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Abstract

Furanoate polyesters are emerging as promising bioderived polymers that

could replace petrochemical-derived polyesters in several applications, for

example, the textile field. Here, sustainable and fully bioderived fibers are

wet-spun by blending poly(lactic acid) (PLA) and poly(pentamethylene

2,5-furanoate) (PPeF), with up to 50 wt% of PPeF. PLA/PPeF blends result as

immiscible, with PPeF domains homogeneously distributed within the PLA

matrix, as shown by scanning electron micrographs. The immiscibility is con-

firmed by differential scanning calorimetry, as the glass transition temperature

of PLA is unaffected by PPeF. The immiscibility and poor adhesion between

PLA and PPeF are responsible for the decrease in stress at break and elonga-

tion at break from 30.1 MPa and 127%, of PLA fibers, to 3.5 MPa and 1.9%, at

high PPeF amounts. However, the addition of PPeF strongly decreases the

PLA's tendency to absorb water and retain the processing solvents, showing a

mass loss decrease from 3.1% for PLA fibers to 1% for fibers containing 50 wt%

PPeF, thereby addressing one of the main drawbacks of PLA. These results,

although preliminary, offer new directions for future works on innovative and

sustainable fibers based on furanoate polyesters.
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1 | INTRODUCTION

Plastics are one of the most widely used materials and it is
sometimes referred to as one of the greatest innovations
of the millennium. Plastic products achieved such an
extensive market thanks to their low density, limited
price, versatility, and recyclability.1 Therefore, the global
annual plastics production has increased by approxi-
mately 10% each year since 1950.2 In 2018, the worldwide
production of plastics amounted to 360 million tons, with

a forecast of 500 million tons in 2025.3,4 As a drawback,
about 381 million tons of plastic wastes are generated
every year. Due to the non-optimal management of plastic
waste, global pollution deriving from these products has
strongly increased.5 Thus, in order to favor the switch
from a linear to a circular economy,6 industries and gov-
ernments have recently changed their policy, moving
towards sustainable use of plastic materials and also the
use of sustainable processes.7 For this reason, the last
decades have seen an increasing interest in the so-called
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bioplastics,8–12 that are polymers that are biodegradable
and/or produced starting from renewable resources.13 The
most widely used bioplastics are poly(lactic acid) (PLA),14

polyhydroxyalkanoates (PHAs),15 poly(ε-caprolactone)
(PCL),16 thermoplastic starch (TPS),17 and poly(vinyl
alcohol) (PVA).18

PLA is a biopolymer exhibiting a tensile modulus of
approximately 3 GPa, good mechanical strength, improved
workability, and higher transparency in comparison to
other bio-based biopolymers. Furthermore, it is also com-
postable and recyclable.14 For all these reasons, PLA repre-
sents an attractive alternative to traditional plastics for
packaging and textile applications .19–21 On the other hand,
PLA is characterized by a low deflection temperature and,
if used as a container for hot food or beverages, it could be
subjected to a partial loss of dimensional stability. Further-
more, PLA generally presents rather limited fracture tough-
ness with respect to oil-based polymers.22 These drawbacks
could be partially or totally overcome through the blending
technology.

Even though the majority of polymer blends are
immiscible, blending process could improve and/or tailor
the physical properties of the resulting plastics in a more
economical way with respect to the synthesis of new
matrices.23–26 A physical polymer blend is defined as a
mechanical mixture, generally obtained after a short time
mixing (no chemical reactions can appreciably occur in
these conditions), in which at least two polymers are
involved, to produce a new material possessing different
properties in comparison to its constituents.27,28 An inter-
esting class of bio-based polymers that could be blended
with PLA are polyesters of 2,5-furandicarboxylic acid
(FDCA), obtained from the polycondensation reaction of
this latter with different diols. A wide variety of homopol-
ymers29,30 or copolymers,31–35 capable of replacing the
traditional polyesters, can be thus synthesized. The most
important and widely studied polyesters obtained from
FDCA are poly(ethylene 2,5 furandicarboxylate) (PEF),
which is the bioderived counterpart of polyethylene tere-
phthalate (PET).36 It possesses good mechanical and ther-
mal properties and also improved barrier properties with
respect to PET.37 On the other hand, it is characterized
by a brittle behavior at room temperature, and this
feature (together with the elevated price of FDCA) lim-
ited its use in different industrial applications. Besides
PEF several homopolyesters, derived from the polymeri-
zation reaction between FDCA and aliphatic diols with a
higher number of carbon atoms, have been recently
synthesized, like poly(propylene 2,5-furandicarboxylate)
(PPF),38 poly(butylene 2,5-furandicarboxylate) (PBF),39,40

poly(pentamethylene 2,5-furanoate) (PPeF),41–44 poly
(hexamethylene 2,5-furandicarboxylate) (PHF),42,45

poly(octylene 2,5-furandicarboxylate) (POF),46 poly

(decylene 2,5-furandicarboxylate) (PDeF)47,48 and
poly(dodecylene 2,5-furandicarboxylate) (PDoF).49 The
direct consequence of the increase in the number of carbon
atoms of the diol is the decrease of the thermo-mechanical
properties of the resulting furan-based polyester furanoate,
in terms of elastic modulus (E), glass transition temperature
(Tg), and melting temperature (Tm).

42,50 However, the
increment of the alkyl chain length results in a more duc-
tile behavior, making these biopolymers suitable for pack-
aging or textile applications.51 Up to now, only a few works
are present in the literature on the characterization of
furan-based polymers such as PBF, PPeF, PHF, POF, and
PDoF.38,41,46,49 In addition, only few works dealing with the
blending of PLA with furan-based polyesters can be found.

Poulopoulou et al.52 investigated a series of blends based
on PBF combined with several polyesters such as PLA,
PET, poly(propylene terephthalate) (PPT), poly(butylene
naphthalate) (PBN), and polycarbonate (PC). Differential
scanning calorimetry (DSC) tests and polarized light micros-
copy on PBF/PLA blends showed that the two polymers
were essentially immiscible. Long et al.53 studied PLA/PBF
blends, highlighting that these blends were immiscible but
possessed high reflectivity, enabling thus the production of
shining surface products This increase in reflectivity was
correlated to two main reasons, namely the increase in sur-
face area of PLA lamellar crystals and the relatively large
difference in the refractive index of PLA (1.443) and PBF
(1.553). Furthermore, it was also shown that through the
addition of only 5 wt% of PBF to PLA, the elongation at
break increased about 18 times in comparison to neat PLA,
without decreasing the stiffness and the yield resistance.54

Fredi et al.55 have recently performed a comprehensive
study concerning the blending of PLA with PBF, PHF, POF,
and PDeF for sustainable packaging applications. They have
shown that by adding 5 wt% of PDeF to PLA, both the elas-
tic modulus and the stress at break (σb) were slightly
decreased, but the essential work of fracture (we) increased
by 103%, and the strain at break (εb) by +996% in compari-
son to neat PLA films. The observed enhancement of the
fracture toughness can be potentially exploited in the pro-
duction of novel bio-based packaging films.

An interesting candidate for the preparation of PLA
based blends could be PPeF, synthesized for the first time
using FDCA and 1,5-pentanediol in a melt polycondensa-
tion process by Tsanaktsis et al.41 PPeF is an amorphous
polymer possessing low elastic modulus and elevated
elongation at break. It also presents outstanding barrier
properties to O2 and CO2, comparable to those of ethyl-
ene vinyl alcohol (EVOH).44 As reported by Papageorgiou
et al.,30 also semicrystalline PPeF could be synthesized,
depending on the molecular weight and the process-
ing conditions. Martinez-Tong et al.43 performed a com-
prehensive study on the thermal properties of PPeF
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undergoing different thermal histories. From the DSC
analysis, they observed that PPeF was amorphous, but if
the PPeF sample was kept for 18 months at room tempera-
ture, it reported multiple melting phenomena, which is
typical of semicrystalline polymers.43 In a parallel work of
our group, thin films made of PLA/PPeF have been pre-
pared through solvent casting and the thermomechanical
properties of the obtained materials were strictly correlated
to their microstructural features. The drop of stiffness and
failure properties upon PPeF introduction was largely com-
pensated by a strong enhancement of strain at break, espe-
cially with a furanoate amount of 30 wt%.

PLA fibers offer the opportunity to overcome the poor
sustainability of traditional PET based textiles.56–58 Fur-
thermore, PLA fibers are characterized by superior UV
properties and reduced smoke characteristics, in case of
fire, in comparison to PET fibers. For these reasons, PLA
fibers could be potentially applied in nonwoven fabrics,
clothes, drapes, upholstery, and covers.59–61 Thus, blend-
ing furan-based polymers with PLA could lead to novel
eco-sustainable fibers with improved and/or tailored
physical properties. Quite surprisingly, these blends have
not yet been studied and to the best of our knowledge, no
papers are reported in the literature. Therefore, our work
is focused on the production, for the first time, of novel
PLA/PPeF fibers through wet spinning process. A com-
prehensive microstructural and thermo-mechanical char-
acterization has been carried out, in order to highlight
the effect of the addition of different amounts of PPeF to
PLA, and to assess the suitability of the resulting mate-
rials for textile applications.

2 | MATERIALS AND METHODS

2.1 | Materials

The PLA used in this work was Ingeo® biopolymer 4032D
(density = 1.24 g/cm3, MFI at 210!C and 2.16 kg =
7 g/10 min), produced by NatureWorks LLC (Minnetonka,
USA) in pellets form. Poly(pentamethylene furanoate)
(PPeF) was synthesized at lab-scale through a solvent-free
polycondensation process, according to the procedure
described in the work of Guidotti et al.44 PPeF was charac-
terized by a number average molecular weight (Mn) of
29,600 Da, a polydispersity index (D) equal to 2.4, and a Tg
of about 13!C.44 Regarding the solvents, chloroform (HPLC
grade), ethanol (purity 99.9%), and methanol (purity 99.9%)
were purchased by Carlo Erba Reagents Srl. PLA pellets
were stored in a drying oven at a temperature of 50!C
before processing while the other materials were used as
received.

2.2 | Samples preparation

Fibers were obtained by means of a wet spinning pro-
cess. Neat PLA and PLA/PPeF mixtures were dissolved
at different relative amounts in chloroform, as this sol-
vent was reported to be capable of dissolving both PLA
and furan-based polyesters with a relatively long alkyl
chain, such as PPeF.42,62,63 For producing the solution to
be spun, 0.75 g of polymer mixtures were dissolved in
5 ml of chloroform, and the resulting solutions were
magnetically stirred at 40!C for 3 h, and subsequently
mildly ultrasonicated for 10 min in a Labsonic LBS1
bath (Falc Instruments Srl, Bergamo). This last step was
fundamental to remove the small air bubbles that could
be trapped inside the mixture during the stirring process
since they might lead to porosity or defects in the pro-
duced fibers. The spinning process was performed with a
lab-made device illustrated in Figure 1. The glass syringe
containing the polymer solution was fixed on a Harvard
apparatus Model 11 Single Syringe 55-1199 (Harvard
apparatus Inc.), connected with an 18 gauge needle, that
was subsequently sealed into the non-solvent bath. The
extrusion rate was set at 0.007 ml/min and the take-up
rollers speed at 5 mm/s since these process parameters
were found to be suitable for the production of a contin-
uous fiber. The solution was then spun into a non-
solvent bath, aiming to remove the chloroform and pro-
duce thus solvent-free continuous fibers. The non-
solvent bath was a solution containing 80 vol% of etha-
nol and 20 vol% of methanol by the fact that both these
solvents induced PLA crystallization, without dissolving
PLA or PPeF, and reported good miscibility with chloro-
form.64 The obtained fibers were left 24 h in air to allow
complete solvent evaporation and then stored in a
desiccator.

The wet spinning process led to the production of neat
PLA fibers and PLA/PPeF fiber blends with PPeF concen-
tration ranging from 10 to 50 wt%. Each sample was
labeled as PLA_xPPeF, where x represents the weight con-
tent of PPeF in the polymer blend. Neat PPeF resulted to
be non-spinnable, because it is an amorphous polymer
characterized by elastomeric properties.65,66 The specimen
related to the as received PPeF was simply labeled as
PPeF. Table 1 reports the list of the produced fibers, the
nominal weight and volume fraction of PPeF, and the
mean diameter of the produced fibers, which was deter-
mined through a light microscope, and at least 15 fibers
were measured (see Section 2.3). It can be immediately
seen that, regardless of the PPeF concentration, fibers
with a mean size lower than 100 μm were produced, and
their diameter did not seem to be substantially influenced
by the PPeF amount.
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2.3 | Experimental techniques

2.3.1 | Microstructural and chemical
properties

Light microscope (LM) micrographs of the spun fiber
blends were acquired with a CH-9435 Heerbrugg optical
microscope (Heerbrugg, Switzerland). By following the
experimental procedure developed by Fredi et al.,67 LM
micrographs of the fiber cross-section were acquired by
winding the obtained fibers to a poly(methyl methacry-
late) (PMMA) parallelepiped, which was subsequently
embedded in easy to handle epoxy beads. ImageJ® soft-
ware (release 1.45) was then used to measure the diame-
ter of the fibers. Both the lateral surface and the
cryofractured surface of the fiber blends was investigated
through field-emission scanning electron microscopy
(FESEM) by using a Zeiss Supra 60 (Carl Zeiss AG)
microscope, operating at an acceleration potential of
2.5 kV. Prior to the observations, the samples were
sputtered with a platinum–palladium coating, to render
them conductive. Fourier transformed infrared (FTIR)
spectroscopy was performed in attenuated total reflec-
tance (ATR) mode by using a Perkin-Elmer Spectrum
One instrument (Perkin Elmer GmbH), equipped with a
ZnSe crystal and operating in a wavenumber range 650–
4000 cm"1. Furthermore, in order to reduce the signal-to-
noise-ratio, a hundred scans were collected for each spec-
trum (resolution 4 cm"1).

2.3.2 | Thermal properties

DSC was performed with a Mettler DSC 30 calorimeter
(Mettler Toledo, Inc.) at a heating rate of 10!C/min in a

temperature range from "50 to 250!C, under a nitrogen
flow of 100 ml/min. Tg, Tm, crystallization temperatures
(Tcc), and the corresponding specific enthalpy values
(ΔHm, ΔHcc) of the blend constituents were thus
obtained. Equation (1) shows how the degree of crystal-
linity (χ) of the PLA phase in the blends was evaluated.

χ¼ΔHm"ΔHcc

ΔH$
m %w

%100 ð1Þ

where ΔHcc is the enthalpy of cold crystallization of the
PLA in the blend, while ΔH*

m is the enthalpy of melting
of fully crystalline PLA, taken equal to 93.7 J/g,68 while ω
is the weight fraction of PLA in the blend.

Thermogravimetric analysis (TGA) was performed
through a Mettler TG50IR thermobalance (Mettler
Toledo Inc.), testing samples of approximately 5 mg at
10!C/min from 35!C up to 700!C, under nitrogen flow of
100 ml/min. This test allowed the calculation of the ini-
tial mass loss (mloss) at a temperature of 185!C, related to
residual solvent and absorbed moisture evaporation, of
the maximum degradation temperature (TD), considered
as the peak of the mass loss derivative (DTG) curve, and
of the residual mass at 700!C (m700).

2.3.3 | Mechanical properties

Regarding the mechanical properties, quasi-static tensile
tests were carried out at room temperature by using an
Instron® 5969 tensile testing machine equipped with a
100 N load cell. Fibers were fixed on paper frame supports
with a gauge length of 50 mm and tested at a crosshead
speed of 1 mm/min. At least six specimens were tested for
each composition. In this way, the determination of the

FIGURE 1 Schematization of
the wet spinning process employed
for the production of the fibers [Color
figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 List of prepared fiber
blends

Sample PAF content (wt%) PAF content (vol%) Mean diameter (μm)

PLA 0 0 83 ± 10

PLA_10PPeF 10 9.5 96 ± 9

PLA_20PPeF 20 19.1 79 ± 16

PLA_30PPeF 30 28.8 90 ± 12

PLA_50PPeF 50 48.6 85 ± 11
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elastic modulus (E), of the stress at yield (σy), and of the
failure properties (σb, and εb) was performed.

3 | RESULTS AND DISCUSSIONS

3.1 | Microstructural and chemical
properties

Figure 2a,b reports the micrographs of the cross-sections
of the as-spun fibers obtained through light microscopy.
The as-spun fibers were characterized by a non-circular
cross-section, which could be explained by possible defor-
mation caused by the contact between the fibers emerg-
ing from the non-solvent bath, which have some solvent
residues and are thus easily deformable, and the take-up
rolls. Nevertheless, further analysis will be needed to bet-
ter understand the mechanism driving the formation of
fibers characterized by this peculiar shape. Interestingly,
PLA_20PPeF fibers report a marked crenulated cross-sec-
tion, different from that of neat PLA ones. The crenula-
tion phenomena arise as soon as the solvent starts to
diffuse out in the non-solvent bath, resulting in an
increase of the surface area that could lead to better sol-
vent diffusion in the non-solvent bath during the wet
spinning process. To quantify the crenulation phenom-
ena, both the perimeter and the area of the cross-section
of the fibers have been measured. PLA_20PPeF fibers
possess a perimeter to area ratio of 7.2 ± 2.0 mm"1, while
PLA fibers have a perimeter to area ratio of 5.5
± 0.4 mm"1. Therefore, the perimeter to area ratio of
PLA_20PPeF fibers is 31% higher than that of PLA ones,
meaning that the addition of PPeF to PLA leads to more
pronounced crenulation phenomena. As already seen in
Table 1, the addition of PPeF to PLA does not substan-
tially change the mean diameter of the fibers. Moreover,
as it is possible to notice from Figure 2b, PPeF domains
are homogeneously distributed within the PLA matrix
and their size in the center (3.7 ± 0.8 μm) is higher than
in the boundaries (1.6 ± 0.3 μm). This could be explained
considering that PPeF has a higher affinity to chloroform

with respect to PLA and thus, during the spinning pro-
cess, PPeF domains tend to aggregate in the chloroform-
rich region, that is, in the center of the fibers. From the
obtained micrographs, it can be noticed that PLA and
PPeF phases are completely immiscible in the prepared
fibers.

Figure 3a,b reports FESEM micrographs of the lateral
surface of neat PLA and PLA_30PPeF fiber blends. As it is
possible to notice in Figure 3a, the lateral surface of as-
spun PLA is smooth and regular. A similar morphology
was highlighted in a work of Gupta et al.,69 in which PLA
fibers were prepared by dry-jet-wet spinning. According
to light microscopy analysis, PLA_30PPeF fiber shows a
highly crenulated lateral surface, without the presence of
pores (Figure 3b).

Figure 4a–f show FESEM micrographs of the cryo-
fracture surface of PLA, PLA_30PPeF, and PLA_50PPeF
fiber blends at two different magnification levels, that is,
5000x (Figure 4a–c) and 20,000( (Figure 4d–f). A porous
internal microstructure can be seen in the cryofracture
surface of the PLA fiber (Figure 4a,d), with a mean pore
size of 0.8 ± 0.2 μm, and a similar porosity can be
detected in the PLA phase of all the produced fiber
blends. In a similar work on dry-jet-wet spinning of PLA
fibers, the Authors observed that the cross-section of the
fibers was characterized by the same porous microstruc-
ture.70 Furthermore, they highlighted that the higher the
residence time of the spun fiber in the coagulation bath,
the higher was the porosity degree. The suggested expla-
nation of this effect was the complete precipitation of the
chloroform in methanol. In the present work, the resi-
dence time of the fiber in the non-solvent bath was quite
long, approximately six times longer than that adopted
by Gupta et al.,70 and therefore the observed porosity
level is expected to be rather high. In the work of Liu
et al.,71 the production of PLA fibers through airflow
bubble-spinning was investigated. They observed that the
lateral surface of the fibers through SEM exhibited
grooved structures. The proposed explanation for such
morphology was a combination of low temperature and
incomplete solvent evaporation.

FIGURE 2 Cross-section of the
fiber blends obtained through light
microscopy: (a) Poly(lactic acid)
(PLA) and (b) PLA_20poly
(pentamethylene 2,5-furanoate)
samples
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The cryofracture surface of PLA_30PPeF fiber
(Figure 4b) shows that domains of PPeF, having a mean
size of 3.7 ± 1.2 μm, are homogeneously distributed in the
PLA matrix. If the same sample is observed at higher mag-
nification (Figure 4e), it is possible to see that there is lim-
ited interfacial interaction between PLA and PPeF,
underlining thus their poor miscibility. The observed lack
of interfacial adhesion could lead to a strong decrease in
the mechanical properties of the resulting fibers. Figure 4c
reports the cryofracture surface of PLA_50PPeF sample. At
this PPeF concentration, a phase inversion occurs between
PLA and PPeF, with pores in the PLA phase characterized

by a mean diameter of 0.8 ± 0.2 μm. In the micrograph of
PLA_50PPeF at higher magnification, (see Figure 4f) the
limited compatibility between the two phases is confirmed.

Figure 5a–d shows the ATR-FTIR baseline-corrected
spectra of the produced fibers and of the as received PPeF.
In the 2800–3000 cm"1 region of all the obtained spectra,
the characteristic CH3 asymmetric signal at 2998 cm"1 and
the CH3 asymmetric signal at 2940 cm"1 can be detected
(Figure 5b). The C═O stretching signal is located at
1744 cm"1, and both C H asymmetric and symmetric
bending can be observed at 1448 and 1352 cm"1, respec-
tively (Figure 5c). In addition, the C O C stretching

FIGURE 3 Field-emission
scanning electron microscopy
micrographs of the lateral surface of
as-spun fibers: (a) Poly(lactic acid)
(PLA) and (b) PLA_30poly
(pentamethylene 2,5-furanoate)
samples

FIGURE 4 Field-emission scanning electron microscopy micrographs of the cryofractured cross-section of the as-spun fibers at a
magnification of 5000(: (a) Poly(lactic acid) (PLA), (b) PLA_30poly(pentamethylene 2,5-furanoate) (PPeF), (c) PLA_50PPeF samples, and at
a magnification of 20,000(, (d) PLA, (e) PLA_30PPeF, and (f) PLA_50PPeF samples [Color figure can be viewed at wileyonlinelibrary.com]
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signals can be detected in the region comprised between
1180 and 1080 cm"1 (Figure 5d).72,73 Concerning the neat
PPeF spectrum, it shows the characteristic signals of
furan-based polymers, that is, the stretching vibration of
C H at 3116 cm"1, the stretching vibration of CH3 at
2961 cm"1 (Figure 5b), the stretching vibration of C═C at
1580"1 (Figure 5c), furan ring breathing at 1012 cm"1 and
furan ring bending at 962 cm"1, 814 and 763 cm"1

(Figure 5d). Furthermore, in the spectra of the as received
PPeF the characteristic peaks of ester bonds such as C═O
at 1708 cm"1 and C O in the region 1272–1121 cm"1 can
be clearly detected.74 In Figure 5d it is possible to notice
two different peaks related to the crystalline and the
amorphous phase of PLA. The peak corresponding to the

crystalline phase is located at 868 cm"1, while the peak
related to the amorphous phase is located at 755 cm"1, as
already reported in the literature.75,76 These results con-
firmed that the produced fibers are semi-crystalline, as
reported in the DSC analysis. Regarding the spectra of the
fiber blends, it is interesting to notice that for a concentra-
tion of PPeF up to 30 wt% only the characteristic peaks of
PLA can be detected, while at higher concentration,
i.e., 50 wt% of PPeF, the characteristic peaks of PPeF
appear in the spectrum together with those of PLA. The
possible explanation for this experimental evidence can
be referred to both the microstructure of the fibers and to
the penetration depth of the FTIR technique. In fact,
ATR-FTIR spectroscopy is a bulk technique, since it has a

FIGURE 5 (a) Vertically translated attenuated total reflectance-Fourier transformed infrared spectra of the fiber blends and of the
poly(pentamethylene 2,5-furanoate) (PPeF). (b,c,d) Detailed sections of the spectra highlighting the most important vibrations of PPeF
[Color figure can be viewed at wileyonlinelibrary.com]
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penetration depth of 2 μm. Thus, by looking at the micro-
structure of the fibers (see Figure 2), being the domains of
PPeF homogenously distributed in the PLA matrix until a
PPeF content of 30 wt%, the outer surface of the fiber is
composed only by PLA, and the probability of detecting
the signals of PPeF domains is thus rather low. On the
other hand, the probability to detect through FTIR the
chemical features of the PPeF phase increases consistently
in PLA_50PPeF fiber, since phase inversion occurred for
this sample (see Figure 4c,e). In conclusion, FTIR spectra
of the prepared fibers suggest that all the peaks related to
the neat polymer constituents can be easily detected,
without any significant intensity variation or red- or blue-
shift, and without the formation of new chemical bonds
between PLA and PPeF, indicating that there is no chemi-
cal interaction between PLA and PPeF phases, and con-
firming thus the immiscibility of the prepared blends.

3.2 | Thermal properties

Figure 6a,b show the DSC thermograms of the produced
fibers and of the as received PPeF sample, while in
Table 2 are reported the most important results obtained
from these tests. Figure 6a reports the thermograms refer-
ring to the first heating scan, and it is possible to notice
that the as received PPeF utilized in this work is fully
amorphous, showing a Tg at 17.2!C, which is a tempera-
ture close to that found in literature for this material.43

Being amorphous is a characteristic of the polyesters with
a C-odd-numbered glycolic subunit, like PPeF, while
those with a C-even-numbered glycolic subunit, such as
PBF, POF, PDeF, tend to develop a crystalline struc-
ture.44,51,77 Furthermore, PLA exhibits a Tg at 54.1!C,

a cold crystallization peak at 96.5!C, and an endothermic
melting peak at 166.2!C. Interestingly, both the Tg and
the Tm of PLA are unaltered by the addition of PPeF, and
this further confirms that PLA and PPeF are immiscible.
During the first heating scan (Figure 6a), a small cold
crystallization peak referring to the PLA phase can be
detected, and the crystalline content in the PLA fibers is
approximately 27.2%. Regarding the crystalline content of
PLA in the produced blends, it seems to increase by
increasing the PPeF concentration up to 20 wt%, while it
decreases for higher PPeF amounts. In addition, the Tcc

related to the PLA phase seems to decrease with the PPeF
content. Thus, the crystallinity of PLA is considerable
after wet spinning, but, after the first DSC cycle, the ther-
mal history of the material is erased, which results in a
nearly fully amorphous PLA undergoing cold crystalliza-
tion upon second heating. Furthermore, the presence of
PPeF domains inside the PLA matrix seems to favor the
cold crystallization of PLA, as they could act as a nucleat-
ing agent, increasing the crystalline content from 27.2%
to 40.7% for the composition containing 20 wt% of PPeF.
A slightly lower increase in the crystallinity in the PLA
phase was observed in the work of Quero et al. on
PLA/PBAT blends.78 Furthermore, a similar enhance-
ment in the crystallinity content in PLA phase was also
reported by Shikui et al.79 They investigated the effect of
the addition of graphene oxide (GO) and polyethylene
glycol (PEG) to PLA and they highlighted that both GO
and PEG act as nucleating agents, decreasing Tcc and
increasing the crystalline content from 5.5% to 39.3%.
Interestingly, the melting behavior of PLA is character-
ized by the appearance of double melting peaks that
could be caused by two different phenomena. The first
phenomenon is correlated to the crystallization process

FIGURE 6 Differential scanning calorimetry thermograms of poly(pentamethylene 2,5-furanoate) (PPeF), neat poly(lactic acid) (PLA),
and PLA_xPPeF fiber blends (x = 10–50 wt%). (a) First heating scan, (b) second heating scan [Color figure can be viewed at
wileyonlinelibrary.com]
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occurring during the cooling scan, which corresponds to
the partial recrystallization of PLA mesophase into more
stable α-crystals, and thus resulting in a double melting
peak since the two crystalline phases are characterized by
different thermal stability.80 As reported in the work of
Quero et al.,78 the double endothermic peaks related to
the melting of PLA phase tend to disappear as the
heating rate increases. Similar results were observed also

by Yasuniwa et al.81 The second phenomenon can be
related to the melting of PLA crystals characterized
by different lamellae thickness and therefore possessing
different thermal stability.82

Figure 7a,b reports TGA thermograms and DTG curves
of PLA/PPeF fiber blends, while the main results in terms
of mass loss, degradation temperature, and residual mass
at 700!C are reported in Table 3. In the thermograms of

TABLE 2 Results of differential scanning calorimetry tests on poly(pentamethylene 2,5-furanoate) (PPeF), neat poly(lactic acid) (PLA)
and PLA_xPPeF fiber blends (x = 10–50 wt%)

First heating scan

Sample Tg PPeF (!C) Tg PLA (!C) Tcc PLA (!C) ΔHcc PLA (J/g) Tm PLA (!C) ΔHm PLA (J/g) χ PLA (%)

PLA – 54.1 96.5 12.0 166.2 37.6 27.2

PLA_10PPeF 10.8 60.8 81.2 15.4 164.9 38.1 26.9

PLA_20PPeF 10.9 51.5 83.4 1.0 165.4 31.5 40.7

PLA_30PPeF 8.1 51.0 90.2 0.9 166.2 24.0 35.2

PLA_50PPeF 13.9 50.2 84.8 5.2 165.5 19.6 30.7

PPeF 17.2 – – – – – –

Second heating scan

PLA – 56.1 118.1 39.9 163.1 44.0 4.4

PLA_10PPeF 14.7 54.7 113.0 40.6 166.0 37.4 3.2

PLA_20PPeF 12.1 55.2 101.7 33.9 165.8 36.3 3.2

PLA_30PPeF 14.6 53.1 102.7 26.7 166.6 27.0 0.5

PLA_50PPeF 13.4 51.6 98.9 20.3 158.7 20.9 1.3

PPeF 17.2 – – – – – –

Abbreviations: χPLA, crystallinity content of PLA; ΔHcc_PLA, crystallization enthalpy of PLA; ΔHm_PLA, melting enthalpy of PLA; Tcc_PLA, crystallization
temperature of PLA; Tg_PLA, glass transition temperature of PLA; Tg_PPeF, glass transition temperature of PPeF; Tm_PLA, melting temperature of PLA.

FIGURE 7 Thermogravimetric analysis thermograms of neat poly(lactic acid) (PLA) and PLA_xpoly(pentamethylene 2,5-furanoate)
fiber blends (x = 10–50 wt%). (a) Residual mass and (b) mass loss derivative [Color figure can be viewed at wileyonlinelibrary.com]
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the fiber blends (Figure 7a) a mass loss starting at around
80!C can be detected, and it can be probably related both
to the evaporation of the absorbed water within the mate-
rial and to the presence of residual traces of solvent. In
addition, by increasing the content of PPeF to 50 wt%, the
initial mass loss significantly decreases. PPeF is character-
ized by excellent barrier properties and therefore, its addi-
tion leads to a decrease in the hygroscopicity of PLA.
Furthermore, the thermal degradation at elevated tempera-
ture of PLA is not dramatically affected by the presence of
PPeF in the blends (see TD values in Table 3). The slight
drop of TD upon PPeF addition should not limit the maxi-
mum service temperature of these blends. Similar results
regarding the TD were obtained in the work of Ozdemir
et al.83 concerning the preparation of PLA/poly(ethylene
glycol) fibers. Furthermore, by looking at the thermograms
reported in Figure 7a, at a temperature of 400!C the degra-
dation of PLA is almost complete, while the degradation
process of PPeF is not yet concluded. Figure 7b reports the
DTG curves of all the produced fiber blends in which it
can be noticed that PLA reports a TD approximately at
370!C, while the PPeF is characterized by a slightly lower
maximum decomposition temperature, that is, 350!C.44

Furthermore, the m700 values tend to increase by increas-
ing the PPeF content in the blends, meaning that PPeF
degradation leads to the production of non-volatile
products.

3.3 | Mechanical properties

Figure 8 shows representative stress–strain curves from
quasi-static tensile tests on neat PLA and PLA_xPPeF
fiber blends (x = 10–50 wt%), while the main results are
collected in Table 4. PLA fibers show an elevated elastic
modulus, approx. 2.2 GPa, and good failure properties,
with a stress at break of 30.1 MPa and a strain at break of
127%. The obtained values are in good agreement with
the data reported in the literature on melt spun PLA

fibers.84 Regarding the mechanical properties of the
produced PLA_xPPeF fiber blends, it is possible to notice
that they tend to progressively decrease by increasing the
PPeF concentration. A drop in the elastic modulus values
was expected, considering the intrinsic low stiffness of
PPeF used in this work. The stiffness of the furanoates
decreases with the number of carbon atoms in the alkyl
chain, but their elongability improves36,41–44 . As reported
by Guidotti et al.44, PPeF is characterized by a limited
yield resistance thus leading to an overall decrease in the
yield stress of the produced blends by increasing its con-
tent. Furthermore, the observed decrease in the yield
stress could be correlated to the rather poor interfacial
adhesion between PLA and PPeF phases, as reported in
FESEM micrographs (see Figure 4).85 For the same rea-
son, both the stress and the strain at break significantly
decrease with the PPeF amount. At a PPeF concentration
of 50 wt%, the εb decreases up to 1.9%, and also σb drops
down to 3.5 MPa. For this sample, the observed drop in
the mechanical properties could be also attributed to the
phase inversion observed in the FESEM micrographs
reported in Figure 4c,f. A decrease in the mechanical
properties due to the phase separation of the blend con-
stituents was also reported by Jompang et al.86 In their
work, PLA/poly(butylene succinate) (PBS) fibers were
obtained through melt spinning, and the observed
decrease in the mechanical properties with the PBS addi-
tion was correlated to the phase separation occurring in
the fibers. It can be therefore concluded that the poor
adhesion between PLA and PPeF does not allow exploi-
ting the elevated ductility of the PPeF phase within the

TABLE 3 Results of the thermogravimetric analysis tests of
poly(lactic acid) (PLA) and PLA_xpoly(pentamethylene
2,5-furanoate) fiber blends (x = 10–50 wt%)

Sample mloss [%] TD (!C) m700 (%)

PLA 3.1 373.7 0.49

PLA_10PPeF 2.3 368.2 0.10

PLA_20PPeF 3.5 369.8 0.16

PLA_30PPeF 3.5 361.5 1.24

PLA_50PPeF 1.0 358.7 4.13

Abbreviations: mloss, mass loss; m700, residual mass at 700!C; TD, maximum
degradation temperature.

FIGURE 8 Stress–strain curves from quasi-static tensile tests
on neat poly(lactic acid) (PLA) and PLA_xpoly(pentamethylene
2,5-furanoate) fiber blends (x = 10–50 wt%) [Color figure can be
viewed at wileyonlinelibrary.com]
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prepared blends. It can be hypothesized that at elevated
strain levels PPeF domains are completely debonded
from the PLA matrix, hindering thus the load transfer
and the deformation of the PPeF phase.

In order to improve the mechanical properties of these
fiber blends, it should be necessary to introduce some
compatibilizers, able to produce a better dispersion of PPeF
domains within PLA, reducing also their size and increasing
the interfacial adhesion. The most widely used com-
patibilizers for PLA are maleic anhydride (MAH) and isocy-
anates derivatives groups. Polymers grafted with MAH, like
PP-g-MAH87 and PLA-g-MAH,88 have been extensively used
for improving the compatibility among the PLA and TPS
constituents of the blends, respectively. Moreover, isocya-
nates derivatives groups enable the formation of urethane
groups between isocyanate and the hydroxyl group present
in both PLA and TPS.89 Another possible mechanism to
improve the adhesion between PLA and PPeF could be the
use of block copolymers of PLA/PPeF. On the other hand,
the mechanical properties of these fibers could be also
improved by performing a hot drawing at a temperature
above the Tg of PLA. This process may induce morphologi-
cal changes in drawn fibers, like the deformation of the
PPeF domains along the strain direction, improving thus the
load distribution mechanism and thus the failure properties.

4 | CONCLUSIONS

Wet spinning process has been successfully employed to
produce, for the first time, biobased fibers made of PLA
and a furan-based polymer, that is, PPeF. A comprehensive
characterization of the microstructural, thermal, and
mechanical properties of the produced fibers has been car-
ried out. From the micrographs obtained through light
microscopy, it was possible to observe the overall cross-
section of the produced PLA/PPeF fiber blends, and also
the immiscibility of the produced blends was further con-
firmed by the fact that the PPeF domains homogeneously
dispersed within the PLA matrix. Through FESEM both
the lateral surface and the cryofracture surface of the

produced fiber blends were analyzed and it was possible to
observe that the PLA matrix was porous and also there was
a lack of adhesion between PLA matrix and PPeF domains.
Furthermore, by increasing the PPeF concentration up to
50 wt% an evident phase inversion occurred. ATR-FTIR
spectra highlighted the main absorption peaks related to
each polymer phase, without evidencing any chemical
interaction between them. DSC tests highlighted that PPeF
acted as a nucleating agent enhancing the crystallization
kinetics of PLA in the as produced wet-spun fibers, and
also in the solid state during cold crystallization. Thus, it is
an interesting phenomenon that can positively affect the
mechanical properties of the produced fibers and should be
considered in the process scale up. Concerning the thermal
stability of PLA, it was substantially unaltered by the pres-
ence of PPeF, as shown by the TGA analysis. Interestingly,
the presence of PPeF in these blends decreased the water
absorption propensity of PLA, especially at a PPeF content
of 50 wt%. Quasi-static tensile tests reported a remarkable
decrease in the mechanical properties of the fiber blends
with the PPeF content, probably related to the immiscibility
between the blend constituents.

This work highlighted for the first time the possibil-
ity to produce through wet spinning bio-derived fiber
blends, possessing peculiar microstructural and thermal
properties. Further efforts will be made to improve the
mechanical performances of these blends, for instance
by adding suitable compatibilizers or by inducing a
more efficient load transfer mechanism through a hot
drawing process.
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