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Polylactide (PLA) is a promising biopolymer from renewable resources but its brittleness and poor 
gas barrier properties limit flexible packaging applications. Therefore, in this work PLA was blended 

with a biobased rubbery poly(pentamethylene furanoate) (PPeF), acting as a toughening agent, and 

a commercial epoxy-functionalized compatibilizer (i.e., Joncryl® ADR-4468) was added to improve 

the interfacial interaction. The effect of PPeF loading (1–30 wt %) on phase morphology, mechanical 
properties, oxygen permeability, and degradability in compost was characterized. All blends displayed a 

sea-island morphology with refined PPeF domains upon compatibilization. Incorporating PPeF induced 

major tensile ductility enhancements from 5 % strain at break for neat PLA up to 200 % for the blend with 

30 wt % PPeF, accompanied by progressive stiffness and strength declines. Through the application of the 

essential work of fracture (EWF) approach on the prepared films, the specific essential work of fracture 

(we ) was seen climbing from 6.2 to 40.0 kJ/m2 with rising PPeF content, confirming its effectiveness 
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as a toughness enhancer. PPeF contributed to increa  

example, the oxygen permeability dropped by 37 % fo  

burial tests also revealed 26 % weight loss of PPeF af  

finely dispersed PPeF domains induced synergistic pro  

promising sustainable option for flexible and biodegr
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 Introduction 

lastics have become an indispensable material in the modern 

ociety, offering unmatched versatility, processability, and cost- 
ffectiveness. They enable technological innovations in all 
elds and are especially prevalent in packaging applications, 
epresenting about 40 % of the total plastics demand [1] .
ackaging constitutes a key element in the modern food 

upply chain, ensuring protection and extending the shelf 
ife of perishable goods. At the same time, the large and
apidly growing consumption of plastic packaging raises severe 
nvironmental concerns, as most of it is produced from non-
enewable petrochemical resources and does not biodegrade at the 
nd of its life. The plastic waste accumulating in landfills and in
he natural environment is increasingly perceived as unacceptable 
y public opinion [2] . 

In this context, bioplastics, defined as plastics that are bio-
ased, biodegradable, or both [3] , are attracting growing interest.
ioderived bioplastics allow for the reduction of the carbon 

ootprint in the production phase by using renewable biological 
esources instead of fossil fuels. Additionally, biodegradable 
ioplastics offer alternative waste disposal routes compared to 

he persistent accumulation of conventional plastics [4] . However, 
owadays bioplastics still account for less than 1 % of total plastics
roduction worldwide [5] . The main barriers to their widespread
doption are high production costs and inferior performance 
ompared to traditional petroleum-based plastics. Intensive 
esearch and development efforts are ongoing to improve the 
roperties of bioplastics, enhance their processability, and reduce 
heir price, to make them economically and environmentally 
ompetitive with conventional plastics [ 6 , 7 ]. 

Among the most promising bioplastics for packaging is 
olylactic acid (PLA), a biopolymer derived from renewable 
esources such as corn starch or sugarcane. PLA exhibits good
tiffness and strength combined with transparency, printability, 
nd compostability under industrial conditions [8–11] . This makes 
t an excellent candidate to replace commodity plastics like 
oly(ethylene terephtalate) (PET) in rigid packaging applications. 
owever, the brittleness and low impact resistance of PLA 

imit its use in flexible packaging and require the addition
f plasticizers or blending with a ductile polymer phase [12] .
uch research has been dedicated to toughening PLA while

reserving its stiffness, via the addition of low molecular weight
lasticizers or via blending with tough polymers, with moderate 
uccess so far [13] . An interesting class of candidate polymers
or PLA toughening are the furanoate polyesters, derived from 

,5-furandicarboxylic acid (FDCA). FDCA is produced by the 
atalytic dehydration of carbohydrate feedstocks like glucose and 

epresents a promising renewable alternative to terephthalic acid 

or polyester synthesis [14–16] . Poly(alkylene furanoate)s (PAFs) 
xhibit excellent gas barrier properties, making them promising 
 

se the UV- and gas barrier properties of PLA. For
r the blend with 30 wt % PPeF. Moreover, compost
ter 60 days, proving its biodegradability. Hence,
perty improvements, making PLA/PPeF blends a

adable packaging. 

aterials for food packaging, and possess a wide range of tunable
roperties depending on the length of the alkylene glycol segment 
 17 , 18 ]. Hence, blending PAFs with PLA could synergistically
ombine the high stiffness of PLA with the ductility of PAFs, thus
roducing a biopolymer film with balanced mechanical properties 
nd improved gas barrier performance [19–21] . 

Among the PAF family, poly(pentamethylene furanoate) 
PPeF) displays an unusual combination of properties, being 
morphous and rubber-like at room temperature and still 
xhibiting remarkable UV-shielding capability and excellent 
as-barrier properties, comparable to ethylene-vinyl alcohol 
opolymers [ 22 , 23 ]. This suggests it could effectively enhance the
as barrier properties of PLA while also improving its ductility 
nd fracture toughness. This has been recently proven by our 
roup, which developed PLA/PPeF films with remarkable strain 

t break and interesting gas barrier properties, and proved 

heir selective recyclability via enzymatic recycling [ 24 , 25 ]. 
lthough showing promising results, those films were produced 

ia solution casting, a non-scalable and environmentally 
nfriendly technique. Moreover, PLA and PPeF resulted as 

mmiscibile, with a typical coarse sea-island morphology. Hence, 
he addition of a suitable compatibilizer revealed itself as 
ssential to stabilize the morphology and enable effective stress 
ransfer across the PLA/PPeF interface. Reactive processing with 

poxy-functionalized chain extenders represents an effective 
ompatibilization strategy for PLA-based systems, promoting 
n-situ grafting reactions. 

For PLA/PAF blends produced by solution mixing, our 
esearch group previously showed improved ductility and fracture 
oughness with PAFs like PBF, PPeF, and other longer alkyl 
hain PAFS, although phase adhesion was poor [ 24 , 26-32 ]. We
lso recently demonstrated significant property improvements 
or blends with PLA and PEF, PPF, and PBF produced from the

elt and compatibilized with an epoxy-functionalized styrene- 
crylic oligomer (Joncryl® ADR-4468) [ 33 , 34 ]. However, no 

tudies have explored the compatibilization of PLA/PPeF blends 
rocessed in the melt, which enables industrially relevant 
anufacturing methods like extrusion and injection molding. 
oreover, no studies have ever investigated the biodegradability 

r composting ability of such blends, although previous studies 
ave demonstrated the degradability in compost of some FDCA- 
ased copolyesters [ 35 , 36 ]. 

Hence, the present work aims to develop PLA/PPeF blend 

lms with finely dispersed PPeF domains, strong interfacial 
dhesion, and enhanced fracture toughness, by reactive 
ompatibilization with Joncryl® ADR-4468 as a multifunctional 
ompatibilizer/chain extender. The blends were characterized 

egarding thermal properties, phase morphology, oxygen 

ermeability, degradability under compost burial conditions, 
ptical transparency, and mechanical performance. Moreover, 
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Table 1 

List of the prepared blends with their nominal 
composition. 

Sample name PLA (wt %) PPeF (wt %) J (phr) 

PLA 100 0 0 
PLA-J1 100 0 1 
PLA-PPeF1-J1 99 1 1 
PLA-PPeF3-J1 97 3 1 
PLA-PPeF5-J1 95 5 1 
PLA-PPeF10 90 10 0 
PLA-PPeF10-J1 90 10 1 
PLA-PPeF20-J1 80 20 1 
PLA-PPeF30-J1 70 30 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the fratcure behavour of the prepared films was assessed through
the essential work of fracture (EWF) approach [37] . More broadly,
this work provides new insights into the development of
high-performance bioplastic blends from renewable resources.
Understanding blend morphology and properties guides efforts
to replace conventional plastics with high-performing and
functionally tailored bioplastic materials. 

2 Materials and methods 
2.1 Materials 
The PLA used in this work was the extrusion-grade IngeoTM 

Biopolymer 2500HP, provided by NatureWorks LLC (Minnetonka,
MN, USA). This polymer was provided in the form of pellets
and showed a density of 1.24 g/cm3 and a melt flow index of
8 g/10 min (210 °C; 5 kg). PPeF was synthesized via a two-stage
polycondensation synthesis, as described in a previous work of our
group [22] . The resulting PPeF had a number-average molecular
weight ( Mn ) of 29,600 g/mol. The employed compatibilizer/chain
extender was a poly(styrene-acrylic-co-glycidyl methacrylate)
(SAGMA), commercially known as Joncryl® ADR 4468 (J),
supplied by BASF Gmbh (Ludwigshafen am Rhein, Germany). This
multifunctional reactive component was provided in the form
of transparent flakes with an average dimension of 2.5–4.0 mm,
a density of 1.08 g/cm3 , a glass transition temperature ( Tg ) of
59 °C, an Mn of 7250 g/mol, and an epoxy equivalent weight of
310 g/mol. All commercial materials were used as received. 

2.2 Sample preparation 

PLA/PPeF blends compatibilized by J were produced through
melt compounding in a HaakeTM Rheomix PolyLabTM System
(Thermo Scientific, Waltham, MA, USA), equipped with two
counter-rotating rotors. Before use, PLA granules were dried under
vacuum at 80 °C for three days, while PPeF was kept at 30 °C
under vacuum for seven days. The rotational speed of the rotors
was set to 60 rpm, and PLA and PPeF were slowly poured into
the working chamber, operating at 190 °C After 2 min, J was
added. The total time interval between the start of mixing and
the extraction of the compound was set to 10 min. During the
procedure, it was observed that the addition of J led to an increase
in the torque until it reached a plateau, as expected, due to the
increase in molecular weight and chain branching caused by the
compatibilizer. The obtained blends were further processed by hot
pressing to produce square plates 120 mm wide and 2 mm thick
using a Carver hot press, at 190 °C for 5 min, with an applied
pressure of 3.4 MPa. 

Additionally, small pieces cut out from these plates have been
further hot-pressed to prepare thin films. Approx. 9 g of each
plate were hot-pressed at 1 MPa for 5 min at 190 °C without
a confining mold, to obtain films with nominal dimensions of
30 × 30 cm2 and a thickness ranging between 80 and 220 μm.The
obtained thickness variability is related to the large variability
in viscosity across the different compositions, which caused the
material to spread differently under the same applied pressure.
For the purpose of the presented characterization, such variability
in thickness can be accepted and does not affect the general
conclusions of the work. The same hot pressing procedure was
applied to neat PPeF, for which a smaller film was obtained, due
to the scarcity of the material available. 

Samples were prepared with a PPeF concentration variable
from 1 wt % to 30 wt % and with a fixed J concentration of 1
phr, which has been recognized as the most effective in previous
works on similar PLA/PAF blends [ 33 , 34 ]. Samples of neat PLA,
PLA containing 1 phr of J, and uncompatibilized PLA containing
10 wt % of PPeF were also prepared for comparison. The list of all
the prepared compositions is shown in Table 1 . 

2.3 Characterization techniques 
2.3.1 Rheological properties 

The rheological properties of the produced blends were
measured using a Discovery HR-2 hybrid rheometer (TA
instrument, New Castle, DE, USA) in a parallel-plate arrangement
(gap = 1.9 mm) and a frequency sweep mode ranging from 0.05
to 600 rad/s at 190 °C. The tests were carried out on laser-cut disk
specimens with a nominal diameter of 25 mm and a thickness of
2 mm. These tests allowed for the determination of the complex
viscosity ( η∗) , the shear storage and loss moduli ( G′ , G′′ ), and the
loss factor ( tanδ) as a function of frequency. One specimen was
tested for each composition. 

2.3.2 Structural and morphological properties 
The microstructural properties of the prepared blends were

analyzed via a field-emission scanning electron microscope (FE-
SEM) Zeiss Supra 40 (Carl Zeiss AG, Oberkochen, Germany), by
analyzing the tensile fracture surface and the cryofracture surface
of the prepared blends after Pt-Pd sputtering. 

Fourier-transform infrared (FT-IR) spectroscopy was performed
in attenuated total reflectance (ATR) mode on the surface of
the prepared samples via a Perkin-Elmer Spectrum One IR
spectrometer (Perkin Elmer GmbH, Waltham, MA, USA), equipped
with a ZnSe crystal. 20 scans were superimposed for each spectrum
in a wavenumber range 650–4000 cm−1 (resolution = 4 cm−1 ).
One specimen was tested for each formulation. 

2.3.3 Thermal properties 
Thermogravimetric analysis (TGA) was carried out with a

Mettler TG50 thermobalance (Mettler Toledo, Columbus, OH,
USA). Specimens of approx. 20 mg were cut from the prepared
plates and subjected to a heating ramp of 10 °C/min from room
3 
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emperature up to 700 °C, under a nitrogen flow of 20 ml/min.
he tests allowed measuring the temperatures associated with a 
ass loss of 1 wt %, 3 wt %, and 5 wt % ( T1% , T3% , T5% 

), the
nset degradation temperature ( Tonset ) via the tangent method, 
he degradation temperature ( Td ), corresponding to the peak of
he derivative thermogravimetry (DTG) curve, and the final mass 
fter the test ( mr ). One specimen was tested per composition. 

Differential scanning calorimetry (DSC) was carried out with a 
ettler DSC30 calorimeter (Mettler Toledo, Columbus, OH, USA) 

n specimens of approx. 10–20 mg cut from the prepared plates.
he specimens were subjected to a heating-cooling-heating cycle 
t 10 °C/min between −50 °C and 250 °C, under a nitrogen
ow of 100 ml/min. One specimen was measured per each
omposition. The test resulted in the determination of the glass
ransition temperature ( Tg ) of the PLA and PPeF phases and the

elting, crystallization, and cold crystallization temperatures and 

nthalpies ( Tm, Tc, Tcc, �Hm, �Hc, �Hcc ) of the PLA phase. The 
egree of crystallinity of PLA ( χPLA ) was calculated via Eq. (1) [38] :

χ = �Hm 

− �Hcc 

�H0 · ω 

· 100 (1) 

here �H0 is the theoretical melting enthalpy of PLA, equal to
3 . 7 J/g, [39] , and ω is the weight fraction of PLA. 

Dynamic-mechanical thermal analysis (DMTA) was carried 

ut in a DMA 800 (TA Instruments, New Castle, DE, USA) in
ingle cantilever bending mode. The specimens had nominal 
imensions of 35 × 10 × 3 mm3 and the distance between the
rips was fixed at 17.5 mm. Storage and loss moduli ( E′ and E′′ ) and
oss factor ( tanδ) were measured between −20 °C and 150 °C, at a
eating rate of 3 °C/min, with a strain amplitude of 0.05 % and a

requency of 1 Hz. One specimen was tested for each composition.

.3.4 Mechanical properties 
Tensile tests were conducted with an Instron® 5969 

lectromechanical testing machine (Norwood, MA, USA), 
quipped with a 1-kN cell, on dumbbell 1BA specimens (ISO
27–2) laser-cut from the compression molded plates. First, at 
east five specimens for each sample were tested at 0.25 mm/min
ntil a strain value of 0.3 % for the determination of the Young’s
odulus ( E), and an extensometer (gage length = 12.5 mm) was

sed to measure the strain. Young’s modulus was determined in
he initial linear portion of the stress-strain curve as the slope
etween the points at strain values of 0.05 % and 0.25 %. Then,
t least five additional specimens were tested at 10 mm/min until
upture, to determine the stress and strain at yield ( σy , εy ) and at
reak ( σb , εb ). 

Because some of the examined materials exhibited ductile 
racture behavior, the fracture resistance of the prepared films 
as investigated through an elastoplastic fracture mechanics 
pproach, based on the essential work of fracture (EWF) under
lane-strain conditions. This method has lately received a lot of

nterest for characterizing ductile polymeric films for packaging 
pplications because it has the advantage of making a clear
istinction between essential (surface-related) and non-essential 
volume-related) work of fracture [ 37 , 40-42 ]. The EWF method
ssumes that the total work of fracture of notched specimens
s the sum of two contributions, the first given by the work in
 

he fracture process zone, considered essential for the generation 

f new fracture surfaces, and the second associated with the 
issipative work outside the fracture process zone [40] . The 
ssential work of fracture is a toughness-related material property, 
hereas the non-essential (or plastic) work of fracture is a 
eometry-dependent quantity. 

EWF tests were performed on double-edged notched tension 

DENT) specimens. In these tests, the specimens are subjected to a
ensile load applied at a constant speed, and the output is a load-
isplacement curve with a maximum ( Fmax ) reached at the value of
isplacement corresponding to crack initiation ( uin ), after which 

he load decreases to zero, reached at the value of displacement

max . The total work of fracture (Wf ), calculated from the area
nder the load-displacement curve, is given by the sum of the
ssential work of fracture ( We ), necessary to create new surfaces,
nd the non-essential work of the plastic deformation zone, (Wp ), 
s described in Eq. (2) [ 40 , 43 ]: 

Wf = We + Wp (2) 

Both terms of Eq. (2) can be normalized by the specimen’s
ross-section, as described in Eqs. (3) and (4) [ 40 , 43 ]: 

w f LB = we LB + βwp L2 B (3) 

w f = we + βwp L (4) 

here w f , we and wp are the specific total, essential, and non- 
ssential work of fracture, respectively, L is the ligament length, 
 is the specimen thickness, and β is a shape factor related to
he geometry of the outer plastic dissipation zone. According 
o Eq. (4) , values of w f measured on specimens with different
igament lengths can be plotted as a function of the ligament
ength. Therefore, the intercept of the linear regression for L = 0
orresponds to we , the specific essential work of fracture, and the
lope to βwp . While we can be obtained directly from experimental 
ata, wp is known once known β, which is given for some
pecific geometries of the plastic deformation zone [ 40 , 43 ]. A more
etailed description of the EWF method can be found elsewhere 
44] . 

In this work, DENT specimens were cut out of the prepared
lms with a width (W) of 30 mm, a height (H) of 50 mm,
nd nominal ligament lengths of 5, 7, 9, 11, 13, or 15 mm.
ive specimens were prepared per each ligament length per 
ach composition. After measuring the effective ligament length 

n each specimen through an optical microscope, specimens 
ere mounted on an Instron 5969 testing machine (grips 
istance = 30 mm) and tested at 10 mm/min. Data of w f 

ere subjected to the statistical treatment described in a 
ecent work of our group about the application of the EWF
pproach on thermoplastic starch films [45] . The test allowed 

he determination of the specific essential work of fracture 

e , the term βwp , and the two components of we related to
he essential work of fracture initiation ( we,in ) and propagation 

 we,prop ). These two terms were calculated from the areas under the
oad-displacement curves between 0 and uin and between uin and 

max , respectively, i.e., Wf ,in and Wf ,prop . 
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2.3.5 Functional properties 
The optical properties of the prepared films were investigated

by a Jasco V570 UV–Vis-Near IR double beam absorption
spectrometer (Easton, MD, USA). This instrument allowed
measuring the transmittance ( T %) of the specimens as a
function of the wavelength of the incident radiation, which
was generated by a tungsten filament lamp for visible and near-
infrared and deuterium arc for ultraviolet. The transmittance data
were collected in the range of 200–1000 nm at a scanning rate of
200 nm/min, to detect the optical behavior of the blends in the
UV and visible regions. 

Oxygen permeability was tested on the prepared films using
the Gas Transmission Tester GTT (Brugger Feinmechanik GmbH,
Munchen, Germany) at 23 °C. Each film was dried at 50 °C
in vacuum for at least 24 h and then placed between the two
instrument chambers, which were both evacuated for two hours.
At the end of the evacuation time, the top chamber was filled with
dry oxygen (1 bar) and the gas flow was set at 50 cm3 /min, while
in the lower chamber a pressure sensor measured the increase in
pressure as a function of time. When stationary conditions were
reached, it was possible to determine the oxygen transmission rate
(OTR). The tested specimens had a diameter of 10 cm, a testing
area of 78.5 cm2 , and the specimen of each film. One specimen
was measured for each sample. 

2.3.6 Evaluation of the degradability in compost 
Compost burial test was carried out at 58.0 ± 0.1 °C,

under moisture-controlled conditions. Compost was provided by
Biofactory S.p.A (Calcinate, BG, Italy). Triplicate specimens of
film samples were placed in darkened vessels containing a multi-
layer substrate [46] . Filter paper was used as a positive control.
Specimens with dimensions 2 cm × 2 cm were cut out of the
prepared films (initial weight 50–120 mg, filter paper ∼28 mg;
PA114C Ohaus Pioneer Plus, d = 0.1 mg) and sandwiched between
two layers of a mixture of milled perlite (70 g) and compost (200 g),
moistened with 100 mL of distilled water. The bottom and top
layers were filled with 60 g of perlite moistened with 120 mL of
distilled water. Perlite was used for increasing the aeration of the
compost and the amount of water retained. Samples were removed
after regular intervals (10 and 30 days), brushed softly, washed
with distilled water several times and dried under vacuum in the
presence of P2 O5 at room temperature, to constant weight [47] .
The degree of degradation was evaluated by weight loss (WL) by
using Eq. (5) : 

W L( %) = ( Wi − Wt ) /Wi × 100 (5)

where Wi is the initial weight of the sample and Wt is the weight
after the established time. 

The surface wettability was measured at room temperature
using a contact angle goniometer (OCA15EC, Dataphysics). Static
contact angle (SCA) values were determined by dropping 2 μL
of water from a micro syringe onto the surfaces and analyzing
the images taken by the connected video camera by software
(SCA 20). To eliminate interference, the samples were previously
equilibrated for 30 min at 40 °C and then SCA was measured. At
least five measurements were carried out for each sample to ensure
the repeatability of the experiments. 
3 Results and discussion 

3.1 Rheological properties 
The rheological characterization, whose results are reported in
Fig. 1 (a–d), provides valuable insights into the effect of Joncryl
and PPeF on the viscoelastic performance of the prepared blends
in the melted state. As observed in previous works on the
characterization of PLA/PAF blends [ 33 , 34 ], the addition of Joncryl
clearly acts as a chain extender that increases the complex
viscosity, storage and loss moduli, and melt elasticity of PLA.
This is evidenced by the higher values of, across all frequencies
for PLA-J1 over neat PLA, coupled with the disappearance of
the Newtonian plateau. The increased frequency dependence
and shear thinning behavior confirm the chain branching and
extension induced by the compatibilizer. The incorporation of
10 wt % PPeF into PLA leads to a slight decrease in viscosity
compared to neat PLA but an increase in G′ , particularly at low
frequencies. This could depend on the lower viscosity of PPeF
compared to PLA, but the increase in G′ , with the characteristic
yield stress at low frequencies, may denote a certain surface
interaction between the two polymers. 

When J is added (PLA-PPeF10-J1), all rheological parameters
are comparable or marginally lower than PLA-J1 alone.
Complex viscosity curves corroborate the substantial viscosity
enhancement observed with Joncryl addition, increasing by over
an order of magnitude, and shear-thinning behavior is observed
for all samples as expected. An interesting finding regarding PPeF
content was that 10 wt % loading lowered viscosity compared to
neat PLA, but further increasing to 30 wt % raised it again. This
non-linear relation between viscosity and PPeF loading reflects
the complexity of the composite systems and the interaction
between components. 

This manifests as more solid-like behavior, with G′ exceeding
G′′ ( tanδ < 1 ) at a crossover frequency indicating the transition
from liquid- to solid-like behavior. Without compatibilizer,
PLA and PLA-PPeF10 exhibit liquid-like behavior over the
whole frequency range tested. In contrast, with compatibilizer,
blends show crossover frequencies from around 20 rad/s for
lower PPeF contents up to 100 rad/s at higher loading,
corresponding to relaxation times of 0.05–0.01 s respectively. The
compatibilized blends therefore demonstrate greater elasticity,
molecular cohesion, and stability against deformation from the
increased chain interactions. 

3.2 Structural and morphological properties 
Fig. 2 (a–i) shows the SEM micrographs of the cryofracture surface
of the prepared blends. All samples show a typical sea-island
morphology, denoting immiscibility. As found in our previous
works on PLA/PAF blends [ 33 , 34 ], the dimension of the PPeF
phase increases with the PPeF weight fraction (see also Table 2 )
and decreases with the introduction of J. The introduction of
the compatibilizer also improves the interfacial adhesion between
PLA and PPeF, but to a lesser extent compared to shorter-alkyl-
chain PAFs (i.e., poly(ethylene furanoate (PEF), poly(propylene
furanoate) (PPF), and poly(butylene furanoate) (PBF)) studied in
previous works [ 33 , 34 ]. In any case, the expected microstructural
refinement is evident from these micrographs, which suggests
effective compatibilization. 
5 
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Fig. 1 

Dynamic rheological test of the prepared samples. Trends of (a) complex viscosity; (b) storage modulus; (c) loss modulus; (d) tan δ as a function of the angular 
frequency. 

Table 2 

PPeF domain size for the prepared blends (mean 

value ± standard deviation). 

Sample PPeF domain size ( μm) 

PLA-PPeF1-J1 0.41 ± 0.09 
PLA-PPeF10-J1 0.71 ± 0.13 
PLA-PPeF20-J1 1.32 ± 0.46 
PLA-PPeF30-J1 1.98 ± 0.85 
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The results of the ATR-FTIR characterization are reported in 

ig. 3 , which shows some representative compositions. PLA can
e distinguished by the presence of signals associated to the -
H3 groups. The peaks found at 1454 cm−1 and 1383 cm−1 

orrespond respectively to the out-of-phase bending ( δas ) and in-
hase bending ( δs ), while the weak signals at 2997 cm−1 and
946 cm−1 are related to the asymmetric ( νas ) and symmetric
 νs ) stretching. The most intense peaks are at 1752 cm−1 and
181 cm−1 , respectively associated to the C = O ( νC = O 

) and
he C–O ( νC –O 

) groups stretching [48] . Lastly, the presence of
rystalline and amorphous phases of PLA is identified by two
ignals at 869 cm−1 and 756 cm−1 , respectively [49] . 
 

On the contrary, PPeF can be recognized by the presence of
 sharp peak at 1016 cm−1 , which is associated to the breathing
f the furan ring [50] , while the signals at 967 cm−1 , 823 cm−1 

nd 761 cm−1 are related to its bending. Moreover, the stretching 
f the C = C double bond ( νC = C ), present in the furan ring,
s related to the peak at 1579 cm−1 . The stretching of the C–O
roup is associated to two peaks at 1268 cm−1 and 1221 cm−1 

hile the stretching of the C = O group results in an intense
ignal at 1713 cm−1 . Due to the increased number of C–H bonds
resent in PPeF with respect to PLA, the signals associated to
he methylene groups are intensified: the peaks at 2954 cm−1 

nd 2860 cm−1 correspond respectively to the asymmetric ( νas ) 
nd symmetric ( νs ) stretching, while the signals at 1469 cm−1 

nd 1300 cm−1 are related to the in-phase rocking and twisting 
51] . 

By blending PLA and PPeF, the spectra obtained are a 
ombination of their characteristic signals, and the intensity 
ncreases or decreases according to their relative concentration. 
or example, the intensity of the peaks associated to PPeF (for
xample at 1016 cm−1 ) progressively increases by passing from 

LA-PPeF10-J1 to PLA-PPeF30-J1, while those associated to PLA 

for example 1181 cm−1 ) weaken. On the other hand, no new
eaks are observed and no major red- or blue-shifts can be
ppreciated, which helps exclude the formation of new chemical 
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Fig. 2 

SEM micrographs of the cryofracture surface of the prepared blends. (a) PLA; (b) PLA-J1; (c) PLA-PPeF1-J1; (d) PLA-PPeF3-J1; (e) PLA-PPeF5-J1; (f ) PLA-PPeF10; (g) 
PLA-PPeF10-J1; (h) PLA-PPeF20-J1; (i) PLA-PPeF30-J1. 

Fig. 3 

ATR-FTIR spectra of some selected compositions, with the indication of the 
peaks related to PLA (dash-dot lines), and PPeF (dashed lines). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bonds between the two species. Some minor shifts can indeed be
observed, e.g., the signal of C = O shifts from 1712 cm-1 in neat
PPeF to 1718 cm−1 in PLA-PPeF30-J1 (C = O of PLA does not shift),
the signal at 1266 cm−1 of neat PPeF shifts to 1273 cm−1 in PLA-
PPeF30-J1, the signals located at 1081 cm−1 and 1181 cm−1 of
neat PLA shift to 1088 cm−1 and 1183 cm−1 in PLA-PPeF30-J1,
respectively. This may be a sign of molecular reorganization and
changes in the H-binding organization after blending. However,
more tests are needed to clarify this possibility, as the sensitivity of
the employed ATR-FTIR instrument may be insufficient to detect
small changes. 

3.3 Thermal properties 
The main results of the thermal characterization performed on
the prepared blends are shown in Fig. 4 (a –b) and in Table 3 .
From DSC scans ( Fig. 4 a), neat PLA presents a Tg of 56–58 °C
and neat PPeF of 11–15 °C, in good agreement with literature
data for both polymers [ 52 , 53 ]. PLA is also characterized by
cold crystallization events at 93.7 °C and 163.7 °C and melting
at 180.4 °C. On the other hand, PPeF does not undergo cold
7 
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Fig. 4 

Main results of the thermal analysis on the prepared blends. (a) DSC thermograms of the first heating and cooling scans; (b) TGA and DTG thermograms. 

Table 3 

Results of the DSC and TGA tests on the prepared blends. n.d. = not detectable; n.a. = not applicable. 

DSC TGA 

Sample 
T PPeF 

g 
( °C) 

T PLA 
g 

( °C) 
T PLA 

cc1 
( °C) 

T PLA 
cc2 

( °C) 
�HPLA 

cc 
(J/g) 

T PLA 
m 

( °C) 
�HPLA 

m 

(%) 
χPLA 

c 
(%) 

T PLA 
c 

( °C) 
�HPLA 

c 
(J/g) 

Tonset 
( °C) 

Td 
( °C) 

PLA n.a. 56.2 93.7 163.7 34.1 180.4 54.2 21.4 98.0 17.0 327.2 378.8 
PLA-J1 n.a. 58.7 94.4 159.1 31.1 175.8 42.4 12.1 92.3 0.4 329.6 373.7 
PLA-PPeF1-J1 n.d. 56.6 96.1 161.3 30.7 177.8 42.4 12.9 91.0 3.5 331.2 372.2 
PLA-PPeF3-J1 n.d. 61.3 94.3 159.7 29.3 176.1 43.9 16.3 90.9 1.0 334.0 373.5 
PLA-PPeF5-J1 n.d. 55.9 95.2 159.5 29.7 176.1 40.7 12.5 89.2 2.2 325.9 361.0 
PLA-PPeF10 n.d. 55.3 93.7 163.0 31.5 179.0 51.2 23.3 96.8 30.4 328.3 372.0 
PLA-PPeF10-J1 n.d. 56.5 95.8 160.0 27.5 176.6 38.5 13.1 90.6 6.1 334.5 373.3 
PLA-PPeF20-J1 14.4 56.3 96.9 159.8 25.1 175.8 34.6 12.9 89.6 5.9 307.1 370.3 
PLA-PPeF30-J1 13.7 54.4 95.6 158.5 21.3 174.8 28.5 11.1 95.9 12.4 300.2 361.5 
PPeF 15.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 363.7 399.3 
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rystallization or melting, which is in line with the limited
endency of this polymer to crystallize, as reported in the literature
53] . 

The Tg s measured on the neat polymers are similar to those
ound in the PLA/PPeF blends. PLA’s Tg in the blends is located
etween 58.7 °C and 54.4 °C, with a slight decrease with increasing
PeF content. The same is observed on cooling and in the second
eating scan (not reported for brevity). PPeF’s Tg in the blends,
etectable only for high PPeF concentrations, is located at approx.
4 °C. This confirms the persistent immiscibility of the blends,
n good agreement with SEM observations, even though the 
light decrease in PLA’s Tg suggests a partial compatibilization. 
 

owever, it is very difficult to estimate the miscibility and 

he compatibilization degrees from such small shifts [54] . The 
rystallinity of the as-produced neat PLA sheets is approx. 21.4 %,
nd it halves (12.1 %) when 1 phr Joncryl is added. On the
ther hand, PPeF does not affect the crystallizability of PLA in the
rst heating scan. These DSC results are in good agreement with
revious works on PLA/PAF blends compatibilized with Joncryl 
 33 , 34 ]. 

The thermal stability of the samples has been evaluated 

etween 30 °C and 700 °C through TGA tests performed in a
ontrolled nitrogen atmosphere, and the main results are reported 

n Fig. 4 b and Table 3 . None of the samples present any significant
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Fig. 5 

DMTA thermograms of the prepared blends. Trends of (a) storage modulus; (b) loss modulus; (c) tanδ as a function of temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 

Results of the DMTA tests on the prepared blends 
form the E′′ peaks. 

Sample TP P eF 
g TPLA 

g 

PLA n.a. 66.3 
PLA-J1 n.a. 67.9 
PLA-PPeF1-J1 31.9 68.4 
PLA-PPeF3-J1 32.6 68.7 
PLA-PPeF5-J1 31.0 67.9 
PLA-PPeF10 28.0 67.9 
PLA-PPeF10-J1 28.5 66.9 
PLA-PPeF20-J1 28.8 67.6 
PLA-PPeF30-J1 29.3 68.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mass loss at around 100 °C, therefore indicating the absence of
adsorbed water and, thus, effective storage in dry conditions. PLA
is characterized by a Td of 378.8 °C, while PPeF degrades at a higher
temperature, i.e., 399.3 °C. The introduction of Joncryl in PLA
(PLA-J1) causes a slight decrease in Td , which is probably caused
by a decrease in crystallinity. 

Even though PPeF is more thermally stable than PLA, an
increase in the PPeF content causes a decrease in Tonset and Td . For
example, Td reaches value of 361.5 °C for PLA-PPeF30-J1 (−17 °C
than neat PLA). Moreover, slower degradation rates are observed.
Nevertheless, the degradation of all samples occurs in a narrow
temperature range comprised between 360 °C and 400 °C, which
is significantly higher than the process temperatures employed
in this work and the service temperatures required in packaging
applications. Interestingly, the DTG curve of PLA-PPeF30-J1 shows
the presence of a first main peak at the degradation of the PLA-rich
phase, followed by a shoulder in correspondence of the Td of PPeF,
which is once again representative of the blend immiscibility. 

The dynamic mechanical analysis allowed the determination
of the storage modulus ( E′ ), the loss modulus ( E′′ ) and the loss
factor ( tanδ) as a function of temperature for all the prepared
samples ( Fig. 5 (a–c)). Neat PLA is characterized by an E′ close
to 3 GPa at low temperature, which abruptly decreases at
the glass transition region (approx. 60 °C), to reach values of
approx. 7.0 MPa at 80 °C. This decrease is preceded by a small
hump, associated to an enthalpic relaxation of the polymer
chains [55] . In the rubbery plateau, PLA chains have sufficient
mobility to reorganize in crystalline domains, which leads to cold
crystallization associated to an increase in E′ , in good agreement
with DSC results. The introduction of 1 phr Joncryl (PLA-J1) leads
to an increase in E′ especially at low temperatures - which can be
associated to an increase in molecular weight - but has little effect
on the rest of the DMTA thermogram. 

All the transitions detected in PLA are also visible in all
the prepared blends. Notably, the same stiffening effect at low
temperatures caused by J is also observable by comparing PLA-
PPeF10 and PLA-PPeF10-J1. On the other hand, the role played
by PPeF is less clear. For example, the value of E′ below the glass
 

transition temperature of both polymers does not show an evident
trend with the PPeF concentration. On the other hand, at the
PPeF’s Tg , E′ shows a manifest inflection, which is increasingly
evident with an increase in the PPeF concentration. This inflection
is accompanied by peaks in the E′′ and tanδ thermograms ( Fig. 5 (b–
c)), which increase with the PPeF concentration. What remains
constant is instead the position of these peaks. As reported in
Table 4 , the location of the two E′′ peaks, identified with the
Tg s of the PLA and PPeF phase, do not remarkably vary with
the blend composition, thus highlighting, once again, the blend
immiscibility. 

3.4 Mechanical properties 
The results of the quasi-static tensile tests are reported in Fig. 6 (a–
c) and Table 5 . Neat PLA shows a typical behavior reported many
times in the literature, i.e., an elastic modulus ( E) of 3.1 GPa,
a mechanical strength of 62.2 MPa, and a sudden, catastrophic
failure at a strain of 5.0 %, which denotes a brittle behavior with
no signs of yielding. 

The situation changes considerably by adding PPeF and
Joncryl. The addition of Joncryl to PLA causes a slight increase in
ductility, likely due to a decrease in crystallinity. With an increase
in PPeF content, the stiffness decreases (down to 1.9 GPa for PLA-
9 
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Fig. 6 

(a) Representative tensile stress-strain curves obtained in quasi-static tensile tests on the prepared blends; (b) SEM micrographs of the tensile fracture surface of 
PLA at two magnifications; (c) SEM micrographs of the tensile fracture surface of PLA-PPeF30-J1 at two magnifications. 

Table 5 

Main results of the quasi-static tensile tests on the prepared blends. n.d. = not detectable. 

Sample 
E
(GPa) 

σy 
(MPa) 

εy 
(%) 

σMAX 
(MPa) 

ε (σMAX ) 
(%) 

σb 
(MPa) 

εb 
(%) 

PLA 3.1 ± 0.1 n.d. n.d. 62.2 ± 1.9 4.9 ± 0.2 62.2 ± 1.9 5.0 ± 0.3 
PLA-J1 3.3 ± 0.1 n.d. n.d. 65.5 ± 1.2 5.1 ± 0.2 63.2 ± 1.1 5.5 ± 0.3 
PLA-PPeF1-J1 3.1 ± 0.2 n.d. n.d. 65.3 ± 1.9 5.4 ± 0.2 65.3 ± 1.9 5.4 ± 0.3 
PLA-PPeF3-J1 3.3 ± 0.2 n.d. n.d. 65.7 ± 1.4 5.3 ± 0.2 65.7 ± 1.4 5.7 ± 0.3 
PLA-PPeF5-J1 3.1 ± 0.2 61.2 ± 0. 9 5.3 ± 0.1 61.1 ± 1.0 5.3 ± 0.1 32.7 ± 9.2 8.4 ± 1.3 
PLA-PPeF10 2.6 ± 0.2 n.d. n.d. 50.2 ± 0.7 4.3 ± 0.1 50.2 ± 0.7 4.3 ± 0.1 
PLA-PPeF10-J1 2.8 ± 0.1 53.0 ± 0.7 4.7 ± 0.1 53.0 ± 0.7 4.7 ± 0.1 24.9 ± 1.0 12.5 ± 1.4 
PLA-PPeF20-J1 2.4 ± 0.1 42.7 ± 0.8 4.5 ± 0.1 42.7 ± 0.8 4.5 ± 0.1 25.5 ± 0.9 150 ± 50 
PLA-PPeF30-J1 1.9 ± 0.1 35.7 ± 0.6 4.5 ± 0.1 35.7 ± 0.6 4.5 ± 0.1 25.2 ± 1.4 200 ± 70 
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PeF30-J1) and the tensile behavior becomes more ductile, with 

n evident yield point and a progressively increasing strain at
reak. Remarkably, after an evident plastic plateau given by a
ecking propagation involving the whole specimen, the values 
f εb reach values of 200 % for PLA-PPeF30-J1, and the tensile
racture surface evidences the signs of plasticization, not present in
eat PLA ( Fig. 6 (b,c)). Notably, PPeF can perform this plasticization
ffect only when the blend is compatibilized, which is evident
y comparing the stress-strain curves of PLA-PPeF10 and PLA- 
0 
PeF10-J1. This indicates the fundamental role of Joncryl in 

romoting a finer dispersion of PPeF domains and a stronger 
nterfacial interaction with the surrounding PLA matrix, which 

oth promote the load transfer from PLA to the PPeF phases,
llowing effective plasticization. As suggested by other works in 

he literature on PLA toughening by a second polymer phase, a
iphasic, immiscible blend with soft domains finely dispersed in 

 stiff matrix is here a fundamental condition to promote effective
oughening [ 33 , 56 ]. The observed increase in ductility of PLA-
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Table 6 

Main results of the EWF tests performed on the prepared samples. 

Sample we (kJ/m2 ) βwp (MJ/m3 ) R2 we,ini (kJ/m2 ) we,prop (kJ/m2 ) 

PLa-PPeF5-J1 6.2 ± 2.7 3.1 ± 0.3 0.91 2.4 ± 1.2 3.8 ± 3.3 
PLa-PPeF10 8.3 ± 2.6 2.9 ± 0.3 0.92 3.8 ± 1.6 4.6 ± 2.9 
PLa-PPeF10-J1 21.0 ± 2.0 1.9 ± 0.2 0.85 5.3 ± 0.8 15.7 ± 1.8 
PLa-PPeF20-J1 32.0 ± 3.8 2.5 ± 0.3 0.87 6.5 ± 1.3 25.5 ± 1.4 
PLa-PPeF30-J1 40.0 ± 4.4 2.2 ± 0.7 0.73 7.0 ± 1.3 33.0 ± 4.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PPeF10-J1 compared to PLA-PPeF10 can also be partially due to
a decrease in crystallinity of the PLA phase, although this alone
wound not be sufficient to explain such an increase in strain
at break, given the modest increase in εb of PLA-J1 compared
to neat PLA. Overall, these results suggest that PPeF is effective
as a toughening agent for PLA and, given its effects on all the
mechanical parameters, its concentration must be chosen as a
function of the target properties, to reach the desired balance
between stiffness, strength, and ductility. 

Given the promising results obtained in the tensile tests,
the essential work of fracture (EWF) approach was adopted to
investigate the mechanical behavior more deeply. The EWF tests
allowed evaluating the role of PPeF and Joncryl on the post-
yield fracture mechanics of PLA. This is particularly important
for biopolymer films intended for packaging applications, as poor
resistance to fracture propagation can be detrimental not only
from the mechanical point of view but also because it may cause
a decrease in the gas barrier performance. Hence, increasing the
infamously poor fracture toughness of PLA is key to expanding its
range of applications in the flexible packaging field. 

The EWF test has been carried out on all the prepared
compositions, but the results were assumed valid if σmax for each
specimen was comprised between 0.9 and 1.1 times the average
value of the tensile yield stress, to ensure that the fracture process
occurred only after a complete yielding of the ligament zone
[41] . This condition was satisfied only for the samples with a
PPeF fraction higher than 5 wt %, while for the other samples
the ligament was not fully yielded, showing the propagation of
unstable cracks and making the post-yield fracture mechanics
theory not applicable, as also reported elsewhere in the literature
for PLA [57–59] . Hence, the results of this test were determined
only for samples with a PPeF fraction higher than 5 wt %. 

Fig. 7 (a–e) shows representative load-displacement curves
obtained from EWF tests on DENT specimens. For all curves,
the load increases with the displacement until a maximum, at
which the crack starts propagating until the coverage of the
whole ligament length. As expected, the value of specific work
of fracture ( Fig. 7 (f–j)) increases with the ligament length, and
from these data it is possible to calculate we and βwp (see Eqs.
(2 –4 )). The values of we ( Table 6 ) considerably increase with the
PPeF fraction, from 6.2 kJ/m2 of the sample PLA-PPeF5-J1 up to
40.0 kJ/m2 of the sample PLA-PPeF30-J1, while the non-essential
component ( βwp ) does not significantly increase. These values
of we are higher than those found in the literature for similar
PLA grades processed from the melt, equal to approx. 5 kJ/m2 

[ 57 , 59 ], reported as a qualitative comparison even though the
authors underlined that the EWF approach was not applicable to
PLA. This demonstrates the effectiveness of PPeF as a toughening
agent for PLA. Moreover, the role of Joncryl can be appreciated by
comparing the values of we for PLA-PPeF10, equal to 8.3 kJ/m2 ,
and that of PLA-PPeF10-J1, equal to 21.0 kJ/m2 , which is in good
agreement with the tensile tests results and once again confirms
the key role of this compatibilizer in promoting a finer dispersion
and higher interfacial adhesion of the flexible second phase [29] . 

Additionally, the specific essential work of fracture initiation
( we,in ), reported in Table 6 , does not significantly vary with
the composition, while the specific essential work of fracture
propagation ( we,prop ) increases with the PPeF amount, up to
33.0 kJ/m2 for PLA-PPeF30-J1. This implies that much more energy
must be spent to propagate the fracture across this blend, probably
because the stress concentration promoted by the PPeF domains
induces micro-deformations in the matrix, which orient the PLA
chains and hinder the production of new surfaces. Overall, these
data demonstrate the effectiveness of PPeF in toughening PLA
and suppressing crack propagation, helping to produce PLA-based
films with comparable or in most cases superior we values than
those produced with other toughening agents reported in the
literature [ 57 , 59-62 ]. 

3.5 Functional properties 
Transmittance tests were carried out as the optical transparency in
the visible range can be a very interesting property, especially for
packaging applications. Fig. 8 a shows the transmittance spectra of
the film samples, while Fig. 8 b shows the pictures of the films, to
visually show the optical transparency. Neat PLA, PLA-J1, and neat
PPeF feature high transmittance values thanks to their low degree
of crystallinity. On the other hand, the transmittance decreases
with an increase in the PPeF concentration, as expected given the
immiscible and biphasic nature of the blends. 

Remarkably, PPeF shows a very low transmittance in the UV
region, especially below 300 nm, due to the UV absorption
capacity of furan rings conjugated with carbonyl groups. A strong
UV absorption is very positive for packaging applications as
the UV light, already at 380 nm, has enough energy to induce
autoxidation of fats, degradation of vitamins, and discoloration
of fresh meat, thereby lowering the food quality. Therefore,
the optimal food packaging material couples strong UV barrier
properties with transparency in the visible range. It is interesting
to notice that an amount of PPeF as low as 1–3 wt % can impart
these UV-barrier properties to the film, while retaining most of the
transparency in the visible range. Hence, as already observed for
other furanoate polyesters blended with PLA [ 24 , 33 ], PPeF is an
11 
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Fig. 7 

Results of the EWF tests on the prepared films. Representative load-displacement curves of (a) PLA-PPeF5-J1; (b) PLA-PPeF10; (c) PLA-PPeF10-J1; (d) PLA-PPeF20; 
(e) PLA-PPeF30-J1. Specific specific work of fracture as a function of the ligament length of (f ) PLA-PPeF5-J1; (g) PLA-PPeF10; (h) PLA-PPeF10-J1; (i) PLA-PPeF20; (j) 
PLA-PPeF30-J1. Dashed lines represent the linear fitting and the shaded zone is the 95 % confidence interval. 
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ctive additive useful for the production of packaging films with
trong UV-barrier properties. 

It is important to point out that, as stated in the Materials and
ethods section, the tested films had a thickness variable between

5 μm and 225 μm, which may have affected the exact values of
he measured optical transmittance. However, the most important 
esults of the test, i.e., the role played by PPeF in improving the
V shielding properties of PLA, still holds, and so do its practical

mplications. 
Fig. 9 shows the OTR values for the prepared films. Given that

he films prepared for this test had thicknesses variable between
5 μm and 225 μm, as the different values of viscosity of the
lends prevented the production of films with homogeneous 
hickness across the compositions, the OTR values were multiplied
y the thickness in μm and divided by 100, so to convert
he OTR values given by the instrument (the “permeance”, 

easured in cm3 /(m2 ·d ·bar)) into OTR values for a 100- μm
lm (the “permeability”, measured in (cm3 ·100 μm)/(m2 ·d ·bar)). 
lthough the followed standard (ASTM D1434–23) recommends 
2 
alculating normalized permeability values only if “the constancy 
f the permeability has been verified using several different 
hicknesses of the material”, which has not been done in this
ork, this normalization procedure was the only one available 

o produce OTR values comparable to one another. Moreover, 
he described normalization procedure, although not explicitly 
eclared, has been applied elsewhere in the literature on films 
f similar materials [ 35 , 63 , 64 ]. The calculated OTR for PLA is in
ine with that reported elsewhere in the literature [ 24 , 34 ], while
he addition of J does not considerably modify the OTR value,
lthough the slight increase in the average value may be ascribed
o a decreased crystallinity. The addition of PPeF improves the gas
arrier properties of the prepared films thanks to the remarkable 
as barrier properties of PPeF [22] , with the composition PLA-
PeF30-J1 showing an OTR of 111 (cm3 ·100 μm)/(m2 ·d ·bar), with 

 reduction of 37 % compared to neat PLA. This is remarkable,
onsidering that the PPeF phase is discontinuous due to the sea
sland microstructure evident in SEM micrographs (see Fig. 2 ) and
hat the testing temperature is above its Tg , where the gas barrier
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Fig. 8 

(a) Optical transmittance of the prepared films as a function of the wavelength of the incident radiation, evaluated through UV–VIS spectrophotometry, (b) pictures 
of the prepared films to show the optical transparency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

properties of traditional amorphous polymers are notoriously
scarce. Conversely, for polymers containing mesogenic groups,
such as furanoate polyesters, the absence of crystallinity results
in better barrier properties, and this effect is even more
pronounced when the glass transition temperature is around
room temperature, as in the case here presented. This occurs
because of the lower interphase content between amorphous
and crystalline phases, which allows for the maximization of
interchain interactions (primarily pi-pi interactions and pseudo-
hydrogen bonding) due to chain mobility at room temperature
[22] . To further improve the gas permeation properties of
these films, it would be beneficial to further increase the PPeF
concentration and/or to promote a co-continuous microstructure
across the two polymer phases. 

3.6 Evaluation of the degradability in compost 
Finally, compost burial tests were carried out to investigate
the degradability of the prepared blends. Biodegradation can
be schematized in a three-step process. Initially, outside the
microbial cell, macromolecular chains are cleaved into oligomers
and monomers, then the low molecular weight products migrate
inside the microbial cells, and finally they are metabolized,
the respiration of biomass consuming O2 and producing CO2 

and H2 O (under aerobic conditions). Almost all standardized
methods for determining biodegradation (e.g., ISO 19,679:2020,
ISO 17,556:2019, ISO 14,855–2:2018, ISO 14,855–1:2005) are
focused on the measurement of the conversion into CO2 of the
organic carbon initially present in the plastic. On the other hand,
in the literature, most of the papers concerning biodegradation
of polymers, blends or composites are based on weight loss
monitoring that is accepted as a biodegradability index of plastic
films [65] . Whenever WL is used to monitor the degradation of
polymer samples, just the first step of the biodegradation process
is involved, i.e., macromolecular chain depolymerization into
oligomers that are eroded from the surface. 

Compost burial degradation tests were carried out by
sandwiching the polymer films between two layers of a mixture
of milled perlite and compost, monitoring the WL for up to
60 days. Perlite was used to increase the amount of water
retained and accelerate degradation in compost. Fig. 10 a shows
the average weight loss vs. the compost burial degradation time
of neat PLA and of some selected blends. Surprisingly, PPeF is
the most susceptible to microorganisms in compost, reaching
a WL of 26.4 ± 1.5 % in 60 days with a linear increment as
a function of time, significant reductions in film thickness and
appearance of well-visible holes. This confirms the degradability
of PPeF in composting conditions, as described in our previous
work [64] , which opens new and exciting perspectives for the
widespread application of this biopolymer in combination with
rigid compostable biopolymers. 

Up to 45 days of compost burial test, the WL of the PLA-J1
specimens and of the selected blends are almost equal to zero.
Reasonably, the initial hydrolytic process, highlighted by the
variations in SCA values ( Fig. 10 b), has not yet generated chain
segments short enough to be eroded from the surface. In fact,
no variations in thickness can be observed. After 60 days of the
13 
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Fig. 9 

Oxygen permeation properties of some selected compositions. OTR values at 
25 °C. 
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nduction period, an appreciable increase is recorded for PLA- 
1 and a small one for its blends. However, SCA measurements
ighlight a relevant increase in wettability reasonably related to 

he formation of hydrolytic chain ends. Chemical modifications 
n the surface of the thin films, induced by degradation in
ompost, increase plastic samples wettability, highlighted by CA 
Fig. 10 

esults of the compost burial test at 58 °C for some selected samples. (a) Average w
egradation time. 

4 
ecrease ( Fig. 10 b) and, consequently, the microbial susceptibility 
s encouraged with a lower degradation rate for the blends. The
resence of chain branching and extension, put in evidence by 
he rheological characterization, could partially justify the low 

egradation rate in compost. 

 Conclusions 
his work demonstrates the effective toughening and 

ompatibilization of PLA/PPeF blends for the development 
f novel eco-sustainable packaging films with enhnaced physical 
roperties. The addition of 1 phr Joncryl compatibilizer promoted 

ner dispersion of PPeF domains and improved interfacial 
dhesion in the blends. Incorporating up to 30 wt % PPeF
nduced remarkable ductility enhancements, increasing strain 

t break from 5 % for neat PLA up to 200 % for PLA-PPeF30-J1.
uasi-static tensile tests proved the key role of Joncryl in enabling

ffective property improvements. 
Through the essential work of fracture (EWF) approach, the 

pecific essential work of fracture (we ) was found to rise from
.2 to 40.0 kJ/m2 with increasing PPeF content, confirming its 
otency as a toughness enhancer. This also mostly derived from 

he essential work of fracture propagation term (wprop ), indicating 
PeF suppression of crack growth. Oxygen permeability declined 

y 37 % for PLA-PPeF30-J1 compared to neat PLA owing to the
utstanding barrier properties of PPeF. Adding just 1–3 wt % PPeF
lso imparted strong UV-barrier capability. 

Moreover, PPeF exhibited 26 % weight loss after 60 days in
ompost burial tests, proving its degradability. Hence, PLA/PPeF 
lends offer an optimal balance of stiffness, ductility, fracture 
oughness, barrier performance, and sustainability. Further 
roperty enhancements may be achievable through finer phase 
ontrol and morphology tailoring. Nonetheless, these high- 
eight loss percentage vs. degradation time; (b) static contact angle values vs. 
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performing blends display promise for flexible food packaging
applications to help advance sustainability. 
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