
Polymer 279 (2023) 126021

Available online 12 May 2023
0032-3861/© 2023 Elsevier Ltd. All rights reserved.

Uncharted development of electrospun mats based on bioderived poly 
(butylene 2,5-furanoate) and poly(pentamethylene 2,5-furanoate) 

Sofia Santi a,1, Michelina Soccio c,d,1, Giulia Fredi a,*, Nadia Lotti c,d,e, Andrea Dorigato a 

a Department of Industrial Engineering and INSTM Research Unit, University of Trento, Via Sommarive 9, 38123, Trento, Italy 
c Department of Civil, Chemical, Environmental, and Materials Engineering, University of Bologna, Via Terracini 28, 40131, Bologna, Italy 
d Interdepartmental Center for Industrial Research on Advanced Applications in Mechanical Engineering and Materials Technology, CIRI-MAM, University of Bologna, 
Bologna, Italy 
e Interdepartmental Center for Agro-Food Research, CIRI-AGRO, University of Bologna, Bologna, Italy   

A R T I C L E  I N F O   

Keywords: 
Biopolymers 
2,5-Furandicarboxylic acid 
poly(butylene 2,5-furanoate) 
poly(pentamethylene 2,5-furanoate) 
Electrospinning 
Fibers 
Rheological properties 

A B S T R A C T   

Sustainable and bioderived furanoate polyesters are emerging as promising substitutes for petrochemical-derived 
polyesters, which are mainly applied in packaging, textile, and biomedical fields. This work presents the suc-
cessful production, for the first time, of electrospun nanofibrous mats based on two furan-based polyesters, i.e., 
poly(butylene 2,5-furanoate) (PBF) and poly(pentamethylene 2,5-furanoate) (PPeF), which have very similar 
chemical structure but remarkably different physical and mechanical properties. The feasibility to produce 
nanofibrous mats of PBF and PPeF by electrospinning was systematically investigated, by optimizing (i) the 
solubility of the polymers in different solvent mixtures, (ii) the viscosity and concentration of the spinning dopes, 
evaluated through rheological measurements of the polymeric solutions, (iii) the spinning rate, and (iv) the 
applied voltage. A detailed morphological analysis of the resulting non-vowen mats, carried out through field- 
emission scanning electron microscopy (FESEM), allowed the screening of the best processing conditions for 
PBF and PPeF, in order to produce electrospun mats suitable for biomedical applications.   

1. Introduction 

The recent increasing difficulties of plastics disposal have raised 
concerns worldwide. Most of the plastics waste ends up in landfills, 
oceans, soil and water, representing a serious hazard for plants, animals 
and humans. According to recent statistics, every year up to 12.7 million 
tons of plastics enter the oceans, causing the death of several seabirds 
and aquatic animals. The extent of this problem will exponentially in-
crease with the increase in global fossil-based plastics consumption 
[1–3]. As forecasted by the OECD’s Global Plastic Outlook, plastics 
waste is estimated to triple by 2060, passing from 353 million tons in 
2019 to 1014 million tons in the next decades [4]. Therefore, effective 
alternatives must be detected to avoid irreversible consequences on 
ecosystems and human beings. Nowadays, bioplastics have become a 
topic of great interest as a possible solution to overcome the issues 
related to fossil-based polymeric waste [5–8]. 

The global bioplastics production capacity is expected to increase 
from about 2.4 million tonnes in 2021 to approximately 7.6 million 

tonnes in 2026, as demonstrated by the market data compiled by Eu-
ropean Bioplastics in cooperation with the Nova Institute [9]. The bio-
based alternatives to petroleum-derived plastics include renewable 
polymeric materials derived from biomasses through eco-sustainable 
processes, helping to reduce the current environmental pollution. In 
particular, great interest has been recently raised in poly(alkylene 2, 
5-furanoate)s (PAFs), bio-based polyesters synthesized starting from 2, 
5-furandicarboxylic acid (FDCA) and glycols with a variable alkyl 
chain length [10–13]. 

Recent studies on PAFs showed that they have very good thermal 
stability as well as better thermo-mechanical and gas barrier properties 
than their oil-based terephthalic counterparts [14]. Moreover, the 
presence of a polar furan ring in their chemical structure makes PAFs 
more hydrophilic and easily attackable by microorganisms, and thus 
potentially more compostable compared to poly(alkylene terephthalate) 
s, which contain a non-polar benzene ring [15]. Among PAFs, Poly 
(ethylene 2,5-furandicarboxylate) (PEF) is the most studied furan-based 
thermoplastic polyester and it is considered an excellent biobased 
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alternative to poly(ethylene terephthalate) [16–20]. More recently, poly 
(butylene 2,5-furandicarboxylate) (PBF) [21,22] and poly(pentam-
ethylene furanoate) (PPeF) [23–25] have been considered very prom-
ising materials for different applications. 

PBF and PPeF have very similar repeating unit that differs in just one 
methylene group, but they have remarkably different physical and me-
chanical properties. PBF can be synthesized by melt polycondensation of 
2,5-furandicarboxylic acid (FDCA) or dimethyl 2,5-furandicarboxylate 
(2,5-DMF) with butylene glycol (BD) [22]. During condensation poly-
merization, organometallic compounds such as titanium alkoxides are 
used as catalysts, to accelerate the polymerization and produce high 
molecular weight products. Titanium alkoxides are emerging as 
important poly-esterification catalysts due to their high activity, 
non-toxic and environmental safety [26]. PBF shows similar 
thermo-mechanical properties to poly(butylene terephthalate) (PBT), 
but it presents a lower processing temperature and improved ductility, 
with a glass transition (Tg) at 33–35 ◦C and a melting point (Tm) at 
approx. 172 ◦C. On the other hand, PPeF can be synthesized through a 
two-stage polycondensation synthesis similarly to the PBF, with 1,5-pen-
tanediol (PD) instead of BD [25]. Thus, PPeF contains a diol with five 
carbon atoms that significantly affects the thermo-mechanical proper-
ties of PPeF, resulting in a lower Tg, 17 ◦C, a more ductile behavior, and 
elevated elongation at break. Unlike PBF, PPeF is amorphous, as 
commonly found for C-odd-numbered glycolic subunits, and exhibits a 
crystallization kinetics of months [27]. 

Both PBF and PPeF have been recently processed as films by 
compression moulding [22,28] as fibers [27] and as a blend with PLA 
and other biobased polymers [29,30]. However, further physical, me-
chanical, and rheological studies will be needed to provide a more 
comprehensive understanding of the potential of these materials for 
other applications. For instance, it could be interesting to employ both 
PBF and PPeF electrospun mats in the biomedical field or filtration 
systems. Electrospinning has arisen as a promising technique in the field 
of nanofiber fabrication starting from a wide variety of materials. This 
simple and highly effective technique has found its application in 
different areas, but the process is typically limited to identifying the 
operating conditions for producing fibers with suitable properties. In 
particular, PBF might be a promising alternative to PBT, widely applied 
in electrospun mats for blood filtration [31] or for tissue regeneration in 
blend with poly(ethylene oxide terephthalate) [32]. On the other hand, 
electrospun PPeF mats might be used for seals or membranes and sep-
arators for batteries. 

Therefore, the aim of this work is to systematically evaluate the 
feasibility of producing, for the first time, nanofibrous mats of PBF and 
PPeF by electrospinning. The main factors considered in this study for 
PBF and PPeF mats formation by electrospinning were the following: (i) 
viscosity and concentration of the spinning dope, (ii) volatility and 
miscibility in water of the solvent, (iii) solubility of the polymers in 
different solvents, (iv) spinning rate and voltage and (v) the thermal 
stability of the polymers at temperature and humidity constant, 
respectively at 20 ◦C and 45%. A detailed morphological analysis 
through field emission scan electron microscopy (FESEM) allowed the 
screening of the best spinning conditions both for PBF and PPeF 
matrices. The screening was based on the evaluation of (i) the absence of 
beads in the mats and (ii) the mats’ homogeneity, in terms of uniformity 
of the fiber size. Moreover, the contact angle was also evaluated on the 
optimized PBF and PPeF mats, in order to determine their wettability 
and their suitability for cell adhesion in case of biomedical application. 

2. Materials and methods 

2.1. Materials 

Dimethyl 2,5-furandicarboxylate (2,5-DMF) (2,5-DMF) (Sarchem 
labs, CAS 4282-32-0), 1,4-butanediol (1,4-BDO) (Sigma-Aldrich, 99% 
pur, CAS 110-63-4), 1,5-pentanediol (1,5-PD) (Fluka, ~97% pur, CAS 

111-29-5), Hexafluoroisopropanol (Carlo Erba/Cas 920-66-1, 
Hexafluoro-2-propanol, HFIP), Chloroform (Carlo Erba/Cas 67-66-3, 
Chloroform, CHCl3), dimethylformamide (Sigma/Cas 68-12-2, DMF). 

PBF and PPeF synthesis. Poly(butylene 2,5-furanoate) (PBF) and 
poly(pentamethylene 2,5-furanoate) (PPeF) were synthesized at the lab 
scale through a solvent-free polycondensation process, according to the 
procedure described in the works of Guidotti et al. [25] starting from 
dimethyl 2,5-furandicarboxylate (2,5-DMF) and glycols, 1,4-butanediol 
(1,4-BDO) for PBF, 1,5-pentanediol (1,5-PD) for PPeF and titanium 
tetrabutoxide (TBT) and titanium isopropoxide (TIP) used as catalysts 
[29]. The chemical formulas of PBF and PPeF are reported in Scheme 1. 

2.2. Sample preparation 

2.2.1. Preparation and composition of the spinning dopes 
PBF and PPeF flakes were dissolved at 0.1 or 0.2 g/mL in different 

solvents (HFIP, CHCl3, DMF), generally used in the electrospinning 
process for their volatility, conductivity and solubility properties [33, 
34] at different relative concentrations, as reported in Table 1. 

From each sample, 2 mL solution was collected in a borosilicate sy-
ringe used for the electrospinning process. Furanoate-based mats were 
produced by changing the set-up of the processing parameters (spinning 
rate and voltage) and solution conditions, but maintaining the temper-
ature and the humidity constant, respectively at 20 ◦C and 45%. 

2.2.2. Preparation of PBF and PPeF non-woven mats 
The electrospinning setup, reported in Fig. 1, was fixed in a poly 

(methyl methacrylate) (PMMA) chamber with controlled temperature 
and humidity. The electrostatic forces were obtained by applying an 
electrical field by means of a DC voltage source of 18 kV or 24 kV and a 
distance of 15 cm between the nozzle tip and a flat aluminum foil, uti-
lized as a collector. On the other hand, different spinning rates, between 
0.01 and 0.2 mL/min, were obtained by means of a syringe pump able to 
regulate the flow of the solution from the nozzle, which had a diameter 
of 0.9 mm. 

2.3. Experimental techniques 

2.3.1. Thermal properties of the as-synthetized PBF and PPeF 
Thermal properties of the as-synthetized PBF and PPeF were evalu-

ated through differential scanning calorimetry (DSC), performed with a 
Mettler DSC 30 calorimeter (Mettler Toledo, Inc.). About 12 mg of the 
as-synthesized PBF and PPeF was placed in an aluminum pan with a 
capacity of 40 μL and subjected to the following thermal program: 1st 
heating of 10 ◦C/min in a temperature range from −50 to 200 ◦C, a 
cooling from 200 ◦C to −50 ◦C and a 2nd heating from −50 to 200 ◦C 
under a nitrogen flow of 100 mL/min. The glass transition temperature 
(Tg) was calculated as the midpoint of the glass-to-rubber transition step. 
The melting temperature (Tm) and the cold crystallization temperature 
(Tcc) were determined as the peak maximum/minimum of the endo-
thermic/exothermic phenomena in the DSC curve, respectively. The 
corresponding heat of fusion (ΔHm) and heat of crystallization (ΔHc) 
were obtained from the total area of the endothermic and exothermic 
signals, respectively. 

The degree of crystallinity was also evaluated considering the 
enthalpy of melting of fully crystalline PBF (ΔHm 

0), taken as 129 J/g 
[15] and applying Equation (1), [35] 

X (c)=ΔH (m)
/

ΔH (m) ˆ(0) (1)  

2.3.2. Rheological properties of PPeF and PBF solutions 
The rheological properties of the solutions reported in Table 1 were 

analyzed using an ARES torsional rheometer (TA Instruments Discovery 
HR-2 Hybrid). The viscosity of the spinning dopes is a very important 
parameter that determines their spinnability. Dynamic rheological 
measurements were conducted in an angular frequency range from 
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10−2–102 rad/s under atmospheric pressure. The analysis was carried on 
at 20 ◦C on 1000 μL of each solution, by using a cone-plate geometry 
covered with an evaporation blocker and a strain amplitude of 5% for 
the evaluation of viscosity. 

2.3.3. Surface characterization of the electrospun mats 
The microstructural features of the electrospun mats were investi-

gated by using a Zeiss Supra 60 (Carl Zeiss AG) field emission micro-
scope (FESEM), operating at an acceleration potential of 2.5–3.5 kV. 
Before the observations, the samples were sputtered with a plati-
num–palladium coating for 20 s, to render them conductive. The FESEM 
images were analyzed by ImageJ® software to determine the fiber 
diameter distribution and screen the optimal conditions for the PPeF and 
PBF mat formation. 

Whereas, the surface properties (i.e. the wettability) of the PBF and 
PPeF mats with a thickness of about 4 μm, were evaluated through 
contact angle measurements, performed with a Dino-Lite Edge Hand-
held Digital Microscope/Camera at 25 ◦C. The side profiles of deionized 
water drops previously deposited on the surface of the mat were ac-
quired and analyzed 5 s after deposition. The tests were performed on 
three different areas for each sample), to obtain the mean water contact 

angle (WCA) values. 

3. Results and discussion 

3.1. Thermal properties of the as-synthesized PBF 

The thermal analysis by DSC of as-synthesized PBF was performed to 
evaluate the thermal properties and purity after the synthesis. As re-
ported in the thermograms in Fig. 2(a) and in the results of Table 2, the 
first heating scan shows the Tg of PBF at 34 ◦C, whereas the Tg of the 
second heating shifts at 39 ◦C that it might be caused by the presence of 
water absorbed still in the material during the first heating scan [36]. 
The Tg is followed by a melting peak at 175 ◦C, with ΔHm of 65.1 J g −1. 
Moreover, the degree of PBF crystallinity was also evaluated at 50% (see 
Table 3). 

3.2. Thermal properties of the as-synthesized PPeF 

DSC was also performed, for the same reasons, on as-synthesized 
PPeF. PPeF results as a fully amorphous polymer, as reported in Fig. 2 
(b); the Tg is observed at 16 ◦C in the first heating scan. Indeed, the C- 
odd number of the glycolic subunit affects the capacity of PPeF to 
crystalize, while the longer aliphatic subunit provides an increase in 
molecular mobility and ductility. 

The Tg definition for amorphous polymers is an important parameter 
that should be preliminarily considered for the electrospinning process, 
as above Tg the polymers will start flowing. Moreover, an amorphous 
polymer with a Tg near the room conditions generally produces fused 
fiber webs [37] during the electrospinning process. This phenomenon is, 
generally, due to inappropriate environmental conditions, spinning 
distance, or solvents used [33] that cause an incomplete fiber formation 
before hitting the collector. Thus, the glass-to-rubber transition of the 
PPeF amorphous domains below room temperature has made chal-
lenging the definition of the optimal electrospinning parameters. 

3.3. Rheology of PBF solutions 

PBF flakes were dissolved utilizing different solvent mixtures based 
on DMF, HFIP and CHCl3 as described in Table 1, generally used in the 
electrospinning process, for their volatility, conductivity and solubility 
properties [33,34]. The solubility of PBF was evaluated for each solution 
by visual observations and it can be concluded that the PBF is well 
dispersed in all the mixtures except for the mixture with a D/C ratio 1/9 
and 1/5, where PBF results insoluble and thus unsuitable for the elec-
trospinning process. Indeed, the presence of crystalline phase and glassy 
domains prevents the diffusion of solvent and, additionally, the solubi-
lity is affected by the hydrogen bonding capability of the solvent that is 
weak for hydrocarbons, chlorinated hydrocarbons (such as CHCl3) and 
nitrohydrocarbons [38]. 

The results of rheological tests on the prepared PBF solutions are 
reported in Fig. 3(a). The trends of viscosity reveal a shear thinning 
behavior from 0.01 to 20 Hz, which is typical of non-newtonian fluids, 
whose viscosity decreases with the shear strain reaching the equilibrium 
at higher shear rates. In particular, the PBF solutions in the range of 
viscosity values around 0.13–0.08 Pa s result suitable for the electro-
spinning process as demonstrated by FESEM images. Indeed, at these 
values it was observed the formation of the Taylor cone and the 

Scheme 1. Chemical formulas of PBF and PPeF.  

Table 1 
PBF and PPeF solutions prepared for electrospinning, with the type of solvents 
used and the nominal concentrations.  

Samples Concentrations g/mL Solvents Abbreviation 

PBF 0.1 
0.2 

H 
H/C in ratio 7:3 
H/C in ratio 1:1 
D/C in ratio 1:9 
D/C in ratio 1:5 

H 
H/C (7/3) 
H/C (1/1) 
D/C (1/9) 
D/C (1/5) 

PPeF 0.1 
0.2 

H = HFIP, C = CHCl3, D = DMF. 

Fig. 1. Representative image of the lab made electrospinning set up for the 
preparation of PPeF and PBF non-woven mats. 
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deposition of smooth fibers on the collector. 

3.4. Rheology of PPeF solutions 

PPeF flakes were also dissolved utilizing the same solvent mixtures 
for the PBF dissolution, described in Table 1, and the solubility of PPeF 
was evaluated by visual observations for each solution, where the PPeF 
is well dispersed in all the mixtures. 

The results of rheological tests on prepared solutions are reported in 
Fig. 3(b). The viscosity of PPeF solutions in the narrow range of values 
around 0.2–0.17 Pa s results suitable for the electrospinning process as 
demonstrated by FESEM images. In particular, that is observed for the 
PPeF dissolved in HFIP at 0.1 g/mL and for PPeF dissolved in D/C (1/5) 
and (1/9) at 0.2 g/mL. 

In the same solvent and concentration conditions, the two homo-
polymers show similar behavior. The solutions above 0.2–0.17 Pa s do 
not allow the formation of the Taylor cone and the deposition of smooth 
fibers on the collector as well as the values below promote the formation 
of beads. 

3.5. Morphological characterization of the electrospun mats made of PBF 

Each solution of PBF described in Section 3.2 was tested to be sub-
mitted to the electrospinning process at different spinning rates and 
voltages, to prepare mats. In particular, the 0.2 g/mL PBF solutions 
resulted not spinnable due to the high viscosity, whereas the mats pro-
duced by the electrospinning of H, H/C (7/3), H/C (1/1) solutions based 
on 0.1 g/mL PBF extruded at 0.01–0.05–0.1 mL/min and with a voltage 
of 18 kV or 24 kV were efficiently formed and, thus, investigated by 
FESEM and WCA analysis. In this paper, only the results on the mats 
performed at 24 kV are reported, because a voltage of 18 kV produced 
fibers of higher diameter or with the presence of beads. 

As reported in Fig. 4, the FESEM images highlight the morphology of 
the mats based on PBF. 

The distributions of the fiber diameter for the mats produced by the 
electrospinning are summarized in Table 4. 

In particular, the H/C (1/1) sample at 0.01 mL/min shows smooth 
fibers of 0.8 ± 0.2 μm in diameter as well as the H/C (7/3) samples, that 
show an increase in the diameter of the fibers from 1.0 ± 0.2 μm to 2.0 
± 0.2 μm increasing the spinning rate. The other compositions show a 
non-homogeneous distribution of fibers and the presence of beads. 
Moreover, the fibers decrease in diameter while reducing the spinning 
rate, as well as decreasing the HFIP content the fibers appear more 
homogenous at low spinning rates. 

Once set the conditions for the electrospinning of the PBF solutions at 
24 kV and 0.01 mL/min, an optimization of the concentrations was also 
performed to reach a good compromise between a homogeneous dis-
tribution of fibers and low fiber diameter. From the FESEM images re-
ported in Fig. 5, the PBF solution in H/C (1/1) at a concentration of 0.11 
g/mL generates more homogeneous fibers than other compositions. 
Indeed, through dimensional analysis, it is possible to determine a mean 
fiber size of i) 0.8 ± 0.4 μm for the PBF solution of 0.1 g/mL, ii) 0.7 ±
0.3 μm for the PBF solution of 0.11 g/mL and iii) 1.5 ± 0.3 μm for PBF of 
0.125 g/mL. Thus, as expected from a preliminary visual observation, 
the PBF 0.11 g/mL sample shows a more homogeneous distribution of 
fiber mainly in the submicrometer range, resulting as the optimized PBF 
solution at the fixed electrospinning parameters. 

Fig. 2. DSC thermograms of the as-synthesized (A) PBF and (B) PPeF.  

Table 2 
Results of DSC tests on as-synthesized PPeF and PBF.   

Mn g/mol D 1st heating scan 2nd heating scan 

Tg 
◦C 

ΔCp 
J/g◦C 

Tm 
◦C 

ΔHm 
J/g 

Tg 
◦C 

ΔCp 
J/g◦C 

Tm 
◦C 

ΔHm 
J/g 

PBF 36500 2.2 39 0.18 175 61.3 34 0.19 175 65.1 
PPeF 43900 2.3 16 0.46 / / 15 0.44 / /  

Table 3 
Summary of viscosity values.  

Samples Concentration (g/mL) Solvents Viscosity (Pa•s) 

PBF 0.2 H 0.87 
H/C (7/3) 0.72 
H/C (1/1) 0.63 

0.1 H 0.08 
H/C (7/3) 0.11 
H/C (1/1) 0.13 

PPeF 0.2 H 1.01 
H/C (7/3) 0.87 
H/C (1/1) 0.5 
D/C (9/1) 0.18 
D/C (5/1) 0.17 

0.1 H 0.20 
H/C (7/3) 0.11 
H/C (1/1) 0.06 
D/C (9/1) 0.03 
D/C (5/1) 0.04  
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3.6. Morphological characterization of the electrospun mats made of 
PPeF 

The morphological characterization of PPeF mats was also per-
formed through FESEM analysis. In particular, 0.1 g/mL PPeF H/C (7/ 
3), H/C (1/1), D/C (1/5) and D/C (1/9) solutions produce droplets mats, 
whereas the mats produced by using 0.2 g/mL PPeF H, H/C (7/3), H/C 
(1/1), D/C (1/9) solutions show fibers completely fused, thus these 
images are not reported. 

Only the 0.1 g/mL PPeF H solution efficiently produces mats at 
different spinning rates of 0.01–0.05–0.1 mL/min and 24 kV or 18 kV 
and are, thus, analyzed by FESEM and WCA analysis. 

The FESEM images of samples show fibers slightly fused with a mean 
size of 1.0 ± 0.8 μm for the H-based solution, as reported in Fig. 6(a), 
becoming completely fused with the increase of chloroform content, as 
reported in Fig. 6(b). As previously assumed, the electrospinning of the 
PPeF results in a fused web due to the fact that the electrospinning has 

been performed close to the Tg of PPeF. FESEM images report only mats 
derived from the PPeF solutions in HFIP, whereas the incremental CHCl3 
content decreases the viscosity, as reported in Section 3.4, which leads, 
together with the environmental conditions near the Tg of PPeF, to 
completely fused fibers. The formation of fused webs might be prevented 
by changing the solvent mixture. Thus, the content of DMF, which has a 
high boiling point, conductivity, and high dielectric constant and is 
generally used to produce smooth electrospun fibers was increased with 
a D/C ratio of 1:5 (D/C (1/5)), as reported in Fig. 6(c). The DMF added 
to CHCl3 as a co-solvent increases the conductivity and reduces the 
volatility of the solution, and increases the electrospinnability of the 
polymer solution. The higher conductivity would lead to a higher charge 
capacity of the solution and a consequent increase in the stretching force 
on the jet spray allowing the fiber formation [39]. 

The parameters for the electrospinning of PPeF solutions were fixed 
at a concentration of 0.2 g/mL and spinning parameters of 24 kV, 0.1 
mL/min. The higher amount of DMF results in better fiber formation by 

Fig. 3. Results of the dynamic rheological tests on the prepared solutions. Viscosity of (a) PBF and (b) PPeF solutions (D:DMF, H: HFIP, C: ClCH3) at 0.2 or 0.1 mg/mL 
as a function of the shear rate. 
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keeping the effect of the temperature in the background. Indeed, the 
PPeF fibers of D/C (1/5) samples have an average diameter of 1.3 ± 0.6 
μm, whereas the fibers of the D/C (1/9) sample cannot be defined. It is 
known from the literature that the conductivity of the polymer solution 
might be the key factor for the production of electrospun PPeF fibers 
[34]. Indeed, smooth fibers are generally produced by using a hydro-
phobic polymer dissolved in a water-miscible and little volatile solvent 
[40] as is DMF. 

The optimized PPeF and PBF mats were also further characterized to 
evaluate their wettability through CA measurements. In fact, it is well 
known that the surface wettability does not depend only on the chemical 
composition but also on the microstructure and morphology [41]. 
Hence, it is important to assess the wettability of the prepared mats as a 
function of the combination between their chemistry and morphology. 
As reported in Fig. 7, the CA values result in 130◦ for PBF, 90◦ for PPeF in 
D/C (1/5), and 75◦ for PPeF in H, highlighting an increase of wettability 
in PPeF mats with respect to PBF mats. This increase is due to the 

residual presence of solvent in PPeF mats, as demonstrated by the WCA 
analysis on the same PPeF mats after the complete removal of the sol-
vent under vacuum overnight. The former processing step results are 
fundamental for future biomedical applications to avoid cytotoxicity 
phenomena. After the treatment, CA values result of 130◦ for each 
sample while being present different roughness on the surface of the 
drop contact. Thus, the high hydrophobicity might result in difficult cell 
adhesion and need surface modification. For this reason, the application 
of PBF or PPeF mats as dermal patches might be preferable. Moreover, 
these mats could be suitable for the dispersion of non-polar active in-
gredients, thus difficult to administer by water. 

4. Conclusions 

In the present work, the production of nanofibrous mats of PBF and 
PPeF by electrospinning was systematically evaluated. For the first time, 
the electrospinning of PBF and PPeF was deeply investigated as a 
function of several parameters: (i) solubility of the polymers in suitable 
solvent mixtures, (ii) viscosity and concentration of the solutions, and 
(iii) processing parameters such as the spinning rate and voltage. From 
DSC analysis, the as-synthetized PBF and PPeF showed a Tg near the 
room temperature, at 39 ◦C and 16 ◦C, respectively. Moreover, PBF is 
semicrystalline. As a consequence, the glassy state and the semi-
crystalline structure of PBF prevent the agglomeration of fibers while 
working at room temperature, whereas, the rubbery state of PPeF, fully 
amorphous, is sensitive to the environmental condition resulting in 
fused fibers. The PPeF and PBF solutions were evaluated in terms of 
solubility in different solvents and rheological behavior. In particular, 
PBF resulted insoluble in D/C mixture and soluble in the other combi-
nations of solvents, whereas PPeF was soluble in all the considered 
conditions. The viscosity of each solution was also evaluated and a range 
of values between 0.13 and 0.08 Pa s of PBF solutions and a narrow 
range around 0.2–0.17 Pa s for 0.1 mg/mL PPeF H and 0.2 mg/mL PPeF 
D/C (1/5) and D/C (1/9) solutions were considered suitable for 
electrospinning. 

The FESEM images showed that the PPeF mats derived from the H 

Fig. 4. FESEM analysis of PBF mats obtained at different spinning rates and applying different solvent mixtures. (a) H/C (7:3), (b) H/C (1:1), (c) H.  

Table 4 
Summary of PBF fibers distribution by varying the spinning rate.  

Samples Concentration (g/ 
mL) 

Spinning rate 
(mm/min) 

Solvent Fiber diameter 
(μm) 

PBF 0.1 0.01 H 1.3 ± 0.4 
H/C (7/ 
3) 

1.1 ± 0.2 

H/C (1/ 
1) 

0.7 ± 0.2 

0.05 H 1.9 ± 0.7 μm 
H/C (7/ 
3) 

1.3 ± 0.3 μm 

H/C (1/ 
1) 

0.9 ± 0.2 μm 

0.1 H 2.2 ± 0.9 μm 
H/C (7/ 
3) 

1.7 ± 0.3 μm 

H/C (1/ 
1) 

1.5 ± 0.2 μm  
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solution were characterized by partially fused and interconnected fibers. 
Furthermore, a preliminary investigation about the effect of the 
increasing amount of DMF (PPeF D/C (1/5) sample) for electrospinning 
of the PPeF solution can be appreciated by the FESEM images acquired 
that highlight the importance of the working temperature but also the 

solvents used. On the other hand, the PBF mats showed smooth and 
homogeneous fibers, which might be due to the semicrystalline nature of 
PBF in contrast with the fully amorphous nature of PPeF. The best results 
obtained under controlled temperature and humidity, in terms of ho-
mogeneity and the submicrometric dimension of the PBF fibers, were 

Fig. 5. FESEM images of the PBF electrospun mats prepared by using PBF in H/C (1:1) solutions. PBF concentraton of (A) 0.1 g/mL, (B) 0.11 g/mL, (C) 0.12 g/mL 
and their fiber diameter distribution (d, e, f). 

Fig. 6. FESEM images of the PPeF electrospun mats prepared by using PPeF in (a) H solvent, (b) D/C 1:9, (c) D/C 1:5.  
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obtained at 0.11 g/mL, 24 kV, and 0.01 mL/min in a solvent mixture of 
H/C (1/1). Whereas, PPeF mats with good microstructural quality were 
obtained under the following conditions: PPeF 0.2 g/mL, 24 kV, 0.1 mL/ 
min in a solvent mixture of D/C (1/5) or 0.05 mL/min in HFIP at 0.1 g/ 
mL. Furthermore, the WCA analysis highlighted the hydrophobicity of 
PPeF and PBF mats after the complete removal of the solvent. 

These results are very promising for the application of these PBF and 
PBF electrospun nanofibrous mats in the biomedical field. However, 
their suitability as biomedical devices cannot be ensured without cyto-
toxicity tests and the evaluation of their mechanical performance; these 
two tests are the object of upcoming work. 
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