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Abstract

Here, solution-cast blends of polylactic acid (PLA) and a novel bioderived poly(pentamethylene 2,5-
furanoate) (PPeF) in variable concentrations (1-50 wt%) are prepared and investigated. The
characterization of the thin films (thickness 50 pm) highlights that PPeF strongly improves the UV-
shielding properties of PLA, with a decrease in transmittance at 275 nm from 47.3 % of neat PLA to

0.77 % with only 1 wt % of PPeF, while the transmittance decrease in the visible region at these PPeF
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fractions is marginal, allowing the production of optically transparent films. Despite the complete
immiscibility of PLA/PPeF blends, PPeF effectively enhances the ductility of PLA, as the tensile
strain at break increases from 7 % of neat PLA to 200 % of the blend with 30 wt% of PPeF. This
composition is the most promising also from the gas-barrier point of view, as the gas transmission
rates of CO; and O» drop to one-fourth of those of neat PLA, comparable to those of poly(ethylene
terephthalate) (PET). These results highlight that PLA/PPeF blends with PPeF fractions of 30 wt%
are very promising for food packaging applications, and their properties could be further enhanced

by applying suitable compatibilizers.

Keywords: polylactic acid, poly(pentamethylene 2,5-furanoate), blends, thermal properties,

mechanical properties, gas barrier properties.

Introduction

The 21% century is thriving with tremendous economic growth, but at the same time facing
irrecoverable ecological damage. This duality could be well expressed by plastics: on the one side, it
enables new technological applications thanks to its low cost, low density, durability, and ease of
manufacture, but on the other side it can represent a severe environmental threat, especially due to
the non-renewable origin and wrong disposal procedures. Plastics production and use are thus
associated with non-renewable resource consumption, CO, emissions, accumulation of non-
degradable waste, nano- and micro-plastics pollution, and emission of toxic substances from
incinerators !. Plastics’ largest market is packaging, continuously growing sustained by a global shift
from reusable to single-use containers. Plastics production has reached 360 million tons in 2019, and
about 40% of this amount was represented by packaging items 2. In particular, single-use plastic
packaging is a highly valuable material that enables not only the modern lifestyle but even our
survival in the event of disasters or pandemics 3. Plastic packaging can fulfill a wide range of functions
including protection of food, drinks, and other perishable goods. Most of the food in supermarkets is
contained in plastic foils, and this protective film helps to extend its freshness by keeping it dry or
preventing contamination from bacteria. However, petroleum-derived non-biodegradable plastic
packaging can constitute a substantial environmental danger. A promising alternative is represented
by bioplastics, i.e., bio-based and/or biodegradable plastics *. Bioplastics possess similar properties
as conventional plastics and offer additional advantages, such as a reduced carbon footprint and
additional waste management options. Despite this, the bioplastics market represents today only 0.6

% of the total plastics production °. According to the European Bioplastics Association, in 2020 the
p p g p
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worldwide bioplastic production was only 2.11 million tons, out of the 360 million tons of plastics

produced annually ©.

One of the most promising biopolymers is poly(lactic acid) (PLA). Its high mechanical properties,
good workability, biodegradability, and low toxicity make it the ideal material for the packaging of
food and other perishable items "°. PLA can be a homopolymer or a copolymer of L-lactic acid and/or
D-lactic acid. Poly(L-lactic acid) (P-L-LA) and poly(D-lactic acid) (P-D-LA) are enantiomerically
pure and stereoregular polymers respectively synthesized from L-lactic acid and D-lactic acid and
having a melting temperature of approx. 180 °C !°. The diffusion of PLA in the packaging field is
mainly due to the synthesis of low enantiomeric purity statistical copolymers !!. Despite their
interesting mechanical and optical properties, these polymers are relatively brittle, which limits their
application to rigid thermoformed packaging '?13. To address such shortcomings and improve the
ductility and the fracture toughness of PLA, several synthetic plasticizers have been added, such as

1

citrate esters '°, poly(ethylene glycol) 7, and poly(propylene glycol) '8, but the effect of these

plasticizers on the material stiffness is generally detrimental ' 2%, Another option can be blending

) 21,22 23-25
b

PLA with tough polymers such as poly(e-caprolactone and other biodegradable polymers
but also in this case a negative side effect is a significant reduction of the stress at yield and the high-
temperature dimensional stability. Finding a suitable biobased additive for PLA that improves its
ductility without negatively affecting the other mechanical properties is still an open research

question.

An interesting class of biopolymers that could be blended with PLA is that of the furanoate polyesters.
These polymers represent a commercial biobased alternative to petrochemical terephthalate
polyesters such as poly(ethylene terephthalate) (PET) and are synthesized starting from furan-2,5-
dicarboxylic acid (FDCA), ranked among the top 12 bio-based building-block chemicals by the
Department of Energy in the US 2, FDCA was first synthesized in 1876, but large-scale production
has only become possible since the development of modern bio- and chemical catalysis techniques
26, FDCA, characterized by an aromatic ring with four carbon atoms and one oxygen atom, can be
obtained from biomass-derived sugars and polymerized into poly(ethylene 2,5-furandicarboxylate)
(PEF). PEF, which has gained great attention, is referred to as the bio-based polyester of the future
not only for its physical-mechanical properties, but also due to the significantly lower energy use and

CO: emissions compared to PET.

PET replacement by furan counterparts is not limited to PEF, despite its prominent position. Indeed
a series of furan-based polyesters, like poly(trimethylene 2,5-furandicarboxylate) (PTF),
poly(butylene 2,5-furandicarboxylate) (PBF), poly(pentamethylene 2,5-furandicarboxylate) (PPeF)
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or poly(hexamethylene 2,5-furandicarboxylate) (PHF), among others, have a wide range of tunable
thermal, mechanical, and gas barrier properties, dependent on the number of methylene groups of the
glycol moiety that could enable their use in rigid or flexible packaging ?’. For example, PPeF showed
unexpected and interesting properties. In fact, despite being an amorphous rubbery polymer at room
temperature, it can be easily processed by compression molding as a freestanding flexible film. PPeF
is characterized by exceptional thermal stability (max. degradation rate at 414 °C), mechanical
response to tensile test typical of elastomeric materials with instant recovery of the initial shape after
breaking, and unexpected exceptional barrier properties to both O and CO,, comparable to those of

ethylene-vinyl alcohol copolymer (EVOH) 27- 28,

Given its interesting mechanical and gas barrier properties, PPeF is a great candidate to be blended
with PLA. Despite the growing research interest for furanoate polyesters, very few works can be
found in the literature about furan-based blends. Poly(alkylene furanoate) — poly(alkylene
terephthalate) blends were studied in depth by Poulopoulou et al. 2%-3°, These polymer families were
found poorly miscible if blended in solution, but their miscibility improved by switching from
solution blending to high-temperature reactive blending or by using a compatibilizer. On the other
hand, blends of furanoate polyesters such as PEF-PBF, PEF-PPF, and PBF—PPF were found
homogeneous also by using a solution mixing process *!. As concerns blends containing furanoate
polyesters and PLA, PLA-PBF blends were prepared through solution mixing by Poulopoulou et al.,
and differential scanning calorimetry (DSC) evidenced blend immiscibility *?. PLA-PBF blends were
also prepared by Long et al. through melt-mixing 3. They found that adding 5 wt% of PBF to PLA
increases its elongation at break from 5 % to 183 %, while tensile strength and elastic modulus
remained unaltered. The authors attributed the obtained interesting balance between elastic modulus
and toughness to stress-induced crystallization and internal heating through molecular friction of the
PBF domains. Conversely, to the best of the authors’ knowledge, no papers are found in the literature
about physical blends of PLA with PPeF, although the properties of PPeF are very promising in this

sensc.

Therefore, this work aims to overcome the intrinsic brittleness of PLA by physical blending with
PPeF. PLA was blended with different amounts (from 1 wt% to 50 wt%) of PPeF and cast to obtain
50-um-thick films. The prepared samples were characterized from a microstructural, thermal, and
mechanical point of view. The optical transparency and the gas barrier properties were also evaluated

and correlated to microstructural features.



Materials and methods

Materials

Poly(lactic acid) (PLA 4032D) in form of granules with density of 1.24 g/cm? and melting point of
160°C was supplied by Nature Works LLC. The number average molecular weight of 4032D was
107296 g/mol, its weight average molecular weight was 183177 g/mol and its polydispersity index
was 1.7134. The content of enantiomer D is in the range 1.4-2.0%%. 1,5-pentanediol (PD) (99%),
titanium tetrabutoxide (TBT), titanium isopropoxide (TIP), and chloroform (purity >99.8%) were
Sigma-Aldrich reagent grade products, used without any further purification. 2,5-furandicarboxylic

acid (purity=98%) was purchased from CHEMOS GmbH & Co. K.

Poly(pentamethylene furanoate) (PPeF) was prepared by two-stage melt polycondensation, according
to the procedure described elsewhere 2. Briefly, a 200 ml thermostated stirred reactor charged with
the reagents FDCA and PD, and the catalysts TBT and TIP (200 ppm), was employed. To improve
the diacid solubilization, a key step for the esterification reaction, a 500 mol% excess of glycol was
employed. The first stage was carried out for 2 hours at 170 °C under reflux in a nitrogen atmosphere
and under stirring (50 rpm); then, the condenser was removed and the gas flow increased to facilitate
distillation of water, this stage lasted 1 hour. Afterward, the temperature reaction was increased
gradually to 220°C and concurrently the pressure was reduced to 0.01 mbar. The second stage,
prolonged until a constant torque value was reached, lasted 2.5 hours. The number average molecular

weight of PPeF was 29600 g/mol and its polydispersity index was 2.4 25,

Sample preparation

Circular polymeric films with a diameter of approx. 11 cm and a thickness of approx. 50 um were
prepared by solution mixing and casting. Solution mixing was chosen to avoid any possible
transesterification reactions occurring at elevated temperatures during melt mixing 3!. PLA and PPeF
were completely dissolved in chloroform under magnetic stirring at 40 °C for 3 hours, to obtain
solutions with PPeF contents ranging from 0 to 50 wt%. Air bubbles were removed in an ultrasonic
bath for 5 minutes. The resulting solutions were then cast in a Petri dish and the solvent was let to
evaporate first at room temperature for 24 hours and then in a ventilated oven at 40° C for 4 hours.
Before being tested, samples were conditioned at 22 °C and 50% of humidity for at least 24 h. Samples
were designated as PLA PPeFx, where x represents the amount of PPeF in wt%. The list of the
prepared samples is reported in Table 1. A neat PPeF film was also produced for comparison, but it

was very difficult to remove from the glass Petri dish. Therefore, a small sample was obtained by
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casting onto a Teflon-covered Petri dish, which was subjected to microstructural and optical

characterization.

Table 1. List of the prepared samples with nominal weight compositions.

Sample PLA content (wt%) PPeF content (Wt%)

PLA 100 0
PLA-PPeF1 99 1
PLA-PPeF3 97 3
PLA-PPeF5 95 5
PLA-PPeF20 80 20
PLA-PPeF30 70 30
PLA-PPeF50 50 50

Experimental techniques

The microstructural characterization of the prepared samples was carried out by a JEOL high-
resolution Field Emission Scanning Electron Microscope (FE-SEM), operating at an accelerating
voltage of 5 kV, analyzing the cryo-fractured cross-section after the deposition of a
platinum/palladium conductive coating. The optical transparency of the obtained films was evaluated
by a Jasco 570 UV-VIS-NIR spectrophotometer (Easton, MD, USA), determining the energy
absorbed in a spectral wavelength range from 250 to 800 nm at a scanning rate of 200 nm/min. In this
way, the relative transmittance (T%) of the films over the considered wavelength range was
determined. The transparency of the obtained films was qualitatively evaluated with a Canon Eos

550D camera, with a focal length of 135 mm at approx. 25 cm from the specimen.

The thermal stability of the prepared blends was investigated through thermogravimetric analysis
(TGA), by using a TA instrument TGA Q5000 machine between 30 °C and 700 °C, at 10 °C/min,
under a nitrogen flow of 150 ml/min. The maximum degradation rate temperature (Tq) was estimated
from the peak of mass loss derivative curves. Calorimetric measurements were conducted by using a
Perkin Elmer DSC6 instrument. In the typical setup, the external block temperature control was set
at -70 °C and weighed samples of about 10 mg were heated up to 40 °C above melting temperature
at a rate of 20 °C/min (first scan), held there for 3 min, and then rapidly quenched (about 100 °C/min)
to -70 °C. Finally, they were reheated from -70 °C to a temperature well above the melting point of

the sample at a heating rate of 20 °C/min (second scan). The heat of cold crystallization (AH.) and
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the heat of fusion (AHm) of the crystalline phase were calculated from the total areas of the DSC
exotherm and endotherm, respectively. These data have been used to calculate the degree of

crystallinity (Xc,psc) as reported in Equation (1)
XC,DSC = (AHm - AH(}(}) : 100 / (AHO ° WPLA) (1)

where AHo is the melting enthalpy of fully crystalline PLA, equal to 93.7 J/g, and wpLa is the weight
fraction of PLA in each blend.

Wide angle X-ray scattering (WAXS) patterns of polymeric films were carried out by using a
PANalytical X'PertPro diffractometer equipped with a fast solid-state X'Celerator detector and a
copper target (1 %4 0.15418 nm). Spectra were acquired in the 5-60° 20 interval, by collecting data for
100 s at each 0.10° step. The indices of crystallinity (Xc) were evaluated from the XRD profiles by
the ratio between the crystalline diffraction area (A.) and the total area of the diffraction profile (A),
Xe = A¢/A+. The amorphous was modeled as a bell-shaped peak baseline. Non-coherent scattering was

taken into consideration.

Quasi-static tensile tests were performed on ISO 527 1BA specimens by using an Instron 5969
electromechanical testing machine equipped with a 100 N load cell, operating at a crosshead speed
of 10 mm/min. According to ISO 527 standard, the elastic modulus was measured as the secant
modulus between strain levels of 0.05% and 0.25%. At least five specimens for each sample were
tested at 22 °C and relative humidity of 50%. Impact tests were performed by using a pendulum
provided by Ceast. Tensile impact configuration was adopted on ISO 527 1BA specimens. The data
acquisition frequency was 200 kHz. Samples were tested at 22 °C and relative humidity of 50%, by
imposing an impact speed of 2.14 m/s and maximum energy at impact of 5 J. At least five specimens

were tested for each composition.

Gas barrier properties were determined by a manometric method using a Permeance Testing Device,
type GDP-C (Brugger Feinmechanik, GmbH, Munich, Germany), according to ASTM 1434-82
(Standard test Method for Determining Gas Permeability Characteristics of Plastic Film and
Sheeting), DIN 53 536 in compliance with ISO/DIS 15 105-1 and according to Gas Permeability
Testing Manual (Registergericht Miinchen HRB 77020, Brugger Feinmechanik GmbH). After
preliminary high vacuum desorption of the lower analysis chambers, the upper chamber was filled
with the gas test, at ambient pressure. A pressure transducer, set in the lower chamber, continuously
records the increase in gas pressure as a function of time. The gas transmission rate (GTR, in cm?-m-
2.d"l-bar!) was determined by considering the rate of pressure increase and the volume of the device.

Permeability was normalized by sample thickness. The operative conditions were: gas stream of 100
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cm®min!; 0% RH of gas test, food grade; sample area of 78.5 cm? (standard measurement area).
Films were analyzed at 23°C (standard temperature of analysis). Gas transmission measurements
were performed at least in triplicate and the mean value is presented as average + standard deviation.

36,37 with the evacuation of

Method A was used for the analysis, as reported in the literature
upper/lower chambers. Sample temperature was set by an external thermostat Haake-Circulator

DC10-K15 type (Thermo Fisher Scientific, Waltham, MA, USA).

Results and discussion

The morphology of polymer blends thin films depends on various factors, such as blend composition,
film thickness, solvent, temperature, chain end group, substrate, polymer structure and molecular
weight of polymer, etc 3%. Figure 1 shows the SEM micrographs of cryogenically fractured cross-
sections of the prepared blends. The micrographs provide interesting information on the blend
morphology and highlight the extent of the phase separation as a function of the PPeF content. The
fracture surface of neat PLA and neat PPeF shows a smooth and uniform surface, which demonstrates
that the adopted preparation technique allows obtaining films with uniform morphology and
thickness. In all PLA/PPeF blends, PPeF is present as spheroidal domains distributed in the PLA
matrix. The interfacial adhesion is rather poor and some interfacial debonding is present in all
compositions. In future works, we will aim at improving the interfacial adhesion by including suitable
compatibilizers. The size of PPeF domains increases with the PPeF concentration, being 0.57 + 0.08
um for PLA PPeF1, 1.04 £0.17 um for PLA PPeF5, 2.2 + 1.9 pm for PLA PPeF30 and 4.9 + 3.1
um for PLA PPeF50 (calculated with Image J v.1.501), and their shape varies from spherical to ovoid.
The sample with the highest investigated PPeF concentration, i.e., PLA PPeF50, shows a clear
separation between PLA and PPeF, and the film appears as formed of two layers, one constituted by
PLA matrix with oval PPeF domains, and the other constituted by a PPeF matrix with big and
spherical PLA domains. Such phase separation, with the top area enriched only in one polymer, while
exhibiting depletion in the other polymer and viceversa, with the nucleation and growth of the

3940 and numerical simulated taking into account the

minority phase, was already seen in literature
kinetics (evaporation rate and diffusion coefficients) and the thermodynamics (parameters that define

the free energy) of the system®*!.



PLA_PPeF1

e

X
LA_PPeF30

it

3

Figure 1. SEM micrographs of the cryofractured cross-sections of the prepared films.

Optical transparency of food packaging in the visible range is a very important property, as it may
affect the customer perception of food quality and freshness *?. Therefore, the optical properties of
the prepared films have been studied by optical transmittance measurements in the wavelength range
200-800 nm, and Figure 2 shows the transmittance curves for all blends. Neat PLA shows good
transparency in both UV and visible regions, with transmittance values higher than 40 % for
wavelengths above 250 nm and higher than 80 % for wavelengths above 500 nm, in good agreement
with data from the literature **. If the transparency in the visible range is positive for food packaging
materials, the same cannot be said for the transparency to UV radiation, which may accelerate food
degradation and decrease the shelf life 4> 4445, Neat PPeF has strong absorption in the UV region,
probably due to the UV absorption behavior of furan rings conjugated with carbonyl groups *¢. For
the prepared blends, PPeF strongly contributes to improving the UV-shielding properties of PLA. In

fact, an amount of PPeF as small as 1 wt% promotes a strong decrease in transmittance in UVC and
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UVB regions (225-325 nm). Similar effects have been observed in a previous work of our group on
blends of PLA with poly(dodecylene 2,5-furandicarboxylate) 4’. On the other hand, the decrease in
transmittance of PLA PPeF1 compared to neat PLA in the visible range is more modest. For example,
the transmittance values for PLA and PLA PPeF1 at 275 nm are 47.3 % and 0.77 %, respectively,
while those at 550 nm are 81.7 % and 74.6 %, respectively. An increase in the PPeF content promotes
a further transmittance decrease in the whole investigated wavelength region, which is probably
related to the immiscibility between the two phases resulting in micrometric PPeF domains, as
evidenced in SEM micrographs (Figure 1). However, by considering films with a thickness of 50
um, the transparency is not dramatically impaired, as can be seen from the photographs reported in
Figure 3. Therefore, PPeF is an interesting additive for PLA, as it enhances the UV shielding
properties and allows retaining optical transparency, which is very promising for the development of

smart food packaging.
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Figure 2. Transmittance of PLA—PPeF films as a function of the wavelength.
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Figure 3. Photographs of the prepared films to qualitatively evaluate the optical transparency.

The phase behavior and the miscibility between the two polymers were investigated through
calorimetric measurements. The calorimetric curves of solvent cast blends are shown in Figure 4a
and the corresponding data are collected in Table 2. The DSC traces of all samples present the typical
profile of semicrystalline materials, with an endothermic baseline deviation related to glass-to-rubber
transition at approx. 54 °C, followed by an endothermic phenomenon associated with the melting of
the crystalline phase at approx. 166 °C. The glass transition of neat PLA and blends containing up to
3 wt% of PPeF appears as a sharp jump due to chain shrinkage. The exothermic peak between T, and
Tm is attributable to cold crystallization of the macromolecules which, after glass transition, acquire
sufficient energy and mobility to rearrange and crystallize. In all cases, however, AHm >AHc., proving
the semicrystalline nature of all samples. The crystallinity degree of PLA developed in the cooling
step from the molten state is slightly higher than that of neat PLA for the samples containing up to 20
wt% of PPeF, then becoming significantly lower for the blends richest in PPeF (PLA PPeF30 and
PLA PPeF50), as observable from the values of Xcpsc reported in Table 2. This suggests that,
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whereas small fractions of PPeF can increase the crystallization kinetics of PLA, large PPeF fractions
produce the opposite effect. Similar results can be observed for cold crystallization: T increases with
the PPeF concentration, indicating that the cold crystallization of PLA is somehow hampered by
PPeF, when present in large fractions. On the other hand, the melting temperature of PLA does not
vary with the composition, the value exactly corresponding to the melting temperature of neat PLA
(166 °C), which is a sign of blend immiscibility. The immiscibility is also confirmed by the measured
glass transition temperatures, which are found in the blends at temperatures corresponding to the T,
of the two parent homopolymers. For blends containing up to 20% of PPeF, only the glass transition
of PLA is visible, which occurs at the typical temperature of PLA homopolymer (54 °C). With a PPeF
content above 20 wt%, the thermograms also show the glass transition of PPeF as an endothermic
signal at approx. 13 °C, regardless of the composition. Lastly, for the blend with a PPeF content of
20-50 wt%, an additional endothermic peak can be observed just above the Tg of PLA, whose intensity
increases with the amount of PPeF. The peak temperature corresponds to the melting temperature of
the PPeF crystal phase 3. The associated heat cannot be estimated because of the overlapping with
the glass transition phenomenon of PLA. Therefore, such blends are composed of an immiscible

amorphous phase and coexistence of PLA and PPeF crystal phases.

The microstructure and the crystallinity of the prepared blends have been evaluated also through XRD
analysis. Figure 4b shows the XRD profiles of the prepared samples, together with those of a-PLA
and PPeF homopolymers, for reference % 4°. All samples show typical profiles of semicrystalline
materials, with sharp peaks of the crystal phases overlapped to a bell-shaped background of the
amorphous phase. PLA diffraction profile shows two main peaks, at 16.6° (1 1 0/2 0 0) and 19.0° (2
0 3 /1 1 3), and additional peaks at 14.7° (0 1 1) and 22.3° (2 1 1) #>-3°, These last two signals,
although minor, indicate that the crystal phase developed in PLA and all blends is a-PLA. The same
reflections also dominate the diffraction patterns of all blends except PLA-PPeF50, which instead
only shows the reflections typical of PPeF crystals %, but the broad halos may hide a minor amount
of crystalline PLA phase. The diffraction profiles of PLA PPeF20 and PLA PPeF30 samples show
diffraction peaks of both PLA and PPeF crystals, which indicates the presence of both crystal phases.
These diffractograms also give information on the total crystallinity of the samples, which can be
calculated as the ratio between the areas below the peaks of the crystal phases and the total area under
the diffraction pattern. The crystallinity index calculated in this way (Xcwaxs, Table 2) is low (6-8
%) for PLA and PLA-PPeF50, while it is generally higher for the remaining samples (18-27 %), in

good agreement with DSC results.
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Figure 4. (a) DSC thermograms on the prepared samples (first heating scan); (b) WAXS profiles the

prepared samples. Diffraction profiles of a-PLA and PPeF homopolymers are added for comparison.

Table 2. Results of DSC tests on the prepared samples (first heating scan) and degree of crystallinity

calculated by WAXS.
Sample T, Acp Tmpper  Teepra AHeepra Tmpra AHmpra Xepsc  Xewaxs

CC) @)y O (O Qg CO g (%) (%)

PLA 54 0.43 - 93 24 166 39 16 6

PLA PPeF1 54 0.42 n.d. 95 13 166 34 23 27
PLA PPeF3 54 0.43 n.d. 94 19 166 35 18 14
PLA_PPeF5 53 0.39 n.d. 96 9 166 30 24 26
PLA PPeF20 54 n.d. 67 98 3 166 25 29 25
PLA PPeF30 13;56 0.11;n.d. 67 99 16 166 23 11 12
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PLA_PPeF50 13;55 0.17;n.d. 67 101 14 164 17 6 8

T, = glass transition temperature; Ac, = specific heat increment associated with the glass transition of the amorphous phase; T pper =
melting temperature of PPeF; T..pra = cold crystallization temperature of PLA; AHc.pra = cold crystallization enthalpy of PLA; TipLa
= melting temperature of PLA; AH, pLa = melting enthalpy of PLA; X psc = crystallinity degree of PLA calculated by DSC; X waxs
= crystallinity degree of PLA calculated by WAXS; n.d. = not detectable; - = not applicable.

The mechanical properties of the prepared films were evaluated with quasi-static tensile tests and
tensile impact tests. Representative stress-strain curves from quasi-static tensile tests are reported in
Figure 5a, while the most important results are summarized in Table 3. The elastic modulus
measured on neat PLA is 1270 MPa, and it generally decreases with an increase in the PPeF amount.
For example, PLA PPeF20 has an average modulus of 880 MPa (-30 % compared to neat PLA), and
PLA PPeF50 shows a modulus of 389 MPa (-70 %). A similar trend can be observed also for the
stress at yield (oy) and stress at break (ov). Again, the drop in mechanical strength is particularly
severe for PLA PPeF50. This drop in the mechanical properties can be related to the poor
compatibility between the two phases and the low mechanical strength of neat PPeF (o, = 6.1 £0.5
MPa) 2 and it is commonly reported in literature when PLA is mixed with another phase®!-33.
Conversely, the strain at break (ep) of the prepared blends strongly increases with the PPeF
concentration, reaching a maximum of 202 % for PLA PPeF30, with a 30-fold increase compared to
neat PLA. Such a considerable increase in €y associated with a more modest reduction in stiffness and
strength was found also by Long et al. in immiscible PLA/PBF blends containing up to 20 wt% of
PBF *. They suggested that PLA could be dynamically toughened and strengthened during the
elongation process by the synergistic effect of a plastic-rubber transition and a strain-induced
crystallization in the PBF domains, which have a T close to room temperature. Unlike PBF, PPeF
has a Ty below room temperature and is almost entirely amorphous due to the odd number of carbon

atoms in the glycol subunit 34

, which could further enhance the effect observed by Long et al. Similar
results were also found by previous research of our group, dealing with films and fibers of PLA
blended with furanoate polyesters with varying alkyl chain length, containing an even number (from
4 to 10) of carbon atoms #7-3 36, Those works showed that a small fraction (5-10 wt%) of any of the
considered furanoate polyesters promoted a remarkable increase in tensile strain at break and fracture
toughness, and this effect was particularly evident with furanoate polyesters with longer diols, having
a Ty below room temperature. This effect, which requires further investigation to be fully

comprehended, is very interesting as it addresses one of the main drawbacks of PLA, i.e., brittleness,

and opens new strategies to produce PLA-based films with balanced properties.

These results are in good agreement with those of the tensile impact tests. As shown in Figure Sb,

the specific energy absorbed by the material at fracture is strongly improved by the addition of PPeF.
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In fact, the total impact energy increases from 0.067 J/mm? of neat PLA up to 0.261 J/mm? for PLA-

PPeF20, which corresponds to a 4-fold increase. With a PPeF content of 30 wt%, the absorbed energy

drops to 0.114 J/mm?, while the sample PLA_PPeF50 was too brittle to be tested in impact conditions.

The results of the mechanical tests highlight that the addition of a proper amount of PPeF to PLA

(i.e., 20-30 wt%) strongly increases the strain at break and the impact strength without dramatically

deteriorating the stiffness and strength. We believe that the beneficial contribution of PPeF can be

maximized by improving the blend compatibilization, which will be object of future studies.
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Figure 5. (a) Representative stress-strain curves from quasi-static tensile tests on the prepared

samples; (b) Specific total impact energy from tensile impact tests on the prepared blends

Table 3. Mechanical properties from quasi-static tensile tests on the prepared samples.

Sample Elastic modulus Stress at yield Stress at break Strain at break
(MPa) (MPa) (MPa) (%)
PLA 1270 + 60 52.4+23 47.5+4.6 7+2
PLA_PPeF5 984 + 55 359+1.8 20.5+3.8 184 +178
PLA_PPeF20 880 + 34 29.2+0.9 19.4+2.0 126 £105
PLA_PPeF30 764 £ 28 25.7+1.1 20.2+0.9 202 + 74
PLA_PPeF50 380+ 44 12.4+£0.5 11.0£0.5 33+ 14
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Finally, gas permeation properties have been investigated with dry O, and CO> gases at 23 °C and
0% of relative humidity. Figure 6 shows the obtained gas transmission rate (GTR) values normalized
by the sample thickness. Data of poly(ethylene terephthalate) (PET), poly(butylene succinate) (PBS),
and poly(hydroxybutyrate) (PHB) are also reported for comparison. All samples are more permeable
to CO; than to O», which is common for polymer films, although the CO> molecular diameter (3.4 A)
is greater than that of O, (3.1 A). This phenomenon occurs because the affinity between permeating
species and permeable matrix, on which the diffusion path depends, is more important than size.
Consequently, one can assume the balance between molecular size and bond polarity determines

higher permeability, thus greater GRT values, for CO, 37,

The addition of PPeF to PLA improves its gas barrier performance to both CO2 and O; until a PPeF
content of 30 wt%, whereas for PLA PPeF50 the permeability increases again and returns to values
close to those of PLA PPeF20, which is evident especially for CO». The gas barrier performance of

a polymer film depends on many factors

, among which very important are the degree of
crystallinity, glass transition temperature, chain polarity and flexibility, and molecular weight and its
distribution. Crystallinity plays a key role, as gases cannot diffuse and permeate through highly
packed and ordered phases. Consequently, highly crystalline polymers show generally better barrier
performance. For the amorphous phase, it is a better gas barrier in the glassy state (below Ty), due to
the lower chain mobility and free volume than in the rubbery state. In the present work, the
improvement in gas barrier performance with the PPeF content (up to 30 wt%) is likely due to a
combination of the increasing degree of crystallinity of PLA and the outstanding gas barrier
performance of PPeF 28, On the other hand, the worse barrier properties of PLA PPeF50 are probably
due to the lower crystallinity and the larger interfacial surface between the two phases, but also a
lower film quality, as the low mechanical properties related to the high content of PPeF, that found
itself above its own T, at room temperature, has made it very difficult to obtain a defect-free cast
film. Therefore, the presence of small holes or cracks could have determined a worsening in the gas
barrier performance. In any case, PLA PPeF30 is the best performing sample and shows GTR values
to Oz and COz equal to one fourth of those of neat PLA, comparable to those of PET and better than
those of other biopolyesters such as PBS and PHB. This evidences that PPeF is very effective in
enhancing the gas barrier properties of PLA, which paves the way for the application of PLA/PPeF
blends in the food packaging field.
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Conclusions

Physical solution blending of PLA with poly(pentamethylene furanoate) (PPeF) allowed the
preparation of a family of new bio-based materials, whose final thermomechanical, optical, and gas
barrier properties can be nicely tuned by simply changing the relative amount of the two

homopolymers.

Not only did PPeF remarkably enhance the ductility of PLA, but it also provided UV barrier and gas
barrier properties, all fundamental for food packaging applications. A content of PPeF as low as 1
wt% considerably reduced the transmittance in the UV region (0.77 % at 275 nm vs 47.3 % of PLA)
but not in the visible region (74.6 % at 550 nm vs 81.7 % of neat PLA), thereby allowing the
production of transparent films with interesting UV-shielding properties. For the mechanical
properties, the sample containing 30 wt% of PPeF showed a strain at break of 202 %, 30 times larger
than that of neat PLA, and this was paired with a modest decrease in stiffness and strength. This
sample also showed remarkable gas barrier performance, with GTR values to O, and CO» equal to
one-fourth of those of neat PLA, comparable to those of PET, and slightly better than those of PBS
and PHB.
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30 wt% of PPeF in the blend revealed to be the optimal amount to effectively address the main
shortcomings of PLA, i.e., excessive brittleness and poor gas barrier properties, and this paves the
way for the production of very interesting biobased materials for sustainable packaging. It is worth
mentioning that these promising results\ have been obtained despite the complete immiscibility
between PLA and PPeF. A much greater improvement is expected by mixing the two homopolymers

in the melt and using suitable compatibilizers.
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