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ABSTRACT

Novel 2,5-furandicarboxylic acid-based polyesters, by combining poly(octylene 2,5-furanoate) and poly(tri-
ethylene 2,5-furanoate), were successfully synthesized, characterized and evaluated for sustainable and flexible
food packaging application. Three eco-friendly and solvent-free synthetic approaches, such as melt poly-
condensation, physical blending and reactive blending were employed to prepare: equimolar physical blend, 50
mol% of poly(octylene 2,5-furanoate) block and random copolymers, 80 mol% of poly(octylene 2,5-furanoate)
random copolymer.

After molecular characterization, by nuclear magnetic resonance spectroscopy and gel permeation chroma-
tography, confirming the good control of synthesis parameters, the polymers were processed in form of films and
subjected to solid-state properties characterization.

High thermal stability was evidenced by thermogravimetric analysis, while the characteristic temperatures
were determined through differential scanning calorimetry showing all the polymers, with the exception of poly
(triethylene 2,5-furanoate), are capable of developing ordered structures. Diffractometric measurements showed
poly(octylene 2,5-furanoate) crystals, in comparable amount but with different perfections degree, formed in all
the crystalline samples.

Scanning electron microscopy was employed to assess film microstructure, distribution and continuity.

Functional properties, such as mechanical behavior and gas barrier capability, were tested and correlated with
chemical, structural/microstructural and thermal characteristics of the polymer films.

Surface wettability was measured and correlated with the composting ability and kinetics.

In general, flexibility was enhanced while keeping the gas barrier ability even under humid conditions, while
degradation rate in compost was properly tuned in the perspective of different end of life management of the
polymer films.

1. Introduction

estimated that the volume of waste production is of about 2-2.5 kg/day
per capita in developed countries and about 0.5-1 kg/day per capita in

The use of plastics and the consequent environmental impact is un-
doubtedly one of the most discussed topics in the current century. Plastic
littering is affecting our marine and terrestrial environment, with
devastating consequences for natural habitat biodiversity and ecosys-
tems, impacting also human activities and health [1,2] It has been
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the other countries [3] Luckily, society and politics are becoming more
aware about the plastics environmental impact issue, and governments
introduced and continuously update policies aiming to reduce plastics
use in a systemic way [4,5] For example, the Osaka Blue Ocean Vision
program is pushing G20 countries to reduce additional pollution by
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marine plastic litter to zero by 2050, making the net volume of plastics
entering the ocean zero by that time [6,7] Moreover, the European
Union (EU) adopted a strategy for plastics as part of the EU’s circular
economy action plan, aiming to support a more sustainable and safer
consumption and production patterns for plastics, differently from the
dominant linear economic development model, based on “take, make
and dispose” [8] Another Directive of the EU was introduced on waste
landfills to reduce the volumes of disposed waste and set strict re-
quirements for landfilling [9] As a result, positive signals have come:
from 2006 recycling has become the first option for plastics wastes in
Europe, with an increase rate of 117 % between 2006 and 2020 [10]
Despite all the measures taken, still 23 % of plastics wastes are dis-
charged in landfills in Europe, [10] while in the middle and
lower-income countries, this is even the first option, open dumping and
open burning treatments being largely preferred [11,12]

On the other hand, it is commonly accepted that plastic materials
play a central role in everyday life: it has been estimated that more than
8300 million metric tons of virgin plastics have been produced to date,
[13] and their global market, which was of about 609 billion dollars in
2022, is estimated to further grow at a CAGR of 4.0 % from 2023 to 2030
[14] As known, the success of plastics is related to their low cost, high
availability, light-weight and the possibility to easily tune their func-
tional properties according to the intended uses. Among these last,
packaging, including food one, is for sure the most important applica-
tion, covering alone almost the 40 % of plastics market [15] Being
impossible to think a world without plastics, sustainable solutions must
be found. The first action is the replacement of traditional rigid packages
with flexible ones. This way, plastic volumes could be drastically
reduced, minimizing wastes and preserving sources and energy during
production and transport [16] It has to be emphasized that, in the case of
food packaging, barrier performances to external environment, in
particular to moisture and oxygen, are preserved or even improved by
using flexible packages, with consequent prolonged food shelf-life and
reduced food waste, the other plague of our century [17] A second so-
lution is recycling of plastic wastes, although recycling is not always
practicable, because of package contamination by organic matter and
multilayer nature of most of the plastic materials present in the market
of food packaging [18] These problems could be overcome by using
mono-material packaging that, of course, must be characterized by
suitable mechanical and barrier properties as multi-material packaging.
Equally important would be the use of renewable sources, such as
biomass and agro-food wastes for plastics production, instead of fossil
ones. In this regard, the US Department of energy provided a list of top
value-added chemicals obtainable from biomass. 2,5-furandicarboxylic
acid (FDCA) is the only bio-based aromatic chemical among the 12
most important ones [19] Accordingly, furan-based polyesters have
become research hotspot in recent years and can be considered among
the materials of the future, [20-22] since they respond positively to the
various actions undertaken to reduce the environmental impact caused
by plastics, showing excellent mechanical and barrier properties, some
of them being also biodegradable or compostable [23-27]

In the present work, the Authors focused their attention on two
furan-based polyesters, nominally poly(octylene 2,5-furanoate) (POF)
and poly(triethylene 2,5-furanoate) (PTEF). The two homopolymers
have similar repeating unit, triethylene glycol differing from 1,8-octane-
diol only for the presence of two ether oxygen atoms instead of two
-CHg- groups in position 3 and 6 of the aliphatic moiety. To the best of
our knowledge, PTEF has been never synthesized and studied before,
whereas some papers are present in the literature on POF, [28,29]
although none of these mention its mechanical response, gas barrier
properties or compostability. As already evidenced for other polymeric
systems, [30-33] the presence of -C-O—-C- ether bonds along the
macromolecular chain affect crystallizing ability, surface hydrophobic-
ity and rigidity, reducing all of them. The introduction of ether oxygen
atoms, in turn, influence water affinity and, consequently, hydrolytic
and enzymatic degradation. To obtain new polymer materials with

Polymer Degradation and Stability 244 (2026) 111792

finely tunable properties, the two POF and PTEF homopolymers have
been combined both physically, by blending, and chemically, by copo-
lymerization. Through these approaches it was possible to obtain a
physical blend, block copolymers with different block length, keeping
fix the chemical composition (50 mol % OF), and a random copolymer
with different composition (80 mol % OF). All the materials were pro-
cessed into free-standing films by compression moulding. Beside mo-
lecular and thermal characterization, mechanical response and barrier
properties to dry as well as humid O, and CO;, gases were also evaluated,
to check the suitability of the new materials for flexible food packaging
purposes. Lastly, lab scale composting experiments were carried out to
evaluate their possible use as recyclable mono-material films or biode-
gradable devices.

2. Experimental section
2.1. Materials

Dimethyl furanoate (DMF) was purchased from Sarchem Labs, while
1,8-octanediol (OD), triethylene glycol (TEG), titanium tetrabutoxide
(TBT) and titanium isopropoxide (TIP) were purchased from Merck and
used reagent-grade.

2.2. Homopolymers synthesis

Poly(octylene furanoate) (POF) and poly(triethylene furanoate)
(PTEF) were synthesized through two-step melt polycondensation
technique. The synthetic apparatus was composed by a glass reactor, put
in a thermostated silicon oil bath, a mechanical stirrer connected to a
torque measurer and a high vacuum pump. A mixture of two catalysts,
TBT and TIP, was used (200 ppm each). A glycol excess of 30 mol %, was
employed. During the first synthetic phase, the temperature was set at
190 °C and the reaction was carried out under inert Ny atmosphere for
90 min after monomer dissolution, with a continuous stirring of 100
rpm. During this step, transesterification reactions occured, together
with distillation of methanol. At the beginning of the second phase,
which lasted about 180 min, the pressure was gradually reduced to 0.05
mbar and the temperature was raised to 230 °C. During this step,
polycondensation reactions took place, the glycol released was collected
in a trap: a raise of torque value, due to the increase of polymeric fluid
viscosity, i.e. of molecular weight, could be observed. When torque
reached a plateau value, the synthesis was stopped, and the polymers
were discharged from the reactor.

2.3. Chemical modification strategies

Chemical modification of POF and PTEF homopolymers was carried
out by three different strategies: melt copolymerization, physical and
reactive blending (Scheme 1). More in detail, the same poly-
condensation procedure used for the synthesis of the two homopolymers
was adopted also for the synthesis of the random copolymer poly
(octylene/triethylene furanoate) P(Ogo/TE2oF) containing 80 mol % OF.

An equimolar physical blend (POFs(/PTEFs5) was prepared by dis-
solving and mixing the two homopolymers in CHCl3. Afterwards, chlo-
roform was evaporated.

Two different poly(octylene/triethylene furanoate) copolymers,
characterized by the same chemical composition (50 mol % OF) but a
different molecular architecture, were obtained by reactive blending the
previous prepared POFso/PTEFsg physical mixture, for 15 and 45 min,
respectively, in a 250 mL glass reactor under nitrogen flow and
continuous stirring (100 rpm), keeping the temperature at 225 °C.
Copolymer formation was catalysed by TBT and TIP already present in
the homopolymers. Different mixing times allowed to obtain copolymers
with long and short blocks, P(Osp-b-TEsoF) and P(Osq/TEs5F),
respectively.
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Scheme 1. Summary of the different synthetic strategies adopted in the present work: melt polycondensation; physical blending; reactive blending.

2.4. Molecular characterization

The chemical structure and the composition were determined by
proton Nuclear Magnetic Resonance (‘H-NMR ), while the degree of
randomness (b) and the block length were calculated by means of carbon
Nuclear Magnetic Resonance (**C-NMR ). The solutions were prepared
by solving the polymers in deuterated chloroform (containing tetrame-
thylsilane as internal standard) with a concentration of 10mg/mL for
samples analyzed by 'H-NMR , and of 40 mg/mL for samples analyzed
by I3C.NMR . A Varian INOVA 400 MHz apparatus, operating at room
temperature, was employed.

Molecular weight (M) and polydispersity index (P) were deter-
mined through gel permeation chromatography (GPC), carried out at 30
°C. The apparatus is formed by a 1525 binary HPLC pump (Waters)
equipped with PLgel 5 mm MiniMIX-C column (Agilent Technologies)
and a refractive index detector, calibrated using monodisperse poly-
styrene standards in the range of 2000-100,000 Da. Samples were
solved in chloroform, which was used also as eluent (flow of 1 mL/min).

2.5. Film preparation

Polymeric films (of about 100 pm thickness) were obtained by
compression molding, using a Carver C12 Laboratory press, equipped
with a water cooling apparatus. About 2 g of material were placed be-
tween two Teflon sheets and melted in the press. After that, a pressure of
about 6 ton/m? was applied for two minutes and films were then cooled
to room temperature in the press. Before further characterization, all the
polymeric films were stored at room temperature for three weeks, in
order to let them reach thermal equilibrium.

2.6. Surface characterization

Static contact angle measurements were carried out on film samples
by using a KSV CAM101 instrument (Helsinki, Finland) at room tem-
perature, recording the profiles of water drops by image analysis
(tangent method 1). Each drop (4pl) was deposited at a rate of 100 pl/
min on the film surface. At least ten drops were observed on different
areas for each film and contact angles were reported as the average
value + standard deviation. The data were also recorded at different
times after deposition (30 s, 60 s), in order to evaluate the evolution of
the drop shape and the value of WCA.

2.7. Thermal and structural characterization

Thermal stability was determined by thermogravimetric analysis
(TGA), using a TGA4000 (Perkin Elmer) instrument. About 5 mg of each
polymeric samples were loaded on a weight scale and heated under Ny
flow at a rate of 10 °C/min in the temperature range 40-800 °C. By this
technique it was possible to measure Topser and Tpngy, i.€. the temperature
at which weight loss starts and the temperature corresponding to
maximum weight loss, respectively.

Polymer films’ thermal transitions were determined with differential
scanning calorimetry (DSC), by means of a DSC6 (Perkin Elmer) in-
strument. This last is composed by an intracooler set at —70 °C and a
holder, containing both the sample and the reference, kept under Ny
atmosphere. The samples were subjected to the following calorimetric
program: I heating scan from —40 °C to 190 °C (rate of 20 °C/min), an
isothermal step of 3 min, a rapid cooling from the molten state, by im-
mersion in liquid nitrogen, and then a II heating scan, under the same
conditions of the I scan. Thermal transitions like glass to rubber tran-
sition temperature (Ty), crystallization temperature (T) and melting
temperature (T,) as well as their relative specific heat and enthalpy
variations (Acy, AH,. and AHy,, respectively) were calculated.

The kind and amount of crystalline phase developed by the films
investigated were determined by means of wide-angle X-Ray scattering
(WAXS), using a with a PANalytical X’Pert PRO diffractometer equipped
with an X’Celerator detector and a copper target. Data were acquired at
room temperature in the 5-60° 20 range (acquisition time of 100 s; step
of 0.10°). Crystallinity degree (X.) was calculated as the ratio between
the area related to the crystalline peaks and the overall area under the
diffractometric curve. The non-coherent scattering was also considered.

Scherrer equation was applied for domain size determination [34]

2.8. Mechanical characterization

Mechanical response of the polymeric samples was tested using an
Instron 5966 machine, equipped with rubber grips, a 10 kN load cell and
a Bluehill software. Each rectangular film (5 mm x 50 mm, gauge length
of 20 mm) was subjected to stress-strain measurements, by applying a
stretching speed of 10 mm/min. The load-displacement data directly
measured by the instrument have been converted to stress—strain curves
by the software. Stress (o) and elongation (¢p) at break were directly
calculated, while the tensile elastic modulus (E) was determined from
the initial linear slope of each curve. At least 6 samples for each material
were analyzed, and the mean value + standard deviation of the 6
measurements was reported.
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2.9. Barrier properties evaluation

Permeability tests were performed at room temperature (23 °C)
using a Permeance Testing Device, type GDP-C (Brugger Feinmechanik
GmbH), using a manometric method. The sample temperature was
regulated by an external thermostat HAAKE-Circulator DC10-K15 type
(Thermoscientific, Selangur Darul Ehnsan, Malaysia). Each polymeric
film (area of 78.5 cmz, diameter of 10 cm) has been placed between two
chambers, the upper one then filled with the test gas (O3 and COy) at a
pressure of 1 atm and a stream of 100 cm>min™. A pressure transducer,
placed in the lower chamber, measures the increasing of gas pressure as
a function of time. From pressure/time plot, the software calculates
permeation, which can be converted in permeability. The gas trans-
mission rate (GTR), i.e. the value of the film permeability to gas, was
determined considering the increase in pressure in relation to the time
and the volume of the device. Two different relative humidity (RH)
values were considered, 0 % RH and 85 % RH, in order to mimic both
dry and humid conditions. All the measurements have been performed
at least in triplicate, and the mean value + standard deviation was
reported.

2.10. Compostability evaluation

Lab-scale compostability tests were performed by placing polymeric
square films (15 x 15 mm?), previously weighted, in between two layers
of mature wet compost, kindly supplied by Nuova Geovis (Sant’Agata
Bolognese, Italy). Samples were incubated at 58 °C and 99 % RH, under
agitation (50 rpm) using a SW22 Julabo shaking water bath. At designed
time points, specimen duplicates were withdrawn, washed repeatedly
with an aqueous solution of ethanol (70 % v/v) and then dried until
constant weight was reached. Gravimetric weight loss was determined
dividing the difference between initial and final weight of each sample
by the initial one.

Surface morphology of partially degraded samples was observed
with a Hitachi S-2400 scanning electron microscope (SEM) operating at
18 kV. Before the analysis, samples were glued on aluminum stabs with
carbon tape and gold sputtered. Molecular and thermal characterization
were carried out on partially degraded samples in order to check dif-
ferences in chemical composition and in thermal transitions ascribable
to degradation process.

3. Results and discussion

In the present study, a physical blend and several copolymers of POF
and PTEF were obtained. The two homopolymers are characterized by
very similar chemical structure, differing just for the presence of two
ether oxygen atoms instead of two CHy groups in the glycolic subunit.
We have evaluated: i) the effect of physical and chemical blending
(physical mixture vs. copolymer) keeping fixed the composition (50:50,
OF mol:TEF mol); ii) the effect of molecular architecture (block vs.
random copolymer) keeping fixed the composition (50:50, OF mol:TEF
mol); iii) the effect of chemical composition (80:20 vs. 50:50, OF mol:
TEF mol), keeping fixed the molecular architecture (random).

3.1. Synthesis and molecular characterization

POF and PTEF homopolymers and random P(Ogo/TEyF) copolymer
were synthesized by two-step melt polycondensation using TBT and TIP
as catalysts. The POF5(/PTEFs5( physical blend was prepared through the
solution of equimolar amount of POF and PTEF in chloroform under
stirring, and further evaporation of the solvent. Block P(Os¢-b-TE50F)
and random P(Oso/TEs5oF) copolymers were synthesized by reactive
blending the homopolymers physical blend. The as-prepared samples
were firstly characterized from the molecular point of view by means of
'H-NMR and '3C-NMR spectroscopy and GPC analysis. By H-NMR it
was possible to confirm the chemical structure and to calculate the
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chemical composition. The molecular characterization data are
collected in Table 1, while in Fig. 1A, 'H-NMR spectrum of P(Osg-b-
TEs5oF) is reported as an example, together with peaks’ assignment. At
low field, close to the chloroform signal, the peaks related to the aro-
matic furan ring (a and a’ protons) can be detected at 7.23 and 7.24
ppm. In the region between 1.25 and 4.50 ppm, the characteristic signals
of the glycol subunits can be observed. In detail, the peaks of the
methylene groups in a position to the ester oxygen are present: b at 4.30
ppm related to octylene and f at 4.45 ppm of triethylene, respectively.
The remaining protons are located at higher field: the d and e signals of
hydrogen atoms of the octylene moiety are overlapped and located at
1.35 ppm, while the g and h protons of triethylene subunit are located at
3.81 and 3.68 ppm, respectively.

The actual chemical composition was calculated from the relative
area of f methylene protons of TEG subunit at & 4.45 ppm, and the
relative area of b protons of OD at & 4.30 ppm. For all the materials under
investigation, the molar amount of TEF turned out to be very close to the
feed one (Table 1).

13C-NMR analysis was used to determine block length (L) and
randomness degree (b). In Fig. 2 the 3C.NMR spectrum of P(Osg-b-
TEsoF) block copolymer with peaks’ assignment is shown as an example.
A magnification of the spectra of the two parent homopolymers together
with those of P(Oso-b-TEs5oF) and P(Os(/TEs5(F) copolymers in the range
146.2 - 147.4 ppm, is also shown. In this region, together with the sig-
nals at 146.91 and 146.70 ppm, corresponding to the O-F-O (j carbon)
and TE-F-TE (j’ carbon) triads, respectively, two additional peaks can be
detected. These signals (w and y) refer to the O-F-TE and TE-F-O triads.
The signals due to ester group carbons, i and i’, can be also detected in
the range 157.90-158.20 ppm, while k and k’ peaks are located between
118.1 and 118.7 ppm. In addition, the signals of glycol carbons of
octylene subunit ([, m, n and o) appeared at 65.75, 29.00, 25.60 and
28.25 ppm, respectively, while the carbons of triethylene subunit (p, q
and r) were located at 64.50, 68.90 and 70.70 ppm, respectively.

As to the degree of randomness (b), it must be noted that it is equal to
1 for random copolymers, 2 for alternate copolymers, O for a mixture of
two corresponding homopolymers and 0 < b < 1 for block copolymers.
In the present work, the degree of randomness was calculated according
to Eq. (1):

b = Pote+ PrE-0 (€]

where O-TE and TE-O are the probability of finding an O unit next to a
TE one and the probability of finding a TE next to an O one, respectively.

These two probabilities can be expressed, in turn, according to Eq.
(2) and 2"

I
wo. _ 'y
) PTE*O -

_ b b 2
[+, 7+, @

Po 1

where, Iy, I, Iy, Ij, represent the integrated intensities of w, j, y and j’
resonance peaks related to the O-F-TE, O-F-O, TE-F-O, and TE-F-TE tri-
ads, respectively (Fig. 2).

For P(Ogo/TE2F) and P(Oso/TEsoF) copolymers, the calculated b is
practically equal to 1, while for P(Osg-b-TEs5oF) copolymer b was 0.21, in
agreement with their predicted molecular architecture.

The average length (L) of OF and TEF sequences is reported in

Table 1
Molecular characterization data (NMR and GPC) of the materials under
investigation.

TEF mol % Lor Lygr b M, g/mol D

POF - 34,700 2.4
POFs/PTEFso 50 - . : i Bl

P(Oso-b-TEsoF) 49 11,1 101 021 26,400 2.1
P(Os0/TEsoF) 49 2.3 2.1 0.98 40,700 2.1
P(Ogo/TExoF) 19 5.0 1.1 1.00 32,400 2.2
PTEF 100 - - - 26,700 2.0
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Fig. 1. A) '"H-NMR spectrum of P(Oso-b-TEsoF) copolymer with peaks’ assignment; B) Magnification of the region between 4.25 and 4.55 ppm of the 'H-NMR spectra

of neat (bottom) and partially degraded (moving to top) P(Oso-b-TEsoF) samples.

Table 1 and was calculated according to Eq. (3) and 3"

1 1
; L

- - 3
Por ™ Pmo

Lor =

As expected, P(Ogo/TEgoF) is characterized by Lygr equal to 1.1 and
Lor equal to 5.0, due to the presence of a higher amount of OF subunits
with respect to TEF ones, as a consequence of its chemical composition.
In the case of the two copolymers obtained by reactive blending, by
increasing the mixing time, the average block length decreased (from
11.1 and 10.1 to 2.3 and 2.1), confirming the proceeding of trans-
esterification reactions and the evolution from a block architecture (P
(Os0-b-TEs50F)) to a random one (P(Oso/TE50F)). Molecular weight ob-
tained by GPC (Table 1) were high and comparable, all characterized by
a quite low polydispersity index (ranging from 2.0 to 2.4), suggesting a
good control over the syntheses.

3.2. Thermal and structural characterization

The compression molded films were subjected to calorimetric studies
after three weeks of storage at room temperature, in order to uniform
their thermal history, being all the polymers under study characterized
by a Ty below room temperature. Thermal stability was measured by
means of thermogravimetric analysis under Nj flow. The relative ther-
mograms are shown in Fig. 3aA, while in Table 2, the temperatures
corresponding to initial decomposition (Tynser) and to maximum degra-
dation rate (Tyqy) are listed. All the polyesters investigated are high
thermally stable, with Tonsr above 360 °C, in agreement with results
previously obtained on other furan-based polyesters [36,37] PTEF is the
polymer that starts degrading at lowest temperature, due to the presence
of ether oxygen atoms along its macromolecular chain, which are the

first involved during thermal degradation [36] Conversely, POF has a
Tonset of 379 °C. As to the Tpqx values, the differences between the two
homopolymers are less pronounced, due to the fact that at this stage,
degradation occurs in both OF and TEF moieties. All the copolymers and
the blend have an intermediate behaviour for both values, confirming
that copolymerization did not worsen the thermal stability, on the
contrary, as reactive blending time increases Tpqy also increases (for P
(Os50/TEs50F) random copolymer). In all cases, no char residue was
observed and degradation occurred in two different steps, the second
and less remarked one at higher temperatures (around 500 °C).

Thermal transitions were measured by DSC analysis, which was
carried out on all the samples in form of compression moulded films. The
relative calorimetric data are collected in Table 2, while the I scan DSC
trace is shown in Fig. 3B In the I scan, POF shows the typical behavior of
semicrystalline materials, with a glass transition phenomenon followed
by an endothermic melting peak at higher temperature (145 °C).
Conversely, PTEF is completely amorphous, only the endothermic
baseline deviation related to glass-to-rubber transition (11 °C) being
present. The copolymers and blend are all semicrystalline materials,
with melting temperatures and enthalpy values changing as a function of
TEF amount and molecular architecture. More in detail, POFs,/PTEF5q
blend is characterized by the same Ty, value of POF, with a halved value
of AH,,, in agreement with the amount, inside the blend of POF, which is
the only polymer able to crystallize. P(O5¢-b-TE5oF) block copolymer has
lower Ty, (136 °C vs. 145 °C for POF) and AH,, (21 J/g vs. 41 J/g for
POF), confirming the multi-block nature of the copolymer. The enthalpy
variation halving is in agreement with the chemical composition
(Table 1), i.e. the reduction of the crystallisable OF segments per unit
mass.

If P(Os0/TEsoF) and P(Oso-b-TEsoF) are compared, Ty, decreased



G. Guidotti et al. Polymer Degradation and Stability 244 (2026) 111792

n
010
. AN NN O,
b T I
P(Osy/TEsF) w/| || oy ) ° °  OFTE
VN IAWNAAA NN S ‘\w"\m/\,./«ﬁ,\/ / LSV AW N g A °w y° ©
. | . o o - -
J;.‘ :l.]' o o o oj,"ovj&0 OTEI:;TEO
| |
P(Os-b-TEsoF) w || oy
NN INANA A AN N AN N N R *”h'w\\f/-\,mwxv- N
jl
PTEF === o
il
i
i
POF Z\ mo n

AN AN A AL Nt N N AP A NS AN S NNAPA SN N

\147.40 147.25 147.10 14695 146.80 146.65 146.50 146.35 146_?:0'/
ppm e

ql

Hwty

CHCl;

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
ppm

Fig. 2. '3C-NMR spectrum of P(Osq-b-TEsoF) block copolymer with peaks’ assignment. In the inset, a magnification of the spectra of POF, PTEF, P(Oso-b-TEsoF) and P
(O50/TEs50F) in the region between 146.2 and 147.4 ppm is reported.

100 —— POF
1 ——— POF,/PTEF,,
80 — P(Oy-b-TE F) POF
A
] P(Oyy/TEoF) 8 |POF,/PTEF,, a
° i S~
g 60 ——POYTEN) | £ o ) 3
& —— PTEF m ; s POF,,/PTEFs,
'g 40- P(O5(/TE5oF) 3 z :
2z
i POs/TEnD) _* g P(Os-b-TEs,F)
| PTEF (,
20 L R B e S e e B
1 30 0 307 60 90 120 150 PO/ TESF)
0- " Temperature (°C) |
200 400 600 800 P(Ogy/TEyF)
Temperature (°C) PTEF
— T T T T

0 10 20 30 40 50 60
2 - theta (°)

T T T T
100 120 140 160
Temperature (°C)

Fig. 3. A) Thermograms obtained by TGA; B) I scan DSC curves; C) WAXS profiles of the materials under investigation and D) Magnification of the region corre-
sponding to the melting temperature (90-170 °C) of DSC curves of partially degraded P(Oso-b-TEs5oF) samples.



G. Guidotti et al.

Polymer Degradation and Stability 244 (2026) 111792

Table 2
Thermal (TGA and DSC) and structural (WAXS) characterization data of the materials under investigation.
Tonset’C  Tmax’C  Iscan 11 scan X% L nm
TPC 4G J/g°C  To°'C AH,J/g  TgC  AGJ/g°C  Te°C  AH, J/g Tn°C  AHn,J/g
POF 379 396 18 0.157 54, 2.5 -2 0.284 18 19 144 48 37 14
145 41
POF50/PTEFs50 374 395 10 0.332 144 20 -2 0.234 17 7 143 22 18 14
0.008
P(Os50-b-TEs5(F) 374 399 6 0.292 49, 2.2 1 0.302 30 18 136 25 18 12
136 21
P(O50/TE50F) 379 403 8 0.316 50, 5.4 3 0.381 66 16 102 16 19 9
100 22
P(0go/TE2oF) 374 397 11 0.177 49, 3.4 1 0.162 31 28 127 37 28 10
128 29
PTEF 361 390 11 0.587 - - 11 0.505 - - -

" Mean domain size estimated by the width of the peak at 24° in the WAXS pattern.

with block length, indicating a reduction of crystal perfection and
dimension, as also confirmed by the broad shape of the melting phe-
nomenon. The comparable values of AH,, indicate that, although
particularly disturbed by the presence of TEF segments, OF short blocks
are still able to crystallize.

P(Ogo/TE2oF) shows values of both Ty, and AH,, in between those of
POF and the other random copolymer P(Os¢/TEs5oF). This result is in
agreement with its random structure and the presence of only 20 mol %

of TEF counits.

In the DSC curves of POF and of all the copolymers an additional
small melting peak, located in the range 49-54 °C can be observed.
Previous studies evidenced that its origin is different from crystal
melting but can be ascribed to the formation of a mono- or bidimen-
sional order, generally called mesophase. The presence in the macro-
molecular chain of mesogenic rings, like furan one, together with
aliphatic moieties (octylene and triethylene) can give rise to this pecu-
liar structure, [33,35,37,38] whose evidence can be seen in DSC trace as
a small endothermic peak at temperature just above room temperature
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Fig. 4. A) Il scan DSC curves of samples cooled from the molten state by immersion in liquid nitrogen and B) enlargement in the temperature range —20 °C - 25 °C of

POF, PTEF and POF50/PTEF50 curves; C) SEM micrographs of POFso/PTEFs film section at 500X and D) 5000X.
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and well below Ty,, associated to mesophase isotropization phenome-
non. Interestingly, this peak position is independent on the composition
and, surprisingly, increases in intensity when the crystallizing compo-
nent (OF) decreases in amount (P(Ogo/TE2oF) vs P(Os50/TEs0F)) or in
block length (P(Oso-b-TEs5oF) vs P(Oso/TEsoF)) [39].

The WAXD patterns of the tested samples are presented in Fig. 3C. As
far as concerns homopolymer moieties, PTEF shows a bell-shaped profile
typical of a fully amorphous material while POF is characterized by
three stark peaks at angles of 24.0, 16.6 and 12.8°, in the order of
decreasing intensity, with the addition of a ‘bumped’ baseline due to
non-ordered component. The other samples display ‘POF-type’ pattern
with peaks due to the same crystal phase, but with different content of
the amorphous fraction as evident from the crystallinity degree values
(X.) reported in Table 2. The crystallinity degree values seem to be
dependent on the OF counit amount, as a matter of fact X, decreases with
the OF content (POF > P(Ogo/TEgoF) > P(Os0/TEs5F)), but it is quite
independent on the OF block length. As a matter of fact, all the polymers
containing 50 mol % OF present X, values of about 18 % regardless the
OF block length. What is changing is the size of crystalline domains (L)
estimated from the width of peak at 24° L decreases with the OF block
length: it is 14 nm in POF homopolymer and blend, and reaches the
minimum value of 9 nm in P(Os(/TEsoF) random copolymer (Table 2).

As reported in the literature, [40,41] amorphous domains in a
semicrystalline material generally have a different behaviour than in a
completely amorphous material. Indeed, crystallinity acts as physical
constraints, causing an increase in T, value. For this reason, to study the
dependence of the glass transition on the composition and architecture,
it is better to observe the phenomenon in absence of crystallinity.
Therefore, II DSC scans were performed after rapid cooling from the
molten state, by immersing each sample in liquid nitrogen. The relative
calorimetric curves and data are shown in Fig. 4A and listed in Table 2.

PTEF is the only sample which shows the same profile as I scan, with
a Tyvalue of 11 °C, indicating the material is in the rubbery state at room
temperature. Conversely, in all the other samples some remarkable
differences can be observed with respect to I calorimetric scan. Indeed,
once Ty is exceeded, an exothermic crystallization peak can be observed,
indicating that macromolecular chains have enough energy to rearrange
in an ordered crystalline structure, which melts at higher temperature.

Only for P(Os5¢/TE50F) quenching was effective, being AH.. ~ AHp,.
For POF, P(Os5¢-b-TEsoF) and P(Ogo/TEyoF) copolymers and POFsy/
PTEFs( blend, only a portion of macromolecular chains was effectively
quenched in the amorphous phase, but the effect was remarkable
enough to allow the determination of T values.

As it can be seen from Table 2, all the materials are in the rubbery
state at room temperature. More in detail, POF has a T, value of -2 °C,
while the values measured for the copolymers are located in between
those of the two parent homopolymers and coherent with their chemical
composition and architecture. This procedure was also useful to evi-
dence the presence of two glass transition steps in the POFso/PTEFsq
blend (Fig. 4B), located at —2 and 7 °C and associated to those of the two
parent homopolymers (the lower to POF and the higher to PTEF,
respectively). Looking more in depth, the T step at higher temperature
is partially covered by the crystallization of OF segments, and this is
probably the reason why its value is lower than the PTEF one. Of
particular interest is the fact that crystallization of OF moieties starts
only when the T, of TEF moieties is exceeded, and at higher temperature
with respect to POF homopolymer (Fig. 4B), meaning that PTEF in the
glassy state hinders crystallization of POF. This evidence can be
explained considering that although not chemically bounded and not
miscible in the amorphous phase, POF and PTEF are intimately mixed.
That suggests they could be at least compatible.

3.3. Blend morphology

To get a better insight on the morphology of POF5,/PTEFs5 blend, in
Fig. 4C the SEM micrographs of blend film cross-sections at different
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enlargements are shown. From these micrographs interesting informa-
tion on the blend morphology and the extent of the phase separation can
be obtained.

From Fig. 4C one can see a smooth and continuous fracture surface
indicating POF and PTEF components are well dispersed each other.
Although the immiscibility of the two polymers was confirmed by DSC
measurements, it seems that anyway their compatibility is good with
small semicrystalline POF droplets (a few microns large) immersed in a
continuous PTEF matrix, as evidenced in Fig. 4D Indeed, in a compatible
polymeric blend, the two parent homopolymers are present in separate
phases but the blend exhibits macroscopically uniform properties due to
the strong interaction between the components of the blend.

3.4. Surface wettability

Surface wettability was performed by means of static contact angle
measurements, carried out at different timepoints after deposition. In
Fig. 5 drops pictures poured on polymeric surfaces at different time-
points after deposition are shown, together with the relative WCA
values. As it can be seen, POF homopolymer is highly hydrophobic, as
well as POF5(/PTEF5( blend and P(Ogo/TExoF) copolymer. In all cases,
WCA was about 98-99 ° and the drop shape did not change after
deposition. These results are in line with those obtained for other furan-
based materials [36,42] Conversely, PTEF turned out to be the material
with the highest hydrophilicity, with WCA value of 39° (Fig. 5), due to
the presence of the ether oxygen atoms along the main chain, which
confer PEG-like properties.

In case of the block and random copolymers containing 50 mol %
TEF counit, although immediately after deposition WCA values are high
(98° for P(OFs(/TEsoF) and 85° for P(Os¢-b-TEs0F)), an evolution of
drop shape was recorded, WCA values getting lower after 30 s from
deposition and, in case of P(Os¢-b-TE5oF), reaching a value of 73° after 1
min from deposition (Fig. 5). In this last case, a swelling of the surface in
contact with water was also observed. The reason of this behavior can be
explained with the presence of a consistent amount of TEF counits,
which improve material hydrophilicity. Moreover, as already evidenced
in previous studies, [43] although material hydrophilicity is expected to
be the same (given the same chemical composition), a different behav-
iour was observed depending on the different molecular architecture, i.
e. different block length, longer blocks being responsible of enhanced
wettability. A possible explanation can be found in a hypothetic spatial
reorganization of macromolecular chains, which leads hydrophilic TEF
counits to interface with water, moving to the surface, and OF counits,
more hydrophobic, to move inside the bulk, avoiding the contact with
water. This behaviour, already studied in the literature, [44,45] is
possible only when hydrophilic counits have enough energy to rear-
range at room temperature, meaning that their T, has to be below RT, as
in the case of the polymers investigated. In addition, the minor decrease
over time of WCA values of P(OFs0/TEs5oF) with respect to P
(Os50-b-TEsoF) can be explained considering the shorter OF as well as TEF
blocks in the random copolymer (Table 2) and, as a consequence, the
difficulty of generating quite large OF-rich and TEF-rich domains,
characterized by different water affinity [43]

3.5. Mechanical characterization

To provide a deep insight into the mechanical properties of the
materials under investigation, stress-strain measurements were carried
out on polymeric films. The tensile testing data (elastic modulus E, stress
at break op and strain at break ¢p), are collected in Table 3, while stress-
strain curves are shown in Fig. 6.

As known, mechanical properties are strictly related to molecular
weight, the amount of crystalline phase, and chain mobility.

Both the homopolymers have the T, below room temperature, which
renders the polymer chain very mobile. POF homopolymer has a crys-
tallinity degree of 37 %, which is responsible for the stiffness of the
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Fig. 5. WCA values and pictures of the water drop at different times after deposition for the materials under study.

Table 3

Mechanical and gas barrier data to O, and CO, (0 % RH and 85 % RH) of the materials under investigation.

E(MPa) o3 ep (%) 0,-TR 0 % RH cm®cm/m  CO,-TR 0 % RH cm®cm/m  0,-TR 85 % RH cm®cm/m  CO,-TR 85 % RH cm®cm/m
(MPa) d atm d atm d atm d atm
POF 490 + 26 + 3 22 42 1.02 + 0.06 2.68 + 0.08 0.20 + 0.01 1.23 + 0.05
70
POFso/ 26+ 5 1.5 + 184 +25  0.001 + 5E* 0.005 + 5E 0.007 + 5E* 0.003 + 5E*
PTEFs, 0.2
P(Os0-b- 88+11 7+1 51+7 0.15 + 0.02 1.24 + 0.05 0.16 + 0.02 1.16 + 0.04
TEsoF)
P(Os0/ 89+13 1142 553 +41  0.11 £ 0.01 1.12 + 0.04 0.40 + 0.02 1.05 + 0.04
TEsoF)
P(Ogo/ 290 + 23+ 4 308 +30 1.21 +0.06 2.35 + 0.08 1.08 + 0.04 2.22 +0.07
TEq0F) 90
PTEF - 1150 + -
50

material, while PTEF is completely amorphous. POF film is character-
ized by the highest elastic modulus (490 MPa) and stress at break (26
MPa) and the lowest elongation at break (22 %). Conversely, PTEF ho-
mopolymer is the one with the highest elongation at break, reaching
values above 1100 %. Unfortunately, stress value remains particularly
low during the entire test, which is the reason why it was not possible to
determine E value. Anyway, by observing the inset in Fig. 6, it is possible
to notice how the initial curve slope is the lowest among all the polymers
tested. In the copolymers, the introduction of flexible PEG-like counits in
POF backbone leads to significant differences in the mechanical

response: a general decrease of elastic modulus and a higher elongation
at break were observed, with variations depending on both the chemical
composition (amount of TEF counits) and the chemical architecture
(block or random). Reasonably, P(Ogo/TExoF), the copolymer contain-
ing the higher amount of OF counits presents the highest elastic modulus
and stress at break, due to its high crystallinity, but still the elongation at
break was remarkably increased, reaching a value of about 300 %. By
increasing the TEF counits content to 50 mol %, in the P(Osp-b-TEs5F)
and P(Oso/TEsgF) copolymers, elastic modulus about 5 times lower and
stress at break values 3/4 times lower than that of POF, were achieved,
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Fig. 6. Stress-strain curves of the materials under investigation. In the inset, the
region corresponding to low stress and strain values is reported.

thanks to the flexibilization imparted by TEF segments. The effect of
molecular architecture can be observed by comparing their elongation
at break: 51 and 553 % for block and random copolymers, respectively.
The significant difference cannot be ascribed to the crystallinity degree
being X, and AH,, values for the two copolymers comparable (Table 2) as
well as their Tg, i.e. same chain mobility. Anyway, as indicated by
WAXS measurements, the block copolymer presents larger crystals with
respect to the random one (Table 2). The lower elongation at break for P
(Os0-b-TEs5pF) could be also due to the slightly lower molecular weight
(Table 1).

As to POFs5o/PTEFs( blend, the elastic modulus is more than ten times
lower than the one of POF, with an elongation at break of almost 200 %,
which is particularly remarkable considering that the homopolymers in
the blend are not chemically bounded and the two phases are not
miscible, according to DSC and SEM results (Fig. 4A and 4C). A similar
evidence was already observed in the literature, but only with limited
fraction of the second homopolymer (5-10 wt %) [44-46] Again, a
possible explanation can be found in the presence of very small POF and
PTEF domains, intimately mixed, characterized by a good dispersion
and interfacial adhesion which confer to the blend very good mechanical
properties.

Lastly, for all the copolymers and the blend, yielding can be observed
after short elongations, in all cases below 40 %.
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3.6. Gas barrier properties evaluation

The permeability tests to oxygen and carbon dioxide were carried out
at 23 °C on the compression molded films of all the materials under
study, in both dry (0 % RH) and humid (85 % RH) conditions. The
permeability values, expressed as Gas Transmission Rate (GTR), are
listed in Table 3 and shown in Fig. 7, together with those of some
commercial plastics [47-49]. and other furan-based polymers, some of
them previously investigated by the Authors [35,50,51]

As known, barrier properties are generally negatively influenced by
all factors that increase free volume among chains, such as low T, values
and a high crystals/amorphous phase ratio. Indeed, lower T, values
mean higher amount of free volume leading to the increase of the gas
transmission rate (GTR). Conversely, the presence of a substantial
crystalline phase effectively hampers gas passage. As already
mentioned, in furan-based polyesters the establishment of Van der
Waals forces, n-n and polar interactions, [52-57] possibly producing
mesophases, leads to outstanding barrier performance.

From the first test conducted at 23 °C in dry atmosphere, in case of
PTEF a rapid gas passage through the polymeric matrix was observed.
Despite the presence of ether-oxygen atom in PTEF repeating unit,
which should enhance the number of hydrogen bonds (i.e. higher inter-
molecular forces), its T, below room temperature and its complete
amorphous nature play a predominant role favouring gas passage.
Conversely, POF and P(Ogo/TEgoF) copolymer show comparable values
of GTR, considering the similar values of glass transition temperature
and their high crystallinity degree. The introduction of consistent
amounts of TEF moieties (50 mol %), regardless of the molecular ar-
chitecture, did not negatively affect the barrier performance of the co-
polymers but rather is responsible of an improvement of about 10 times
for O3 and of 2 times for CO,. As known from previous studies, [33,35,
42] the formation of crystalline phase and the consequent increase in
interphase regions (between crystalline and amorphous domains) in
furan-based materials can reduce their very good gas barrier ability. In
this view, the lower crystallinity degree in the copolymers with respect
to POF can be an advantage in terms of gas barrier. A quite surprising
and uncommon result was obtained for POFs5o/PTEFsy blend, whose
GTR values to O, and CO5 were 0.001 and 0.005 em®cm/m d atm,
respectively, about 3 and 2.5 orders of magnitude lower than POF.
Again, this result can be explained by the outstanding compatibility
between POF and PTEF homopolymers, with small POF domains inti-
mately mixed to PTEF regions (as confirmed by SEM analysis), to form a
microscopically dense structure particularly effective in hampering gas
passage. Another point to take into account is the rubbery amorphous
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Fig. 7. GTR values of the materials under investigation in dry (0 % RH) and wet (85 % RH) conditions. Comparison with some commercial plastics [47-49] and other

furan-based homopolymers [35,50,51].
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nature of PTEF homopolymer that allow it to perfectly fill out the voids
in the semicrystalline POF matrix. Similar results have been previously
reported in the literature for physical blends containing rubbery amor-
phous furan-based component [58]

Afterwards, the films were subjected to permeability tests at 85 %
RH, keeping the temperature constant at 23 °C. In case of POF and all the
copolymers, permeability values remained almost unaltered, making
these materials very performant also in humid environments.

In the case of the blend, an increase of GTR values to oxygen was
observed. The result is not surprising considering the plasticizing effect
of water, which enhances chain mobility, thus causing an increment of
free volume [59,60]

If the permeabilities to the two gases are compared, in all cases CO»-
TR is higher than O,-TR, meaning carbon dioxide passed through the
films easier than Oo, in line with previous studies [61,62] Oxygen is a
small (molecular diameter of 3.1 10\) no-polar molecule, while carbon
dioxide is bigger (molecular diameter of 3.4 f\) [63] and contains polar
C—O covalent bonds. These different characteristics make oxygen its
transmission rate is usually lower than carbon dioxide.

A peculiar behaviour is represented by the blend in humid environ-
ment, in which CO,-TR turns lower than O,-TR. To explain this result,
one has to consider several factors: water molecules can exert a plasti-
cizing effect, i.e. rise free volume, but can also increase the interchain
interactions by forming water-bridges and ultimately affect gas solubi-
lity in the polymer matrix.

In Fig. 7, a comparison of GTR values to dry gases has been made
with respect to PET, which dominates the market of beverage packaging,
and other commodities [47-49]. In all cases the materials under study
are characterized by comparable or even better performance, making
them vary attracting as sustainable alternatives. If compared to other
furan-based polyesters, [35,50,51] the samples under study are char-
acterized by performances similar to poly(hexamethylene 2,5-fura-
noate) (PHF).
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The only exception is represented by the blend, whose outstanding
gas barrier behavior is comparable to poly(pentamehtylene 2,5-fura-
noate) (PPeF), the most outstanding furan-based material [42] This
evidences just the physical blending of POF and PTEF is particularly
effective in enhancing the gas-barrier properties of both the homopol-
ymers, which opens the way for the application of POF/PTEF blends in
the food packaging field.

3.7. Compostability evaluation

Compostability is a feature of particular importance in case of
packages with short life-cycle and contaminated by food. Indeed, com-
postable materials can avoid the accumulation of wastes in landfill, in
particular where recycling is not a feasible option.

To check their biodegradability, all the materials investigated have
been subjected to lab-scale composting experiments. Percentage gravi-
metric weight loss as a function of composting time is reported in
Fig. 8A. This value is practically negligible for POF and P(Ogo/TExoF)
even at longer incubation times (180 days). On the contrary, PTEF ho-
mopolymer completely degraded within 24 h. From Fig. 8B it is possible
also to see how degradation starts immediately after incubation, and
after only one hour only small pieces of film are present. POFs5o/PTEFs,
P(Os50-b-TEsoF) and P(Os(/TEs5oF) underwent degradation with a rate
which is intermediate between those of their two parent homopolymers.
More in detail, the blend degraded within 14 days, the block one in 45
days, while for the random copolymer degradation occurred in 14 days.
This evidence can be explained, in the copolymers, by considering the
lower degree of crystallinity as well as the higher hydrophilicity, with
respect to POF (Fig. 5 and Table 2). For the blend, the result can be
correlated only to the lower crystallinity (Table 2), being the WCA value
comparable to the one of POF (Fig. 5). As well known, both these pa-
rameters favor microbial attack. In particular, in the case of POFs5y/
PTEFs the fact that the two homopolymers are only physically blended
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Fig. 8. A) Percentage gravimetric weight loss as a function of composting time; B) Evolution of samples’ shape and color after composting experiments at different
timepoints and C) SEM pictures of the materials investigated before degradation, at shorter degradation times and longer degradation times.
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can explain how the degradation rate was so high: it is possible that the
degradation of PTEF chains, which were not chemically linked to POF
ones, created holes in the film, through which enzymes could pass and
start degradation of the remaining POF Macromolecules As to the co-
polymers, the weight loss was faster for the copolymer containing longer
blocks compared to the one containing shorter ones. In the literature,
different trends have been reported for block copolymers degradation
rate [27,43] In general, the shorter the block the faster the degradation,
as a consequence of lower crystallinity degree of shorter block co-
polymers. In the present study, one has to consider that all the co-
polymers have similar melting enthalpy regardless the block length. On
the other hand, the results evidenced higher hydrophilicity of P
(Os0-b-TEs5pF) with respect to P(Os0/TEsoF), in particular at longer times
(Table 1). Therefore, it is possible water and enzymes more easily attack
longer hydrophilic TEF blocks, since shorter ones are less accessible due
to the proximity to hydrophobic POF blocks. Indeed, composting ex-
periments were carried out in wet compost (RH > 95 %).

Anyway, all these results confirm the effectiveness of the modifica-
tion of POF, by introducing PEG-like segments, in terms of compost
degradation rate, making these materials suitable for the realization of
compostable single-use packaging. A deep analysis of partially degraded
samples by means of '"'NMR'H-NMR and DSC was carried out on P(Os-
b-TEs5pF) block copolymer, in order to check any variation in chemical
composition and thermal transitions. Composition variation was moni-
tored observing 'H-NMR of partially degraded samples, focusing on the
peaks of f methylene protons of triethylene subunit and peaks of b
protons of octylene one. As evidenced by Fig. 1B, and reported in
Table 4, the TEF counits content gradually decreases in the partially
degraded samples, starting from 49 mol % and reaching values of 42, 41,
36 and 34 mol % after 14, 20, 24 and 30 days, respectively. The
reduction of the triethylene furanoate segments is also responsible for
the increase in the crystallinity degree of the material, as confirmed by
DSC analysis. In fact, as shown in Table 4 and in Figure 3D, where a
magnification in the temperature range 90-170 °C is shown, the melting
peak located at 136 °C becomes higher and more pronounced, by
increasing the incubation time, with a parallel increase of AH,, values.

The degradation process has been also evaluated through a macro-
scopic analysis of the surface. In Fig. 8B, pictures of partially degraded
PTEF, POFs/PTEFsy, P(Oso-b-TEsoF) and P(Oso/TEsoF) at different
timepoints, compared to the same samples before degradation experi-
ments, are reported (for POF and P(Ogo/TE2F) no remarkable changes
were observed). After only one hour, PTEF was completely permeated
by compost and only small pieces were withdrawn from incubation. All
the other films became progressively darker and more fragile with in-
cubation time, with a consistent fragmentation at longer times.

Scanning electron microscopy (SEM) pictures of the materials were
collected before degradation, at shorter and longer degradation times.
All the pictures are shown in Fig. 8C. As it can be seen, despite the almost
negligible weight loss, the surfaces of POF and P(Ogy/TEgF) films after
6 months of incubation show different points of attack by microorgan-
isms, indicating that, even at slower rate the degradation process affects
these polymers too. In the case of POFs5o/PTEFs50, P(Os0-b-TEs5F) and P
(Os0/TEs5gF), as already suggested by the weight loss results, a consid-
erable deterioration of material was observed also at the micrometric
level because of the microbial attack extended to the whole surface. In

Table 4
HINMRH-NMR and DSC characterization data of partially degraded samples as
a function of incubation time in compost.

Incubation time (Days) TEF (mol%) Tn°C AH,, J/8
0 49 136 21.3
14 42 137 25.9
20 41 137 27.5
24 36 137 28.2
30 34 137 29.9
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particular, the formation of cracks in the case of the copolymers and
holes in the case of the blend was detected, suggesting two different
degradation mechanisms: predominantly hydrolytic in the first case,
predominantly enzymatic in the second one [64,65]. The results evi-
denced the impact of chemical vs physical blending on the degradation
mechanism: when the two homopolymer are chemically connected,
bulky hydrolysis prevails leading to cracks formation; when POF and
PTEF are just physically blended, surface erosion also occurs. No effect
of block length nor hydrophilicity can be evidenced.

4. Conclusions

The present work is a case of study of chemical design for achieving
the desired functional properties according to the envisioned
application.

The reference furan-based homopolymer poly(octylene 2,5-fura-
noate) (POF) has been modified by combining it with another homo-
polyester of FDCA, poly(triehtylene 2,5-furanoate) (PTEF), with very
similar chemical structure to promote good compatibility between the
two matrices. As a matter of fact, POF and PTEF differ just for the
presence of two ether oxygen atoms instead of two -CHz- groups in the
glycol subunits of PTEF with respect to POF, but resulting in very
different solid-state properties. Indeed, POF is a semicrystalline and
hydrophobic material with good gas barrier performance but a very stiff
and brittle mechanical behavior, while the presence of ether oxygen
atoms in PTEF is responsible for high hydrophilicity and mechanical
flexibility. Against, its rubbery amorphous state at room temperature
makes PTEF not effective in blocking gas molecules passage.

Proper chemical design allowed a fine tuning of the solid-state
properties by acting on:

e Physical/chemical blending

e Counit amount, keeping fixed the molecular architecture (random
distribution)

e Block length, keeping fixed the composition (equimolar)

In all the obtained materials the high thermal stability, typical of
furan-based polyesters, was kept, as well as quite high crystallinity de-
gree, this last of fundamental importance in terms of material processing
and dimensional stability. Calorimetric measurements also show the
formation of mesophase in the copolymers with lower OF segment
length. This kind of arrangement could contribute to the maintenance or
even improvement of O, and CO, barrier ability with respect to POF
homopolymer. Both wettability and mechanical properties were tuned
as a result of chemical structure and composition as well as molecular
architecture: hydrophilic character, flexibility and toughness enhanced
by reducing block length. Melting temperature progressively reduced
when block length decreased, as a consequence of crystal size reduction,
while melting enthalpy keeps constant. Lastly, the composting experi-
ments confirmed the possibility to progressively speed up degradation
process by decreasing block length.

Particularly surprising was the equimolar physical blend. First, this
was the easiest material to realize, using the mildest conditions, without
the need of reducing the pressure or increasing temperature and time,
which are all features that make the material easy to scale up even at
industrial level. Moreover, it presents very performing mechanical
properties, with a quite high resistance and remarkable elongation at
break. This evidence is of a particular interest, taking into account that
POF and PTEF are just physically mixed together. Last, this material
turned out to be compostable in only two weeks and the most per-
forming in terms of gas barrier properties. Such an outstanding behav-
iour has been explained as due to the high compatibility between POF
and PTEF homopolymers, reached without using any compatibilizer,
with small POF domains intimately mixed to PTEF regions to form a
microscopically dense structure particularly effective in hampering gas
passage. This hypothesis was supported by SEM analysis.
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In conclusion, the choice of the proper parent homopolymers,
together with the ad hoc chemical design were very effective in
obtaining materials suitable for sustainable flexible food packaging that
are recyclable or compostable.

Synopsis

Novel furan-based polyesters with different composition and mo-
lecular architecture are prepared for the realization of sustainable,
flexible and recyclable/compostable food packaging.
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