (d) at 4.02 ppm indicate the formation of diethylene glycol (DEG).
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The formation of this ether-bridge affects the final properties of PEF, and, as already
reported’3%.132 is promoted when large amounts of diol (EG) are used in relation to DMFDC,

such as the conditions used in the present study.
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Figure 19- '"H NMR spectra of PEF [300 MHz, TCE+ 3 drops TFA, reference (TCE) = 6.00 ppm

Table 3 - '"H NMR resonances of PEF [300 MHz, TCE-d2+ 3 drops TFA-d, reference (TCE) = 6.00
ppm]

PEF
o /ppm Integration area Multiplicity Assignments

7.32 1.9 s b

6.00 S TCE solvent
4.72 3.8 S a

4.59 0.18 m cte

413 0.09 m f

4.02 0.08 m d

3.2. PEF biodegradation by the fungus Penicillium brevicompactum

In the present biodegradation assay, the incubation time idealized in the methodology was
not reached, and it was only possible to keep the fungus alive in the PEF+P.b samples up
to approximately 42 days and in the GCs until about 56 days of incubation. Due to this fact,
the following sections will be analyzed and discussed the results obtained only up to 56

days of incubation. For better understanding, the results are divided into 2 parts: Weight
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and ATR-FTIR analysis of the fungus, and weight and ATR-FTIR analysis of the PEF
microparticles. The results obtained from the analysis (ATR-FTIR and '*C ssNMR) of the

culture medium at 56 days of incubation are available in Supplementary data B.

3.2.1. Weight and ATR-FTIR analysis of Penicillium brevicompactum

To be able to observe the influence of the PEF on the growth and behavior of the fungus
throughout the incubation times, we used the GCs as a comparison of the PEF+P.b
Erlenmeyer flasks. Throughout the test, as we can see in Figure 20 and Table 4, higher
values of growth of the fungus were always obtained in the GC than in the PEF+P.b
Erlenmeyer flasks. This difference was obvious in the 42 days of incubation.

These observations indicate that PEF probably had a negative effect on the growth of the
fungus. Also, the death of the fungus was observed in all samples of PEF+P.b near 42 days
of incubation (loss of structure and browning of the medium). In contrast, at 42 days of
incubation, the fungus in the GCs was alive, with a healthy structure and color (Figure 21).
To also study the death of the fungus in the GCs the test was maintained, and the death of
the fungus in the GCs was observed at approximately 56 days of incubation. This time
interval of approximately 14 days between the death of the fungus in PEF+P.b and the
death in GC flasks supported the hypothesis that PEF is having a negative effect on the
growth of the fungus. This behavior of the fungus suggests that there was no PEF

biodegradation.
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Figure 20- Variation of Penicillium brevicompactum biomass throughout the experiment.
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Table 4- Variation of Penicillium brevicompactum biomass throughout the experiment

Inoculated Inoculated Final

E(r)lg:g:tieg/:r Biomass Biomass Biomass o}‘/gﬂ)argggs Growth Growth mean £ SD
(Wet) (@)  (Dry) (@) (Dry)(9)
14 days
R1T| 0517 00444 0419 0375 843
GC R2| 0523 00450 0535 0490 109 92
R3| 0510 00438  0.398 0354 808
R1| 0517 00444 0410 0366 823
R2| 0523 00450  0.352 0307 683
PEF+P.b R3| 0515 00443  0.368 0324 731 81
R4| 0512 00440 0441 0397  9.02
28 days
R1] 0533 00458 0427 0381 832
GC R2| 0515 00443  0.363 0319  7.20 81
R3| 0527 00453  0.387 0342 754
R1| 0505 00434 0324 0281 646
R2| 0502 00431  0.339 0296 686
PEF+P.b R3| 0510 00438 0343 0299 683 7£0
R4| 0518 00445  0.364 0319  7.48
42 days
R1| 0505 00434 0415 0372 856
GC R2| 0524 00450  0.367 0322 745 742
R3| 0522 00449 0283 0238 531
R1| 0522 00449 0237 0192 428
R2| 0536 00461 0213 0167  3.62
PEF+P.b R3| 0502 00431 0267 0224 519 4£1
R4 | 0517 00444 0226 0182  4.09
56 days
R1] 0506 00435  0.363 0320 735
GC R2| 0515 00443  0.390 0346  7.81 71
R3| 0523 00450  0.326 0281 625
R1| 0523 00450  0.336 0291 647
R2| 0516 00443 0322 0278 626
PEF+PD  p3+| 0500  0.0430 61
RA| 0526 00452 0276 0231 511

* Broken sample

Figure 21- Differences between Erlenmeyer flasks at 42 days of incubation. A) GC flasks (live
fungus) B) PEF+P.b flasks (dead fungus).
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ATR-FTIR analyses were carried out for the P. brevicompactcum mycelium to evaluate the
differences between the chemical profiles of the fungus grown in the GC and PEF+P.b
flasks throughout the trial. Figure 22 shows the ATR-FTIR spectra obtained during the
assay for P. brevicompactum. To facilitate data visualization, only one GC spectrum and
one PEF+P.b spectrum were selected for each incubation time. The obtained spectra are
similar to those already reported for other fungi®?'33. We observed a wide peak between
3700 and 3050 cm ', attributed to the stretching vibrations of the O-H and N-H bonds
(present in several macromolecules). Two peaks in the 2996—2800 cm™" region, caused by
stretching of CH, and CHj; functional groups of lipids mainly, but also proteins'3.
Additionally, peak within the 1800-1700 cm™ region, caused by the C=0 stretching in
esters, typically from lipids. One peak found between 1700-1600 cm™', caused by C=0
stretching, Amide | (proteins, chitin), and one peak between 1600-1500 cm™, caused by C-
N-H deformation, Amide Il (proteins, chitin)'3®, Peaks detected between 1500-1300 cm-"
arising predominantly from CH, and CHs bending mode of lipids and proteins. The peaks
between 1250-1200 cm™ and around 1080 cm" were attributed to P=O asymmetric and
symmetric stretching vibrations and phospholipids 34136, The peak between 1200-900 cm™
is frequently attributed to C-O and C-O-C stretching (carbohydrates)'34135. Lastly, the region
between 900-600 cm™' may contain weakly expressed bands arising from aromatic ring
vibrations of phenylalanine, tyrosine, tryptophan, and the various nucleotides'. In Figure
22 we can see that there was a small relief in the 700-600 cm-* region in the ATR-FTIR of
the fungi that grew in PEF+P.b, this peak was the only one different from the ATR-FTIR of
the controls and it may indicate that the presence of PEF has altered the fungus metabolism
in some way. Then, throughout the test, increases and decreases in the intensities of some
peaks are observed, which may be linked to the presence of PEF, but also the scarcity of
nutrients and the respective death of the fungus. Namely, throughout the incubation times,
there was a decrease in peak intensity between 1800-1700 cm™ (typical of lipids), a
plausible explanation for this reduction was that the fungus performed autolysis due to the
lack of nutrients in the medium, the carbon starvation may have led the fungus to use the
lipids as an alternative carbon source®®'¥. An increase in the two peaks between 1700-
1500 cm™" (caused by amides in proteins) was also observed. With the death of the fungus,
a sharpening of the peak is noted between 3700-3050 cm™', this sharpening is observed in
the samples of PEF+P.b at 42 days (dead fungus) while in GC at 42 days (live fungus) do
not show this sharpness, at 56 days with both fungi dead, both the GC and PEF+P.b

showed this sharpening. The formation of this sharpening may be associated with the
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decomposition of the fungus after its death. These results support the hypothesis that in the

presence of PEF there is a faster death of the fungus.
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Figure 22- Infrared spectra in the region 400-4000 cm™' from Penicillium brevicompactum throughout

the experiment.
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3.2.2. Weight and ATR-FTIR analysis of the PEF microparticles

To evaluate the influence of the fungus on the biodegradation of the PEF microparticles,
over the incubation times we used PCs in comparison with the PEF+P.b flasks. The controls
allow us to evaluate if there is a loss of PEF caused by the culture medium or if this eventual
loss is attributed to the biodegradation of the fungus. Table 5 and Figure 23 show the
variation in the weight of the PEF microparticles during the biodegradation test. The values
obtained for PEF removal are very close to 0%, which indicated that under these conditions
the P. brevicompactum could not biodegrade the PEF microparticles. Some values of %
PEF Removed Mean up to 9% were observed, but they can be justified by losses of PEF in
the filtration and separation process, or even due to degradation caused by the culture
medium since these losses are also observed in controls. It is necessary to leave a note,
that in the PEF+P.b of the 56 days of incubation the fungus had also died a little before the
42 days of incubation, the data being present here only because the bottles were kept in

the incubator until the 56 days to compare later with the GC fungus.
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Microparticles removed (%)

Incubation (days)

Figure 23- Variation of PEF microparticles before and after their exposure to Penicillium
brevicompactum.

The PEF microparticles recovered were analyzed by ATR-FTIR and the spectra obtained
are presented in Figure 24. The results obtained demonstrated that there was no change
in the typical PEF ATR-FTIR throughout the trial. No changes that could indicate
biodegradation were observed, such as the shift of peaks, or the
appearance/disappearance of peaks. These results agree with the lack of PEF removal
observed throughout the test and indicate that P. brevicompactum in this interval in which

it was in contact with PEF did not have the ability to perform biodegradation.
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Table 5 - Variation of PEF microparticles before and after their exposure to Penicillium
brevicompactum

Erlenmeyer PEF PEF PEF %PEF o % PEF
" — emoved Mean
condition beginning (g) recovered (g) removed(g) Removed +SD
1 day
R1 0.0152 0.0148 0.0004 3%
PEF control R2 0.0154 0.0149 0.0005 3% 4%2%
R3 0.0152 0.0144 0.0008 5%
14 days
R1 0.0155 0.0166 -0.0011 0%
PEF control R2 0.0151 0.0150 0.0001 1% 2+2%
R3 0.0152 0.0145 0.0007 5%
R1 0.0155 0.0153 0.0002 1%
R2 0.0149 0.0131 0.0018 12% o
PEF+P.b R3 0.0159 0.0148 0.0011 7% 8x5%
R4 0.0154 0.0138 0.0016 10%
28 days
R1 0.0154 0.0157 -0.0003 0%
PEF control R2 0.0153 0.0143 0.0010 7% 9+10%
R3 0.0158 0.0126 0.0032 20%
R1 0.0152 0.015 0.0002 1%
R2 0.0156 0.0121 0.0035 22% o
PEF+P.b R3 0.0155 0.0149 0.0006 4% 9£9%
R4 0.0155 0.0143 0.0012 8%
42 days
R1 0.0154 0.0152 0.0002 1%
PEF control R2 0.0159 0.0166 -0.0007 0% 0%+1%
R3 0.0156 0.0158 -0.0002 0%
R1 0.0157 0.0156 0.0001 1%
R2 0.0162 0.0164 -0.0002 0% o
PEF+P.b R3 0.0156 0.0151 0.0005 3% 1£2%
R4 0.0161 0.0172 -0.0011 0%
56 days
R1 0.0154 0.0147 0.0007 5%
PEF control R2 0.0156 0.0152 0.0004 3% 4+ 2%
R3 0.0158*
R1 0.0156 0.0156 0.0000 0%
R2 0.0152 0.0137 0.0015 10%
PEF+Pb  R3|  0.0155° 36%
R4 0.0161 0.017 -0.0009 0%
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4. Conclusion

In this work, the PEF was successfully synthesized and the fungus P. brevicompactum was
used to evaluate its biodegradation. The method designed to assess biodegradation
allowed only to keep the fungus alive in the presence of PEF microparticles until almost 42
days of incubation. Our results showed that the PEF had a negative effect on the growth of
the fungus, and sudden death of the fungus was observed in the presence of PEF
microparticles. The chemical changes in the fungus obtained by ATR-FTIR are in

accordance with what was observed visually.

There was no considerable removal of PEF promoted by the fungus biodegradation. Also,
no chemical changes were observed in the PEF ATR-FTIR. These observations lead us to
conclude that P. brevicompactum under these conditions was not able to biodegrade PEF.
On the contrary, a negative effect was observed on the fungus. These results support the
hypothesis that PEF is poorly biodegradable. However, it is important to note that the
biodegradation of polymers is dependent on several factors (abiotic, type of microorganism,
and characteristics of the polymer) and further biodegradation studies are needed, not only

for PEF but also for other furanic-aliphatic polyesters.
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lll. Synthesis, characterization and degradation of

poly(isosorbide 2,5-furandicarboxylate)-co-
poly(isosorbide 1,12-dodecanedioate) copolyesters
(PIsFDDs)

1. Background

As has already been contextualized in the previous sections, the growing concern with the
destruction of the environment and sustainability has promoted the remarkable challenge

of developing alternative bio-based and biodegradable polymers'3.

2,5-furandicarboxylic acid (FDCA)-based polyesters have been considered promising
sustainable alternatives, and their synthesis conditions have been extensively
studied?338.139.140 However, it is considered that these FDCA-based homopolyesters have
low biodegradability®'. Copolymerization through the introduction of aliphatic moieties is one
of the most effective methods for tailoring the properties of a polymer and even to improve
its (bio)degradability rate?3¢”. Some furanic-aliphatic copolyesters following this approach

were revealed to be very promising 516167,

In this regard, in this study, we have copolymerized FDCA (or its dimethyl derivative) with
1,4:3,6-dianhydro-D-glucitol, known as isosorbide (Is), and dodecanedioic acid (DDA), a
long-chain dicarboxylic acid, that can be obtained from renewable resources by oxidation

of Vernonia galamensis oil'41:142

Is is one of the most promising eco-friendly monomers available on an industrial scale
through hydrogenation followed by dehydration of D-glucose derived from cereal starch’#3
and is considered as an excellent alternative to several petroleum-based chemicals'44.
Because of its rigid molecular structure, good thermal stability, and chirality properties,
which enhance the glass transition temperature (T4)'%3, several approaches have been
undertaken to utilize isosorbide as a monomer for numerous aliphatic-aromatic polyesters.
In this context, isosorbide has been substituted with other partial alkanediol, and

consequently, the isosorbide-containing copolyesters have improved properties®”:45,

DDA is used in a wide variety of applications including powder coatings, adhesives, paint
materials, corrosion inhibitors, and surfactants’¢47. The presence of the long aliphatic

chain moieties in the copolymers provide them with flexible structures’.
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In the next sections, the synthesis, characterization, and degradation of poly(isosorbide 2,5-

furandicarboxylate)-co-(isosorbide 1,12-dodecanedioate)s are described below.

2. Material and Methods

2.1. Materials

2,5-furandicarboxylic acid (FDCA, 98 %) was purchase from TCl Chemicals. Dibutyltin(1V)
oxide (DBTO) was purchased from TEGOKAT 248. 1,12-dodecanedioic acid (DDA 99%),
isosorbide (Is, 99 %), trifluoroacetic acid (TFA, 99%), titanium(lV) isopropoxide (Ti(OiPr)s,
99.999 %), deuterated chloroform (CDClIs, 99.8 atom % D), deuterated trifluoroacetic acid
(TFA-d, 99.5 atom % D), lipase from porcine pancreas (PPL) and sea salts (NutriSelect™
Basic) were purchased from Sigma—Aldrich. Methanol (analytical grade), chloroform (HPLC
grade), sodium phosphate monobasic anhydrous (NaH2PO4, colorless-to-white crystals)
were purchased from Fisher Chemical. Sodium phosphate dibasic (Na:HPO4, 99+%) was
acquired from ACROS Organics. All chemicals and solvents were used without further

purification.
2.2. Synthesis of dimethyl 2,5-furandicarboxylate (DMFDC)

Several DMFDC syntheses were performed. The procedure used for the synthesis of

DMFDC was the same as described in the previous Chapter Il.

2.3. Synthesis of copolyesters poly(isosorbide 2,5-furandicarboxylate)-co-
(isosorbide 1,12-dodecanedioate)s (PIsFDD)

PIsFxDDy copolyesters with different molar compositions X/Y % = 100/0, 90/10, 80/20,
70/30, and 60/40, where X and Y stands for furan and DDA moieties relative percentages,
respectively) were synthesized by an adjusted melt polycondensation reaction process
(Figure 25) previously reported®. According to this procedure, DMFDC, DDA, and Is were
charged into the reaction apparatus with a molar ratio of (diacids) /diol = 1/2.05 with
Ti(OiPr)4 catalyst (0.1 wt % relative to the weight of the total monomers). In the first step,
the reaction mixture was heated from 160-170 °C for 4 h under a nitrogen atmosphere.
Subsequently, in the second step, an additional amount of diacids were added
(DMFDC+DDA) in a molar ratio of 1/1.05 relatively to the macrodiol prepared in the previous
step. The reaction proceeded from 160-190 °C, for 4.5 h, under a nitrogen atmosphere. In
the third step of polycondensation, the vacuum was applied slowly, for 0.5h. The

temperature of the melt was raised to 220 - 250 °C). The obtained (co)polymers were
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purified by dissolving them in a mixture of CHCI3/TFA and then, precipitated in cold
methanol, filtered, and dried at 40 °C.

PIsFxDDy copolyesters with the other molar compositions X/Y % = 0/100, 10/90, 20/80,
30/70, and 40/60) were prepared following another bulk polytransesterification procedure
(Figure 25) reported elsewhere'#8. Briefly, DMFDC and DDA were mixed with Is in a molar
ratio of 1/2.05 (DMFDC+DDA)/Is); DBTO catalyst (0.5 mol % relative to the total of
monomers) was added, and in the first stage, esterification reactions could proceed at 180-
190 °C for 3h, under a nitrogen atmosphere. Subsequently, in the second stage, the
polycondensation step was carried out under vacuum by reacting the resulting monomers
with an additional amount of (DMFDC+DDA) in a molar ratio of 1/1.05, at 210-220 °C, for
6h. After the polymerization was completed, the melt was cooled to room temperature, and
the target (co)polymers were purified by dissolving in a mixture of CHCIs/TFA, and then

precipitated in cold methanal, filtered, and dried at 40 °C.

1/ Transesterification and Esterification

0 N OH 160 - 170 °C ‘ a
o [} o] o} A————————
; n o, 1 . Ml 1 Ng, Ti-(QiPr),, 4h —c-0 o
+ X% Meofcvc—OMe + Y% HO—C+{CH,}-C—OH + (MeOH + HZO))
HO o 10 g -t d on

N, DBTO, 3h
Is DMFDC DDA BHIsF / BHIsDD

With A (X/Y %= 100/0, 30/10, 80/20, 70/30, 60/40), and R= E 7 BHIsF
B (X/Y %= 0/100, 10/90, 20/80, 30/70, 40/60)
.~ : BHIsDD
10

2/ Polyesterification / Polycondensation

A1)1so 190 °C, N, 4.5h ”ﬁ
BHIsF / BHISDD + X% DMFDC + Y% DDA 2) 220 - 250 °C,Vacuum, 2h _<__7_
g o-zecc Q= c+cuz-}c—!~

Vacuum, 6h
PisFDD

Figure 25- Synthesis of poly(isosorbide 2,5-furandicarboxylate)-co-(isosorbide 1,12-
dodecanedioate) copolyesters.

2.4. Film preparation

The PIsF, PIsDD, and PIsFDDs films were prepared by melting. A rectangular aluminum
mold (ca. 10 x 30 x 1 mm; width x length x thickness) was filled in with the respective
polymer powder and the temperature was gradually increased until melting was observed.
When the polymer was completely melted and visually uniform, the mold was cooled to
room temperature (keeping the mold on the heating plate). Finally, the film was removed

from the metal mold. Figure 26 shows examples of the obtained film specimens.
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Figure 26- PIsDD, PIsF, and PIsFDD copolymer specimens produced by melting.

2.5. Hydrolytic and enzymatic degradation tests

The degradation tests were carried out under 3 different conditions:

(a) Hydrolytic degradation in phosphate buffer solution (PBS),

(b) Enzymatic degradation (in PBS + lipase from the porcine pancreas),

(c) Hydrolytic degradation in simulated marine conditions.

To perform these tests, the films PlsDD, PIsF, PIsFDD 60/40, and PIsFDD 10/90 were used.
These polymer films were cut to achieve dimensions of approximately 0.5 x 0.5 centimeters

and a weight of 16—31 milligrams, and 3 replicas of each polymer were used.

In the hydrolytic degradation in PBS, the films were placed in vials with 10 ml of PBS (0.1M,
pH 7.4) and incubated at 37 °C.

For enzymatic degradation, the films were placed in 10 mL of PBS with the addition of lipase

from the porcine pancreas (1 mg.ml-') and incubated at 37 °C.

In the hydrolytic degradation in marine conditions, the films were placed in 10 mL of a sea
salts solution (35 g/L, pH 8.2) and incubated at room temperature (temperature range of 14
-22°C).

For each degradation assay, the same 3 replicates were reused successively at all

incubation times (3-7-14-21-28-35 days). After each period, the samples were removed
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from the solutions, thoroughly washed with distilled water, dried at 40 °C for 3 days under
vacuum, and weighed. Then, the same films were replaced in renewed solutions until the
next incubation time, and the same process was repeated. The weight-loss percentage was
calculated using the expression: weight loss (%) = [(Wo — W)/ Wq] x 100, where Wy is the

initial weight, and W, is the weight after each incubation period, respectively.

2.5.1. Solutions preparation

PBS (0.1M, pH 7.4) was prepared by dissolving =8.6 g of sodium phosphate dibasic
(Na2HPO4) and =4.7 g of sodium phosphate monobasic (NaH2PO,) in 0.8 L of distilled water.
Stirred until the salts were completely dissolved. The pH was adjusted to 7.4; and finally,

the volume adjusted to 1 L.

Sea salts are a mixture of synthetic salts (e.g., NaCl, MgCl,, CaCl,, KCI, Na,SO4, NaHCOs,
NaBr) similar to salts dissolved in seawater. Sea salts solution was prepared by dissolving
35g of this mixture in 1 liter of distilled water. The solution was stirred until the salts were

completely dissolved. The pH was adjusted to 8.2.
The solutions were autoclaved after preparation.

2.6. Characterization techniques

Fourier Transform Infrared Spectroscopy (ATR-FTIR) spectra were obtained using a
PARAGON 1000 Perkin Elmer FTIR Spectrophotometer equipped with a single horizontal
Golden Gate ATR cell. The spectra were recorded at a resolution of 8 cm-" and 128 scans

in the spectral region of 500-4000 cm".

'H, 3C nuclear magnetic resonance spectroscopy ('H, '*C NMR) analyses of samples
dissolved in CDCl3; were recorded using a Bruker AMX 300 spectrometer operating at 300
and 75 MHz, respectively. All chemical shifts were expressed in parts per million (ppm)

using tetramethylsilane (TMS) as the internal reference.

Intrinsic viscosity measurements of copolyesters were performed using an Ubbelohde type
viscometer at 25 °C in a mixture of phenol/1,1,2,2-tetrachloroethane (50/50 wt%/wt%). All
copolyesters were dissolved in that solvent mixture (0.1 g per 20 mL) and kept at 140 °C
for 20 min to achieve complete dissolution. The intrinsic viscosity [n] of each sample was
determined by the ratio of specific viscosity and solution concentration (nsp/C, where nsp=
(t1-t0) /t0). C, t1,and to present respectively the concentration of the solution, the flow time of

solution, and the flow time of the pure solvent.
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Differential scanning calorimetry analysis thermograms of polyester were obtained with a
Pyris Diamond DSC calorimeter from PerkinElmer, using nitrogen as purging gas (20 mL
min-'), and aluminum pans (30 yL, 3 bar) to encapsulate the samples (ca. 5 mg). The
calorimeter was calibrated for heating temperature with approximately 10 mg of each of the
following metals: 99.999% pure indium, T =156.60 °C, and 99.999% pure lead, Ts = 327.47
°C. Scans were conducted with a heating rate of 10 °C min-'in the temperature range of -
40 to 250 °C.

Thermogravimetric analyses (TGA) were carried out with a Shimadzu TGA50 analyzer
equipped with a platinum cell, using platinum pans to encapsulate the samples.
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.

Dynamic mechanical thermal analyses (DMTA) of thick samples (10.0 x § x 1 mm),
dispersed in a foldable stainless-steel sheet, acquired from Materials Pocket of Triton
technology, were performed with a Tritec 2000 DMTA Triton equipment operating in the
bending (single cantilever) mode. Tests were carried out at 1 and 10 Hz and the temperature
was varied from -80 to 250 °C, at 2 °C/min. The T4 of the PIsFDD copolyesters were

determined from the maximum of tan &, at 1 Hz.

X-ray diffraction analyses were carried out using the Philips X’pert MPD instrument
operating with CuKa radiation (A=1.5405980 A) at 40 kV and 50 mA. Samples were scanned
in the 2u range of 5 to 70°, with a step size of 0.026°, and time per step of 67 s.

3. Results and discussion

A novel series of fully biobased poly(isosorbide 2,5-furandicarboxylate)-co-(isosorbide 1,12-
dodecanedioate) (PIsFDD) copolyesters derived from Is, DMFDC, and DDA were
successfully prepared (Figure 26 and Table 6). The copolyester isolation yields, after

purification, were between 36-59 % and their intrinsic viscosities ([n]) near 0.11-0.2 dL g™".

3.1. Structural characterization of the PIsFDD copolyesters

The detailed chemical structures of PIsFDD copolyesters and their related homopolymers
were extensively studied by ATR-FTIR and 'H NMR.
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The ATR-FTIR spectra of PIsF, PIsDD, and PIsFDD copolyesters (Figure 27) display a very
intense band near 1723 cm™', assigned to the C=0 stretching vibration, characteristic of
ester groups and another typical band at 1271 cm-!, assigned to the C-O-C stretching mode
also of ester groups. The presence of these two bands, as well as the absence of relevant
OH bond stretching near 3400 cm ', confirms the success of these polymerizations. It is
also observed two bands near 2976 and 2820 cm' attributed to the anti-symmetrical and
symmetrical stretching modes (C-Hasym and C-Hsym, respectively) of the C-H bond of the
(CHz) groups mainly related to DDA. As expected, these two bands relative intensity
increase with the content of DDA in the copolyester backbone. In the case of both PIsF and
PIsFDDs copolyesters, the characteristic absorption peaks of the furan ring were also
detected, including =C-H at 3130 cm-' and C=C at 1575 cm™'. The ATR-FTIR spectra of all

copolyesters are available in the Supplementary data C section.
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Figure 27- ATR-FTIR spectra of prepared PIsFDD copolyesters, PlsF, and PIsDD homopolyesters.

The 'H NMR analysis (Figure 28) confirms the basic PIsF expected structure, displaying
two resonances at 7.24 and 7.29 ppm, ascribed to the furan ring protons (a) in different
chemical environments. This is most probably due to the non-planar nature of isosorbide
moiety and the different spatial orientations of the hydroxyl groups. The isosorbide proton
resonances are split into five multiplets at 5.40, 5.07, 4.69, 4.05 ppm ascribed to (b+e), (g),
(d), (c+f) respectively®”.

Also, for PIsDD the "H NMR spectrum displays the typical isosorbide moiety signals around
3.5-5.3 ppm. The outer methylene groups (h), middle CH2 (i), and inner CH> (j) in the DD
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unit appear at 2.33, 1.63, and 1.27 ppm, respectively’®. For PIsFDDs copolyesters, all the
proton resonances from PlsF and PIsDD homopolyesters can be clearly distinguished. The

chemical shifts at 7.24 and 7.29 ppm are attributed to the two protons of the furan ring (a).
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Figure 28- (A) Chemical structure of F-Is-F, DD-Is-DD, and F-Is-DD triads (B) 1H NMR spectra of
PIsF, PIsDD, and PIsFDDs copolyesters in CDCI3.
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The resonances appearing at the 3.5-5.6 ppm range were assigned to the isosorbide
protons. The methylene groups signal of 1,12-dodecanoate unit were observed between
1.14-2.5 ppm. The 'H NMR spectra of all copolyesters are available in the Supplementary
data C section. The real molar percentages of the furan (F) and dodecanedioate (DD)
moieties incorporated into the copolyesters backbone were accessed to correctly interpret
the structure-property relationships, such as the thermal and mechanical behavior.
Therefore, they were estimated based on 'H NMR using the relative integration areas of
different methylene protons resonances associated with each moiety (/;and Iy as shown in

Figure 28) according to:

%F=[(I/2) | (I/2+1,/4)] x 100, and %DDA=[(In/4) | (In/4+1./2)] x 100

Data of Table 6 clearly shows that the real molar fraction of PIsF and PIsDD units, assessed
by '"H NMR data, are in acceptable agreement with the initial molar feed ratios, despite
some tendency to incorporate more DDA units than F ones. This is possibly due to the

higher reactivity of DDA under the applied reaction conditions.

Table 6 - Molar composition obtained by "H NMR, yields, and intrinsic viscosities of purified PIsFDD
samples.

(DMiS:?f:edDDA) (DMFE:eCala/ DDA) YE(;L(;S [P (dL/g)

PisDD 0/100 - 45 0.20
PIsFDD 10/90 10/90 6/94 59 0.18
PIsFDD 20/80 20/80 12/88 37 0.17
PIsFDD 30/70 30/70 27173 43 *
PIsFDD 40/60 40/60 30/70 39 *
PIsFDD 60/40 60/40 47/63 50 0.17
PIsFDD 70/30 70/30 62/36 36 0.12
PIsFDD 80/20 80/20 76/24 49 0.13
PIsFDD 90/10 90/10 88/12 40 0.11

PIsF 100/0 - 43 0.20

aFeed molar ratio assessed by 'H NMR data. ® Intrinsic viscosities of the copolyester’s solution in a mixture of
phenol/TCE at 25 °C. * data not acquired.
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3.2. X-ray diffraction analysis (XRD)

The XRD patterns of these novel copolyesters and their PIsDD and PlsF homopolymers
counterparts are shown in Figure 29. PIsDD is a semi-crystalline homopolyester showing
five main diffraction peaks at 26 =5.1°, 17.9°, 19.5°, 21.2°, and 24. 8°, similar to previously
reported’®. Oppositely, PIsF homopolymer is amorphous and displays according to a halo
centered at = 18°, as previously reported®®. This amorphous character of PIsF is promoted
by the asymmetric isosorbide hydroxyl groups (endo and exo) and by Is random
incorporation inhibiting crystallization, forming instead an amorphous mess®%. PIsFDD 20/80
displayed a semi-crystalline structure, with diffraction patterns like PlsDD. PIsFDD 10/90
also displayed some crystallinity (26 = 18.1°). On the other hand, PIsFDD 30/70 and
PIsFDD 40/60 were in an amorphous state. For higher incorporation of F moiety, their

pattern also displayed some crystalline character, with a peak centered at = 18.4°.
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Figure 29- XRD patterns of PIsFDD copolyesters, PlsF, and PIsDD homopolyesters.

3.3. Thermal behavior

From this point on, due to the Covid-19 pandemic, we had to reduce the number of samples
analyzed. Six polymers were chosen, both homopolymers and PIsFDD 10/90, 20/80, 60/40,
and 70/30 copolyesters.

PIsFDD copolyesters have been characterized mainly in terms of their thermal behavior by
DSC (Figure 30), DMTA (Figure 31), and TGA (Figure 32) analyses. The thermal

properties of the PIsFDD copolyesters are shown in Table 7.
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DSC curves clearly show melting transitions for PIsDD, PIsFDD 10/90, and PIsFDD 20/80
(Tm~73.2,71.9 °C, and 70.6 °C, respectively) according to their semicrystalline character
(as XRD results highlighted). The T, obtained for PIsDD is in accordance with the data
reported by Okada et al.’® (T, = 70°C). The DSC traces of the PIsFDD 60/40 and 70/30
copolyesters showed no melting transitions. Additionally, PIsFDD 10/90, 20/80, 60/40, and
70/30 traces also showed a glass transition (Tg) at ca. -9.1 °C, -8.6 °C, 32 and 59.6 °C,
respectively. We observed that an increase in the incorporation of furan moieties (F relative
to DD moieties) induced an increase in Tq values. This was probably due to the fact that F
moiety is much stiffer than DD moiety. The DSC trace of the PIsF homopolymer was not
successfully acquired, so this result is not shown here. However, in the literature, PlsF
presented a DSC curve with a T at 157 °C56.
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Figure 30- DSC 182 scan curves of copolyesters, and 1st scan curve of PIsDD homopolyester.
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DMTA analysis (Figure 31) was used to further characterize these novel polymers. Tan &
traces showed Ty values of -6.3, 1.7, 0.2, 54.2, and 73.8 °C, for PIsDD, PIsFDD 10/90,
20/80, 60/40, 70/30 copolyesters, respectively. In general, it was found that the T4 increased
with the increasing amount of F moiety. This is in accordance with DSC results reported
earlier. However, it is important to note that the T4 values of PIsFDD 20/80 was slightly
higher than that of 10/90. In some of the tan o traces of the copolyesters it was also possible

to observe B transitions and the onset of melting.
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Figure 31- Tan & of PIsDD, PIsF, and PIsFDD copolyesters, at 1 and 10 Hz.

Thermal degradation and stability of polymers are important parameters to determine their
applicability. To evaluate the thermal stability of copolyesters, we perform
thermogravimetric analysis (TGA) from room temperature up to 800 °C under a nitrogen

atmosphere. TG and DTG (1%t derivate TG) curves are represented in Figure 32. The
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decomposition temperatures at 5% and 10% weight loss (Tqs% and Tg10%), and the
maximum degradation temperature (Tqmax) are listed in Table 7. All copolyesters were
thermally stable up to approximately 287 °C. They presented a single weight loss step with
Tas%, values between 286.7 - 330.4 °C. Regarding the values of Tqmax, We obtained values
between 398.7- 423.5 °C. Our Tgmax value of PIsDD homopolymer is fully consistent with
what was reported in the literature (Tqmax = 425 °C)'%°. Further, we observed that with the
increase in the amount of the DD moiety there was an increase in Tq max. Similar trend was
also reported by Jia et al.”® for poly(ethylene dodecanedioate 2,5-furandicarboxlate)
copolyesters. Typically the PIsFDD copolyesters, except that of PIsFDD 20/80, showed
superior thermal stability compared to PEF (Tg5% = 300 °C; Tqmax= 398)32.

100
90 \

Weigth (%)
g

40
30
20 | PisDD
10 - . PIsFDD 10/90
0 — — PISFDD 20/80
05 PIsFDD 60/40
PIsFDD 70/30
-1 PIsF
o
-
Q.45
-2
-2.5 T T T
200 300 400 500 600

Temperature (°C)

Figure 32- TGA and DTG thermograms of PIsFDD and corresponding homopolyesters.

Table 7-Thermal Properties of copolyesters PIsFDD with Different Compositions

TGA DSC DMTA®

Copolyester Ta,5% Td,10% Td,max Tg Tec Tm Tg T,
(°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C)

PisDD 323.9 373.1 423.0 - - 73.22 - -6.3

PIsFDD 10/90 330.4 373.7 423.5 -9.1 - 71.92 - 1.7

PIsFDD 20/80 286.7 3411 422.7 -8.6 - 70.62 - 0.2
PIsFDD 60/40 314.9 359.2 407.7 32.02 - - -13.6 52.2
PIsFDD 70/30 312.1 359.2 404.0 59.6 - - -11.3 73.8
PIsF 327.3 360.9 398.7 - - - - 114.7

21t DSC Heating Scan
¢Tan & values at 1 Hz
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3.4. Degradation studies of PIsFDDs and their homopolymers counterparts

In the present study, to assess the potential of these PISFDD copolyesters as novel
(bio)degradable products we have evaluated their degradability under different conditions
during 35 days, namely a) hydrolytic degradation, at pH 7.4, using a phosphate buffer
solution (PBS) and, b) enzymatic degradation in the presence of porcine pancreas lipase,
at pH 7.4. We have also studied the ¢) degradation under salt conditions (sea salt solution,
pH 8.2) to evaluate the copolymer's behavior under simulated marine conditions. This latter
experiment is quite relevant having into consideration that today a high percentage of
polymers ends up in the ocean or seas. The weight loss percentage results through time

are shown in Figure 33.

For hydrolytic degradation in PBS, PIsF homopolymer did not lose weight during the 35
days of the experiment, indicating that this high-Tg polymer did not degrade. Oppositely,
PIsFDD 10/90 had the highest weight loss (ca. 5%). This value is quite similar to those
previously reported by Sousa et al. for the degradation studies under similar conditions,
such as the work with PEF-co-PLA%!", and with poly(1,20-eicosanediyl 2,5-
furandicarboxylate) (PE20F)%’. For both studies, the weight loss, after 35 days, was = 5—
6%.

The enzymatic degradation studies prompted higher weight loss percentages degradation,
with values between 2.1-17.0 %. In this set of experiments, PIsDD homopolymer showed
the highest weight loss (%) value (around 17%), followed by PIsFDD 10/90 with =11%. This
result is comparable with the result obtained for the (bio)degradable polyester PE20F,
where similar conditions of enzymatic degradation were used®’. A general trend observed
is the fact that the weight loss (%) increases with the decreasing molar incorporation of
FDCA units, which is likely attributable to the fact that the aromatic ester bonds formed are

more difficult to degrade than aliphatic ester bonds involving DDA and Is”®.

Regarding the results of hydrolytic degradation in marine conditions, we obtained very
modest weight loss (%) values, with a maximum at 2.6% for PIsDD and 2.4% for PIsFDD
10/90. Compared to enzymatic and even hydrolytic degradation in PBS, PIsFDD 10/90 and
60/40 copolyesters and PlsDD homopolymer had lower weight losses (%). The PIsF

homopolymer as in PBS-media also did not show weight loss (%) in salt condition.

In general, we observed that the increase of F moiety in copolyesters led to a decrease in

enzymatic and hydrolytic degradation. In the case of (a) hydrolytic degradation in PBS,
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PIsFDD 10/90 degraded more than PIsDD (without F moiety), oppositely to what was
observed for enzymatic mediated degradation. This can be justified by the fact that PIsFDD
10/90, was less crystalline than PlsDD, this may have facilitated the entry of water in the
polymeric chain, promoting greater hydrolytic degradation. The same was not observed,
however, with the enzymatic studies probably because in this case the specificity of the

enzymes also played a role.
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Figure 33- a) hydrolytic degradation in PBS (37°C); b) enzymatic degradation in PBS using lipase
from porcine pancreas (37°C) c) hydrolytic degradation under marine conditions.
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4. Conclusion

In this work, and aiming to obtain furan-based copolyesters with improved
(bio)degradability, a series of poly(isosorbide 2,5-furandicarboxylate)-co-(isosorbide 1,12-
dodecanedioate) copolyesters were successfully synthesized entirely from renewable

sources.

PIsFDD copolyesters structures were proven by ATR-FTIR and 'H NMR, and their
compositions were clearly controlled by the feed molar ratio. Depending on the F/DD moiety

ratio, they acquired amorphous or semi-crystalline structures.

About thermal behavior, T, values of 72 °C and 71 °C were observed for PIsFDD 10/90
and 20/80 copolyesters, respectively. Both DSC and DMTA analysis showed that T, values
increased with the increasing of the rigid F moiety in the polymer backbone chain: T4 values
between = -6 — 60 °C (DSC) and from = 0 — 74 °C (DMTA). PIsFDD copolyesters revealed

good thermal stability, with Tq 9% values of above 287 °C and Tq, max Values above 404 °C.

Regarding their (bio)degradation, the increasing of F moiety in the structure of the PIsFDDs
copolyesteres contributed to a decrease in their weight loss percentage degradation.
PIsFDD copolyesters could potentially be used as biodegradable materials. In fact, these
results point out, for example, that PIsFDD 10/90 only after 35 days loss =5% to =11% of
its weight depending on using hydrolytic (in PBS) or enzymatic degradation conditions,
respectively. Probably in the future, using further analysis (e.g., SEM micrographs); more

time-experiments deeper insights could be inferred.
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IV. Conclusion and future perspectives

The environmental impacts related to non-sustainable polymers from fossil sources have
been imposing immense research on more sustainable and biodegradable alternative
polymers. The polymers studied in the present thesis produced from the FDCA, namely
FDCA-based polyesters, have been showing as excellent sustainable alternatives to fossil-
based polymers?3151.152 Of this vast family, PEF is the most promising polymer that is
expected to hit the market in 2023. However, they are expected to be poorly
(bio)degradable. One of the great needs in this scientific field is, thus, to study the
(bio)degradation of these new polyesters and to prepare new ones that can be
(bio)degradable.

The present thesis focused essentially on the synthesis, characterization, and evaluation of

the (bio)degradation of FDCA-based polyesters.

In the first study, we tried to evaluate the biodegradation of PEF by the fungus Penicillium
brevicompactum. A discontinuous minimal fed-batch culture biodegradation assay was
used to try to increase the fungus incubation time with PEF. After 42 days of incubation, no
substantial removal of the polymer was observed, nor a change in the chemical structure of
the PEF that indicated biodegradation. In addition, a negative effect of PEF on the growth
of the fungus was observed. We concluded that P. brevicompactum with the methodology
used and incubation time could not biodegrade the PEF. These results support the
hypothesis that, at an environmental level, the PEF may be poorly biodegradable,
presenting identical hazards to current fossil-based polymers. However, it is important to
promote further studies regarding PEF biodegradation to have a more assertive view of its
environmental impact. It will be relevant to use different culture conditions, different
microorganisms, and try to achieve longer incubation periods, as well as analyzing the
compounds derived from that biodegradation. It will be interesting to promote studies that
evaluate the environmental biodegradation of PEF, isolate these microorganisms, and

subsequently testing the biodegradation in optimal conditions.

In the second study, we successfully synthesized for the first time fully bio-based PIsFDD
copolyesters by melt polycondensation. PIsFDDs were synthesized with different

proportions of a rigid unit (F moiety) and a flexible unit (DD moiety) in an attempt to develop
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polymers with appreciable thermo-mechanical properties and good (bio)degradability. They
acquired amorphous or semi-crystalline structures. Their thermal behavior changed
according to the different feed molar ratios used, T4 values increased with an increase of F
moiety in the polymeric structure. They also showed an adjusted degradation rate, with the
increase in the DD moiety there was an increase in their degradation. In the future, PIsFDDs
could be able to play a competitive alternative in the production of biodegradable products.
However, further work should be performed to complement these results. Currently, the
degradation tests are being continued and scanning electron microscope (SEM) images will
be obtained from PIsFDD films. It will also be relevant to characterize their mechanical

properties, barrier properties (water, CO2, and O3), as well as to test their biodegradation.

In conclusion, this thesis dealt with an unexplored theme, the (bio)degradation of FDCA-
based polyesters. This is an extremely important issue, not only to assess the associated
risks of the use/end of life of these polyesters but also crucial for the future development of
eco-friendlier end of life management strategies (recycling, degradation/biodegradation).
To date, PEF biodegradation has not yet been demonstrated under environmentally
relevant conditions, the present thesis also failed to demonstrate its biodegradation,
emphasizing the fact that it is necessary to promote more research on this topic. On the
other hand, the present thesis demonstrated that the copolymerization of FDCA with other
aliphatic unities can be an effective strategy to synthesize new potentially biodegradable

FDCA-based polyesters.
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VI. Supplementary data

1. Supplementary data A- Preliminary test to evaluate the growth and
consumption of culture medium by the fungus Peniccilum brevicompactum
during the biodegradation of PEF.

1.1. Context

This test was carried out to evaluate the growth and consumption of the culture medium by
the fungus Penicillium brevicompactum, with the subsequent objective of designing a
procedure with discontinuous feeding of the culture medium (the method used in Chapter
Il) that would allow increasing the longevity time of the fungus in the PEF biodegradation
test. In this sense, a PEF biodegradation test was developed with only two incubation times
14 and 28 days. The objective was to find out at which incubation time the fungus stopped

growing and to know approximately the volume of the culture medium that was loss.
1.2. Materials and methods:

All the materials mentioned below are the same as those used in Chapter Il. The PEF used

in this test was also synthesized and characterized as referred to in Chapter Il.
Briefly, for the PEF biodegradation test, 3 types of Erlenmeyer flasks were used:

e Growth control (GC): 50mL of culture medium + 0.5g of fungus (3 replicates /
incubation time)

e PEF Control (PC): 50mL of culture medium + 0.015g PEF microparticles (3
replicates / incubation time)

e PEF+ P. brevicompactum (PEF+P.b): 50mL of culture medium + 0.015g PEF

microparticles + 0.5g fungus (4 replicates / incubation time)

All Erlenmeyer (of 100 mL) consisted of 50 mL of culture medium prepared with the following
concentrations: 35 g/L of NaCl, 4.6 g/L of glucose, 16.3 g/L of malt extract, and 0.56 g/L of
peptone. At each incubation time (14 or 28 days), the respective Erlenmeyer flasks were
removed, and the fungus and the PEF microparticles were separated from the medium by
filtration, the final volume of the filtered culture medium was measured for each flask. The

fungus biomass was recovered, frozen, and lyophilized, and later weighed. The PEF
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microparticles were stored, dried in the oven at 40 °C for 2 days, and then weighed and

analyzed by ATR-FTIR spectroscopy.

1.3. Results and Discussion

According to the data in Supplementary data table 1, we observed that during the first 14
days of incubation the fungus grew 8 times more, both in the GCs and in the PEF+P.b
flasks. Between 14 and 28 days of incubation, there is a decrease in the growth of the
fungus, which indicates that after the 14 days there is a decrease in the nutrients in the
medium that leads the fungus to start dying. It is also noteworthy that at 28 days the growth

of the fungus in the PEF+P.b condition was much lower compared with GC.

Supplementary data table 1 - Variation of Penicillium brevicompactum biomass throughout the
experiment.

Erlenmeyer Inc_)culated Inc_>cu|ated _Final Variation
condition Biomass Biomass Biomass _ of Growth Growth mean £ SD
(Wet) (9) (Dry) (@) ___(Dry) (g) biomass
14 days
R1 0.527 0.0453 0.256 0.211 4.65
GC R2 0.511 0.0439 0.467 0.423 9.63 83
R3 0.514 0.0442 0.473 0.429 9.71
R1 0.527 0.0453 0.402 0.357 7.88
R2 0.507 0.0436 0.373 0.329 7.56
PEF*PL R3 0532 0.0457 0.424 0378 8.27 81
R4 0.566 0.0486 0.481 0.432 8.89
28 days
R1 0.507 0.0436 0.251 0.207 4.76
GC R2 0.520 0.0447 0.320 0.275 6.16 61
R3 0.521 0.0448 0.300 0.255 5.70
R1 0.516 0.0443 0.175 0.131 2.95
R2 0.512 0.0440 0.258 0.214 4.86
PEF+P.b R3 0.504 0.0433 0.205 0.162 3.73 31
R4 0.533 0.0458 0.123 0.077 1.69

Regarding the consumption of culture medium during the growth of the fungus, the results
are shown in Supplementary data table 2. Probably in all Erlenmeyer flasks after
autoclaving there was a loss of about 5 mL in volume. At 14 days of incubation, under GC
and PEF+P.b conditions there was a culture medium loss mean of about 16 and 18 mL,
respectively. At 28 days of incubation, the GC and PEF+P.b conditions showed a culture
medium loss mean of 16 and 15 mL, respectively. If we then consider the loss of 5 ml in
autoclaving, the growth of the fungus up to 14 days was responsible for a loss of
approximately 10 ml of the volume of culture medium. From 14 to 28 days of incubation, the
fungus does not seem to have caused a loss of volume of culture medium, which agrees

with the reduction in the growth of the fungus also in this time interval.
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Briefly, through Supplementary data table 1 and table 2, we observed that after 14 days
of incubation the fungus decays probably due to the lack of nutrients and that its growth

caused a loss of about 10 mL of culture medium.

Supplementary data table 2- Culture medium loss during the test

Initial culture Final culture Culture medium Culture medium
Erlenmeyer . .
condition medium medium loss loss
(mL) (mL) (mL) Mean * SD
1 day — after autoclave |
R1 50 45 5
PC R2 50 44 6 51
R3 50 46 4
14 days
R1 50 37 13
GC R2 50 33 17 163
R3 50 32 18
R1 50 43 7
PC R2 50 44 6 61
R3 50 45 5
R1 50 32 18
R2 50 32 18
PEF+P.b R3 50 34 16 18 1
R4 50 31 19
28 days
R1 50 34 16
GC R2 50 33 17 16 1
R3 50 34 16
R1 50 41 9
PC R2 50 42 8 81
R3 50 43 7
R1 50 37 13
R2 50 33 17
PEF+P.b R3 50 36 14 15+ 2
R4 50 36 14

The focus of this 28-day incubation trial was to assess the growth and behavior of the
fungus. However, PEF biodegradation was also evaluated, and the results of its gravimetry
and ATR-FTIR analysis were also acquired. We can see in Supplementary data table 3
that there was no considerable PEF removal during the 28-day incubation period with P.
brevicompactum. There were also no chemical changes in the typical PEF ATR-FTIR
spectrum after the 28 days of incubation with the P. brevicompactum (Supplementary

data-figure 1).
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Supplementary data table 3- Variation of PEF microplastics before and after their exposure to
Penicillium brevicompactum

PEF PEF % %
Erlenn_1?yer beginning recovered PEF removed PEF PEF removed
condition (9)
(g) (9) removed mean + SD
1 day - after autoclave
R1 0.0151 0.0120 0.0031 21
PC R2 0.0152 0.0163 -0.0011 0 7+12
R3 0.0153 0.0156 -0.0003 0
14 days
R1 0.0151 0.016 -0.0009 0
PC R2 0.0152 0.0167 -0.0015 0 00
R3 0.0152 0.0165 -0.0013 0
R1 0.0154 0.0161 -0.0007 0
R2 0.0152 0.0147 0.0005 3
PEF +P.b R3 0.0153 0.0158 -0.0005 0 1£2
R4 0.015 0.0151 -0.0001 0
28 days
R1 0.0151 0.0162 -0.0011 0
PC R2 0.0151 0.0151 0.0000 0 3%5
R3 0.0151 0.0139 0.0012 7.9
R1 0.0152 0.0140 0.0012 7.9
R2 0.0151 0.0143 0.0008 5
PEF +P.b R3 0015 0.0153 -0.0003 0 T4
R4 0.015 0.0159 -0.0009 0
PC-28d-R3
PEF+P.b-28d-R3
e PC-14d-R1
——— PEF+P.b-14d-R3
———PC-1d-R3
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm-)

Supplementary data-figure 1- Infrared spectra in the region 500-4000 cm™ from the PEF
microparticles throughout the experiment
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1.4. Conclusion

Based on this data, we concluded that after 14 days of incubation the fungus decays,
probably due to a lack of nutrients. We also concluded that at 14 days of incubation the
growth of the fungus is responsible for the loss of = 10 mL of the initial 50 mL of culture
medium. Based on these results, we designed a discontinuous minimal fed-batch culture

method used in the PEF biodegradation test applied in Chapter Il.

2. Supplementary data B- Chapter Il

2.1. ATR-FTIR and '3C ssNMR of the culture media at 56 days of incubation

Since the negative effect of PEF on the growth of the fungus was remarkable, we went to
evaluate the difference in the chemical composition of the culture medium in GC, PC, and
PEF+P.b. For this, we used the culture medium of the flasks of the 56 days of incubation.
The Supplementary data-figure 2 shows the FTIR spectra of the culture media. We
observed that the PC spectrum showed peak intensities much higher than the Erlenmeyer
flasks where the fungus grew (GC and PEF+P.b), this indicated that there was the
assimilation of nutrients from the medium by the fungus throughout the trial. The PC
spectrum has been reduced 5 times to be compared. A peak in 1738 cm-' was observed in
the spectrum of the PEF+P.b culture medium, this peak is associated with the C=0
stretching and may indicate the release of PEF into the culture medium. In the PC spectra,

this release is probably not detected due to the intensity of the other peaks.

0.05

Absorbance

3000 2500 2000 1500 1000 500

Wavenumber (cm)
GC-56d PC-56d ~—— PEF+P.b-56d

Supplementary data-figure 2- Infrared spectra in the region 500-4000 cm™ from the culture
medium.
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13C solid-state NMR of culture media (56 days) was also performed. Supplementary data-
figure 3 shows the acquired spectra. The PEF spectrum was also obtained to try to observe
the release of PEF into the culture medium. There were no considerable differences
between the culture medium of the GC and PEF+P.b. The peaks observed between 56 -
88 ppm and the peaks between 88 - 106 ppm are due to nutrients in the culture medium,
namely glucose, maltose, and dextrin. These peaks are more visible in the PC spectrum
because they are not consumed by the fungus. Between 165-180 ppm, a peak is detected
in both GC and PEF+P.b attributed to C=0 of carboxylic acid, ester, and amide groups,
which may be compounds released into the culture medium from cell death of the fungus.
PEF peaks were not observed in culture media. It should be noted that the PEF 3C ssNMR

spectrum was also in accordance with the literature®’.

Glucose + maltose +dextrins

|
PEF+P.b culture medium (56 d) / '\\A,,
Uﬁ \ T : ‘\ \[\m\_ -
/N J\‘m A M JV‘/ V\ﬁ\ ,ij\‘ | | f_\f\v N\j A\
e NMAMAn AN A SV p! MNAANAS M/ VA W/ [
VWS \J | |
1
PC culture medium (56 d) \
GC culture medium (56 d)
. / |
“ .
cso f:{zfcs " C3aF cHy|
PEF (film) (1 fkd Fu J
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Y S U 2 G - V2NN

S — S
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Supplementary data-figure 3- *C ssNMR of culture medium from 56 days of incubation and PEF
(film)
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3. Supplementary data C- Chapter Il
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Supplementary data-figure 4- ATR-FTIR spectra of all prepared PIsFDD copolyesters, PIsF, and
PIsDD homopolyesters.
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Supplementary data-figure 5- '"H NMR spectra of PIsF, PIsDD, and all PIsFDDs copolyesters in
CDCI3.
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Supplementary data table 4- '"H NMR resonances [300 MHz, CDCI3, reference (CDCI3) = 7.26
ppm] of PIsFDD copolyesters, PlsF, and PIsDD homopolyesters.
Integration area

PIsF PIsFDDs PIsDD
/pzp?n Multiplicity Assignment | 100/0 | 90/10 80/20 70/30 60/40  40/60 30/70 20/80 10/90 | 0/100
7.26 m a 075 087 085 082 088 075 092 015 0.07 -
5.40 m bs, €1 1 1 1 1 1 1 1 0.17  0.10 -
5.07 t g1 042 037 033 027 024 020 017 0.03 0.03 -
4.68 m d 054 070 067 071 075 078 087 0.21 - -
4.06 m ci+f; 2.17 - - - - - - - - -
5.17 m ba, € - 0.16 028 048 09 173 245 1 1 1
4.84 m g2 - 004 006 0.11 027 056 088 041 043 045
4.47 d dy - 008 013 0.17 034 058 090 044 044 049
4.02 m Co+fy - - - - - - - - - 2.21
5.31 m bs, €3 - 003 0.02 0.02 002 005 004 0.01 0.02 -
4.95 m gs - 017 026 034 051 063 070 016 0.10 -
4.51 m ds - 005 008 0.14 018 032 036 0.08 0.06 -
3.75- m oty i i i i i i i i i i
4.21 :
2.33 m h - 025 054 1.02 200 347 487 215 204 220
1.63 m i - 024 054 095 204 374 511 215 212 217
1.27 s j - 078 152 288 611 11.06 1584 6.88 6.46 6.37
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