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ABSTRACT:  The main aim of this research is the production of different biopolymeric fi bers by electrospinning and the 
determination of the optimum working parameters for each polymer analyzed. In particular, three different 
biopolymers have been studied: poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL) and a synthesized 
poly(ester-urethane) based on a synthesized PLA-b-PCL-b-PLA tri-block copolymer. This research is focused 
on the analysis of the infl uence of the processing parameters, such as the concentration and fl ow-rate of the 
polymer solution and the applied voltage, as well as the physico-chemical properties of the polymers used, 
on the fi ber formation and crystallization behavior. Therefore, the optimum working conditions for each 
polymer were determined and related to the fi nal properties of the electrospun fi bers in terms of geometry, 
homogeneous morphology and crystallinity.
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1 INTRODUCTION

In recent years, eco-friendly products have generated 

great interest for packaging and biomedical applica-

tions, among other applications. In this regard, some of 

these promising materials are represented by biopoly-

mers as an alternative to oil-derived materials. In fact, 

it is possible to reduce the environmental impact by 

using biopolymeric materials such as poly(lactic acid) 

(PLA). Poly(lactic acid) is a thermoplastic biodegrada-

ble polyester obtained from renewable resources, with 

a glass transition temperature at about 60°C and a 

melting temperature around 160°C, indicating its suit-

able processability [1, 2]. It is used in biomedical and 

packaging applications due to its high biocompatibil-

ity and biodegradability [3]. However, its application 

is still limited, due to its fragility and its low thermal 

stability [2].

Among biopolymers, poly(ε-caprolactone) (PCL) 
also plays an important role. Poly(ε-caprolactone) has 
a low melting temperature of about 60°C and its glass 
transition temperature is around −60°C. It presents 
good mechanical and biodegradable properties [4]. 

In general, PCL is used in drug delivery applications, 
while its hydrophilic and biocompatibility properties 
can be improved by blending [5] or copolymerizing it 
with other polymers [6] and, above all, with PLA [7–9]. 
In particular, from the copolymerization of PCL and 
PLA it is possible to obtain poly(ester-urethane)s (PUs) 
[2, 10] with good mechanical properties and biocom-
patibility [11].

Thermoset and thermoplastic poly(urethane)s are 
obtained by polycondensation. They can be used as 
foams, rigid materials, fi lms, adhesives, coatings and 
also for biomedical applications [12–14]. 

Biopolymers can be processed to obtain polymeric 
fi bers by two common processes with different driving 
forces, the conventional mechanical spinning process 
and electrospinning. In the conventional mechanical 
spinning process, a mechanical force is applied by a 
rotating mandrel to the fl uid, which is transformed in 
hydraulic pressure that pushes the forming jet [15]. 
Besides, in the electrospinning process, volumetric 
electrical forces are applied to the charged jet [16]. 
Moreover, the electrospinning process can be carried 
out from polymer solutions or polymer melts. In the 
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fi rst case, rapid solvent evaporation determines the 
size, the structure and the morphology of the electro-
spun fi bers. In the case of polymer melts, the rapid 
solidifi cation during drawing determines the fi nal 
properties of the fi bers [15, 16]. The electrospinning 
process based on polymer solution can be considered 
the best method in order to obtain polymeric nanofi -
bers compared with the melt electrospinning process 
[17–19]. A more detailed explanation of the process 
follows.

In the electrospinning process based on polymer 
solution, a voltage is applied between the tip and 
the collector. Charges accumulated in the tip cause 
the formation and elongation of polymer solution 
drops. Generally, electric forces must be higher than 
cohesion forces of the polymer solution related to its 
surface tension. When voltage increases, the drop is 
elongated, thus reaching a conic form called the Taylor 
cone [20]. When the Taylor cone is stable, the charged 
polymeric solution is attracted towards the collector 
and the jet gets narrower due to the elongation as well 
as the solvent evaporation. So, the electrospun fi bers 
are obtained and they can be collected in the form of 
single fi bers as well as random or oriented mats [21, 
22]. Electrospun bio-nanofi bers can be used in a wide 
range of applications mainly in the biomedical fi eld, as 
sutures, drug delivery systems or tissue engineering 
scaffolds [23].

In order to obtain suitable electrospun fi bers, dif-
ferent parameters have to be optimized. Parameters 
related to the polymeric solution include polymer 
molecular weight, concentration, viscosity, conduc-
tivity and surface tension, and those related to the 
proper processing conditions include the fl ow rate, 
the applied voltage, the working distance between 
the tip and the collector and even the atmospheric 
conditions [23–28]. 

Some research on the electrospinning of biopoly-
mers has been reported in previous years. In partic-
ular, the electrospinning of PLA has been studied by 
Zhou et al. [21], Mei et al. [16] and Sonseca et al. [22], 
analyzing their morphologies and thermal properties. 
The electrospinning of PCL fi bers was reported by Li 
et al. [6] and Liao et al. [11], studying their application 
in tissue engineering and drug release. Polyurethane 
(PU) electrospun fi bers were obtained by Pedicini et al. 
[12] and Khil et al. [13], with attention focused on their 
mechanical and tissue engineering applications.

In this work, we focus the attention on the electro-
spinning process of different biopolymer solutions. In 
particular, PLA, PCL and PU have been chosen as bio-
polymers in order to study the optimization of both 
classes of parameters, those related to the physico-
chemical properties of the polymers and those due 
to the electrospinning process. Moreover, taking into 

account that the PU is synthesized starting from PLA-
b-PCL-b-PLA tri-block copolymer, fi rstly, a deep study 
on the electrospinning capability of PLA as well as of 
PCL have been carried out.

Finally, the thermal properties of the biopolymer 
electrospun fi bers obtained for each biopolymer are 
compared with the respective solvent-casting bio-
polymeric fi lms in order to study the effect of the 
electrospinning process on the crystallization of the 
electrospun fi bers. 

2 EXPERIMENTAL

2.1 Materials

Two different Poly(lactic acid), PLA 3051D and PLA 

2003D, were supplied by NatureWorks® (USA). The 

PLA 3051D has a molecular weight of 11 ¥ 104 g/mol 

and 3% D-lactic acid monomer, while PLA 2003D has a 

molecular weight of 12 ¥ 104 g/mol and 4.25% D-lactic 

monomer. Poly(ε-caprolactone) (PCL) was supplied 

by Perstorp (Sweden) with 0.5% of ε-caprolactone 

monomer and its molecular weight is 5 ¥ 104 g/mol.

L-lactide (L-LA), ε-caprolactone (ε-CL), hexameth-
ylene diisocyanate (HDI) and the catalyst tin(II) 2-eth-
ylhexanoate (Sn(Oct)2) were purchased from Sigma 
Aldrich. The PCL-diol CAPA 2803, kindly donated 
by Perstorp, has a molecular weight of 4021 g/mol. 
Chloroform and dimethylformamide (DMF) pur-
chased from Sigma Aldrich, with solubility param-
eters of 19 J1/2/cm3/2 and 24.9 J1/2/cm3/2, respectively, 
were used as solvents; no demixing was observed in 
the mixture of both solvents during processing. All the 
materials were used without further purifi cation.

2.2 Synthesis of Poly(ester-urethane)

Poly(ester-urethane) was synthesized in two steps 

following a procedure detailed elsewhere [10]. Ring-

opening polymerization of L-lactide in bulk was car-

ried out initiated by PCL-diol, obtaining a tri-block 

copolymer with a weight ratio of 50:50 between two 

blocks. Sn(Oct)
2 
was employed as catalyst at 0.1% (wt) 

with respect to the amount of LA monomer. The reac-

tion took place in a round-bottom fl ask, previously 

dried, using an oil bath at 180°C for 3 h. When the 

reaction fi nished, after cooling, the tri-block copoly-

mer was dissolved in chloroform. Next, it was precipi-

tated using cold methanol, separated by fi ltration and 

dried under vacuum for 24 h.

In the second step, the tri-block copolymer and 
1,6-hexamethylene diisocyanate (HDI) reacted with a 
molar ratio of 1:1 at 80°C for 5 h using Sn(Oct)2 as cata-
lyst, obtaining the poly(ester-urethane) in 2,2-dichlo-
roethane. The PU obtained was cast in a leveled glass 
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covered with a conical funnel to remove the solvent at 
room temperature for 24 h. At the end, the polymeric 
fi lm was dried under vacuum for 24 h to remove traces 
of solvent [10].

2.3  Production of Nanofi bers by 
Electrospinning

Electrospun polymeric fi bers were prepared using an 

Electrospinner Yfl ow 2.2.D-XXX with a vertical stand-

ard confi guration with two concentric needles; the 

polymer solution fl ows through the inner needle and 

the solvent fl ows through the outer one. Solvents used 

in the outer needle to obtain fi bers were the same used 

for the polymeric solutions.

Following an extensive experimental campaign a 
mixture of solvents was chosen for all the polymers 
studied (chloroform-DMF 4:1). Both systems (poly-
mer solution and solvent mixture) were loaded into 
the syringes and fl ow-rates were set and stabilized. 
Then, an electric voltage, using a voltage DC supply, 
was applied between the jet and the collector where 
electrospun fi bers were deposited [20]. 

Due to the technical characteristics of our electro-
spinning machine we can regulate the applied differ-
ence of potential by varying both positive and negative 
applied voltages; the positive voltage applied on the 
jet and the negative one applied on the collector. 

The experimental strategy used to obtain the elec-
trospun fi bers in terms of materials, number of sam-
ples tested and processing parameters, is summarized 
in Table 1. The samples which were analyzed in order 
to fi nd the optimum working conditions are named 
Sx, where x corresponds to the number of the sample 
and are detailed in the tables reported below in the 
Results and Discussion section. 

2.4 Characterization Methods

The molecular weight of the tri-block polymers 

obtained during the fi rst step of the poly(ester-urethane) 

synthesis was calculated using proton nuclear magnetic 

resonance (1H-NMR). The NMR spectra were obtained 

at room temperature in a Varian Unity Plus 400 instru-

ment using deuterated chloroform (CHCl
3
) as solvent 

and were referenced to the residual solvent protons at 

7.26 ppm. The average molecular weights and polydis-

persity were determined by gel permeation chromatog-

raphy (GPC) using a refractomer index detector Waters 

2414. For the determination of the molecular weight, 

the samples were referenced to polystyrene standards 

between 4 ¥ 103 and 4 ¥ 105 g/mol.

Differential scanning calorimetry (DSC) analysis 
was performed in a Mettler Toledo DSC822e instru-
ment. Samples of about 10 mg were sealed in alumin-
ium pans. Thermal cycles composed by two heating 
scans (25 – 200°C and −90 – 200°C, respectively) with a 
cooling scan (200 – −90°C) in between were performed 
with a heating rate of 10°C/min under nitrogen purge. 
The melting points (Tm) and the crystallization tem-
peratures (Tc) were taken as the maximum and mini-
mum of the endothermic and exothermic transitions, 
respectively. Glass transition temperatures (Tg) have 
been calculated from the second heating scan, while 
the crystallinity was determined from the fi rst scan, 
using the following equation:

 

Δ
= ⋅
Δ ,100%

100
f

c
f

H
X

H  

(1)

where ΔH
f
 is the melting enthalpy measured from the 

thermogram peak and ΔH
f,100 

is the theoretical melt-

ing enthalpy for a 100% crystallized polymer. Values 

of ΔH
f,100

 for PCL and PLA were taken from previous 

reports as 148 J/g [29] and 93 J/g [30] respectively. 

Also, the weight fraction of each polymer was consid-

ered in the calculation of the crystallinity in the case of 

the PU [10].

Electrospun fi bers’ morphology and structure were 
observed using a Scanning Electron Microscope (SEM) 
PHILIPS XL30. Previously, a layer of gold/ palladium 

Table 1 Main range of the experimental conditions used during the electrospinning process for PLA, PCL and PU in 
terms of concentration (C (% (wt)), solvent fl ow-rate (QS (mL/h)), polymer solution fl ow-rate (QP (mL/h)) and posi-
tive and negative applied voltages (V+, V-)). The fi rst number indicates the number of values taken in the interval 
indicated between brackets.

Polymer Number of 
samples

Concentration
C (% (wt))

Solvent fl ow 
rate QS (mL/h)

Polymer fl ow 
rate QP (mL/h)

Positive Voltage
V+

Negative Voltage 
V–

PLA 30 2 (8–10%) 9 (0.1–3.5) 10 (0.1–7) 12 (2.0–11.4) 12 (0.4–10.5)

PCL 17 2 (8–10%) 5 (0.1–2) 6 (0.1–5) 9 (1.5–9.8) 9 (3.0–9.8)

PU 99 4 (12–35%) 7 (0.1–3.5) 7 (0.1–7) 11 (2.0–9.8) 11 (0.4–9.8)
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was deposited on the samples employing Polaron 
SC7640 equipment. Fiber diameters have been statis-
tically calculated from the SEM images by using the 
Fib_thick software, which is executable under image 
analysis platform Fiji based on ImageJ.

3 RESULTS AND DISCUSSION 

When working with electrospinning two main param-

eter classes must be considered: those related to the 

polymer solution and those related to the processing 

conditions. In this research, both parameter classes 

have been varied and correlated with the morphology 

of the fi nal electrospun fi bers. 

However, considering the numerous variables 
involved, we preferred to adopt a “one factor at a 
time” method in order to fi nd the optimum working 
conditions for each biopolymer. So, fi rstly, the mor-
phologies of the fi bers were correlated to the polymer 
concentration in the starting solutions. Then, once the 
optimum concentration for each biopolymer was cho-
sen, the best conditions for the fl ow-rate were studied. 
Once these variables were fi xed, then the applied volt-
age was studied. In order to obtain the best working 
conditions for each variable, the diameters as well as 
the morphologies of the electrospun fi bers were ana-
lyzed. Table 1 reports the main range of the experi-
mental conditions employed to obtain PLA, PCL and 

PU electrospun fi bers in terms of concentration (C % 
(wt)), solvent fl ow-rate (QS (mL/h)), polymer solu-
tion fl ow-rate (QP (mL/h)) and positive and negative 
applied voltages (V+, V-). In particular, 30 samples for 
PLA have been studied, as well as 17 for PCL and 99 
for PU, as shown in Table 1.

Many more experiments than those reported in 
Table 1 were performed. In fact, the scope of this work 
was to fi nd the optimum working conditions for each 
polymer, so, for example, all the 17 experimental con-
ditions for the PCL are summarized in Table 2, named 
PCLx, where x varies from 1 to 17.

3.1  Morphology and Size of PLA, PCL 
and PU Electrospun Fibers 

The infl uence of the polymer solution concentration 

on the morphology of the electrospun biopolymeric 

fi bers was analyzed. For all the polymers a mixture 

of solvents of chloroform:DMF at 4:1 was chosen as a 

result of a preliminary study confi rming that this sol-

vent mixture allows obtaining suitable PCL and PLA 

nanofi bers, as indicated in Figure 1 for PLA 2003D and 

in Figure 2 for PLA 3051D (similar results not shown 

here were obtained for PCL).

Moreover, based on this preliminary study, we 
found that PLA 3051D shows better results in terms 
of electrospinning processing viability compared with 

Table 2 PCL samples analyzed.

Polymer C (% (wt)) QS (mL/h) QP (mL/h) V+ V– Fiber diameter (μm)

PCL1 8% 0.2 0.5 1.5 –8.4 No fi ber formation

PCL2 8% 0.2 0.5 2.1 –7.9 No fi ber formation

PCL3 8% 0.2 0.5 5.2 –5.5 No fi ber formation

PCL4 8% 1.0 2.0 2.1 –7.9 No fi ber formation

PCL5 8% 1.0 2.0 4.2 –6.0 No fi ber formation

PCL6 8% 1.0 2.0 5.2 –5.5 No fi ber formation

PCL7 8% 1.0 4.0 5.2 –5.5 No fi ber formation

PCL8 10% 0.1 0.1 4.9 –4.7 0.19 ± 0.02

PCL9 10% 0.2 0.5 3.0 –7.4 No fi ber formation

PCL10 10% 0.2 0.5 4.9 –4.7 No fi ber formation

PCL11 10% 0.2 0.5 7.4 –3.0 No fi ber formation

PCL12 10% 0.3 0.6 3.0 –7.4 No fi ber formation

PCL13 10% 0.3 0.6 4.9 –4.7 0.52 ± 0.03

PCL14 10% 0.3 0.6 7.4 –3.0 No fi ber formation

PCL15 10% 0.3 0.6 9.8 –9.8 0.47 ± 0.04

PCL16 10% 0.3 2.0 6.3 –8.0 0.23 ± 0.02

PCL17 10% 2.0 5.0 4.9 –4.7 No fi ber formation
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PLA 2003D, so for further analysis in this work we 
report only the study related to the PLA 3051D . First, 
the effects of the polymer concentration on the mor-
phology of PLA electrospun fi bers were analyzed. In 
particular, solutions with 8% (wt) (S1) and 10% (wt) 
(S2) in the solvent mixture chloroform-DMF 4:1 were 
studied varying the process parameters in order to 
fi nd their optimum working conditions [Table 3]. 

SEM images for the fi bers obtained for the S1 and S2 
samples are shown in Figure 3a and 3b, respectively. 
It is worth noting that the formation of beads at the 
lower concentration is due to the lower solution vis-
cosity leading to lower surface tension and viscoelas-
tic forces that cannot balance the electrostatic forces. 
Then, electrospun fi bers with non-uniform cylindrical 
morphologies were obtained. Average fi ber diameters 
were obtained for S1 (0.50 ± 0.05 μm) and S2 (2.03 ± 
0.22 μm) from the size distributions. Therefore, when 
the concentration was increased, higher fi ber diam-
eters were obtained. So, the concentration of 8% (wt) 
for the PLA in the chloroform:DMF 4:1 solvent mix-
ture was chosen for further analysis. 

Also, in the case of PCL, solutions of 8 and 10% (wt) 
in the solvent mixture chloroform:DMF 4:1 were pre-
pared in order to obtain electrospun nanofi bers. No 
fi bers were obtained from the PCL 8% (wt) solution 
even if a wide range of fl ow-rates and electric volt-
ages was analyzed. This fact is due to the low surface 

tension, which produces fi bers which break into drops 
before being deposited on the collector. On the other 
hand, good fi bers with average diameter 0.52 ± 0.03 
μm were obtained for the sample S3 with 10% (wt) of 
PCL. So, for further analysis a 10% (wt) of PCL solu-
tion was used as optimum concentration. 

In order to establish the infl uence of the fl ow-rates 
on the fi nal properties of the PLA electrospun fi bers, 
many conditions [see Table 1] were tested on the 8% 
(wt) PLA solution in the chloroform-DMF 4:1 solvent 
mixture. The electrospinning conditions used to deter-
minate the specifi c infl uence of the fl ow-rates are sum-
marized in Table 4. 

Figure 4 shows SEM images of PLA electros-
pun fi bers of the samples S4 (Figure 4a) and S5 
(Figure 4b) obtain with a fl ow rate of 0.8 mL/h for 
both the polymer solution and the solvent respec-
tively. In both cases, bead-free electrospun nanofi bers 
were obtained. Moreover, following Table 3 results, 
an increase of the fi ber diameter with the fl ow-rate 
is observed, obtaining an average fi ber diameter of 
0.89 ± 0.09 μm for S4 and of 1.05 ± 0.07 μm for S5. So, 
in the further analysis of the 8% (wt) PLA solution, 
a fl ow-rate of 0.3 mL/h is considered as optimum 
 processing condition. 

In the case of PCL electrospun nanofi bers at 10% 
(wt) in chloroform-DMF 4:1solvent mixture, differ-
ent values for both polymer and solvent solution 

Figure 1 SEM images of PLA 2003D electrospun fi bers obtained from 10% (wt) PLA solutions employing a voltage difference of 

21 kV and polymer and solvent fl ow-rates of 0.3 mL/h using A) CHCl
3
 and B) CHCl

3
:DMF 4:1.

Figure 2 SEM images of PLA 3051D electrospun fi bers obtained from 7% (wt) PLA solutions applying a voltage difference of 21 

kV and polymer and solvent fl ow-rates of 0.3 mL/h using A) CHCl
3
:DMF 4:1, B) CHCl

3
:DMF 3:1 and C) CHCl

3
:DMF 2:1.



Alicia Mujica-Garcia et al.: Infl uence of the Processing Parameters on the Electrospinning DOI: 10.7569/JRM.2013.634130 

28  J. Renew. Mater., Vol. 2, No. 1, March 2014  © 2014 Scrivener Publishing LLC

Table 3 Electrospinning conditions for PLA (S1 and S2) and PCL (S3) employed to 
determinate the infl uence of the concentration.

Polymer C (% (wt)) QS (mL/h) QP (mL/h) V+ V– Fiber diameter (μm)

PLA-S1 8% 0.3 2.0 6.3 –8.0 0.50 ± 0.05

PLA-S2 10% 0.3 2.0 6.3 –8.0 2.03 ± 0.22

PCL-S3 10% 0.3 0.6 4.9 –4.7 0.52 ± 0.03

Table 4  Electrospinning conditions for PLA (S4 and S5) and PCL (S3 and S7) used to 
determinate the infl uence of the fl ow-rates.

Polymer C (% (wt)) QS (mL/h) QP (mL/h) V+ V– Fiber diameter (μm)

PLA-S4
8%

0.3 0.3 10.6 –10.5 0.89 ± 0.09

PLA-S5 0.8 0.8 10.6 –10.5 1.05 ± 0.07

PCL-S3
10%

0.3 0.6 4.9 –4.6 0.52 ± 0.03

PCL-S7 2.0 5.0 4.9 –4.6 No fi ber formation

Figure 3 SEM images of PLA electrospun fi bers obtained for A) 8% (wt) (S1) and B) 10% (wt) (S2).

Figure 4 SEM images of PLA electrospun fi bers obtained by using both polymer and solvent fl ow-rates of A) 0.3 mL/h (S4) and 

B) 0.8 mL/h (S5).

fl ow-rates were studied [see Table 1 and Table 4]. The 
SEM images of both S3 and S7 are shown in Figure 5. 
It is worth noting that when high fl ow-rates are used 
(Figure 5b) many polymer drops are formed and col-
lected, avoiding the formation of polymeric fi bers. This 
fact can be explained by taking into account the force 

balance and the residence time. Due to the very high 
fl ow-rates applied the fl owing time is too short, the 
fi ber does not have time to be formed and the gravity 
effects on the drop are stronger than the electrostatic 
forces. So, the polymer solution cannot fl ow constantly 
and, consequently, electrospun fi ber formation is not 
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favored. This also implies that for PCL the optimum 
conditions regard the application of small fl ow-rates.

Finally, the infl uence of the variation of the applied 
voltage on both PLA and PCL biopolymer systems 
was studied and is summarized in Table 5 in terms of 
positive and negative applied voltages as well as the 
obtained electrospun fi ber diameters. In particular, the 
average electrospun fi ber diameters for PLA (S8) and 
PCL (S13) fi bers were calculated from the SEM images 
reported in Figure 6.

For both biopolymers, high values of applied volt-
age, both positive and negative, generate the best 
conditions for the electrospun fi ber formation, thus 
indicating that when the Coulomb forces are increased 
the elongation of the polymeric drops are favored. 

Finally, PU electrospun fi bers have been studied. 
First of all, it is important to underscore that the syn-
thesized PU has a molecular weight of about 26000 g/
mol, much lower than the commercial PLA and PCL 
ones. So, we expect that this difference strongly affects 
the electrospinning process.

In order to establish the optimum concentration 
for the production of the PU electrospun fi bers, solu-
tions of 12% (wt) (S14), 20% (wt) (S15), 25% (wt) (S16) 
and 35% (wt) (S17) were prepared in the same chlo-
roform-DMF 4:1 solvent mixture. The electrospinning 

parameters, the fl ow-rates and the applied voltage 
were varied [see Table 6]. 

Figure 7 shows SEM images of PU electrospun 
fi bers obtained at different polymer concentrations. In 
particular, fi bers were not obtained when employing 
a solution of 12% (wt). The formation of fi bers with a 
PU solution of 20% (wt) was sporadic (Figure 7a) due 
to the low polymer solution viscosity; also, in this 
case the fi bers broke into drops before their deposi-
tion on the collector. Therefore, this concentration can 
be considered the lower limit at which PU electros-
pun fi bers can be obtained. At concentrations of 25 
and 35% (wt), PU electrospun fi bers were obtained 
(Figure 7b and 7c respectively). Unfortunately, in 
both cases, beads appeared along the PU electrospun 
fi bers.

In general, beads can be avoided by employing 
higher solution concentration, and also by increasing 
the viscosity. In our case, when the polymer concentra-
tion was increased above 35% (wt), the solution hardly 
fl owed through the electrospinner needle, leading 
to fl ow-rate fl uctuations and the formation of beads 
(Figure 7). Also, for PU, the fi ber diameter increases 
with the polymer concentration. Polymer solution 
concentrations of 25% (wt) and 35% (wt) were used 
in order to optimize the processing parameters for the 

Figure 5 Figure 5 SEM images of PCL electrospun fi bers employing A) a solvent fl ow-rate of 0.3 mL/h and polymer solution 

fl ow-rate of 0.6 mL/h (S3), and B) a solvent fl ow-rate of 2.0 mL/h and polymer solution fl ow-rate of 5.0 mL/h (S7).

Table 5 Electrospinning conditions for PLA (S8, S9 and S10) and PCL (S11, S12 and 
S13) used to determinate the infl uence of the voltage. 

Polymer C (% (wt)) QS (mL/h) QP (mL/h) V+ V– Fiber diameter (μm)

PLA-S8

8% 0.3 0.3

10.6 –10.5 0.89 ± 0.09

PLA-S9 6.4 –0.5 No fi ber formation

PLA-S10 3.0 –7.4 No fi ber formation

PCL-S11

10% 0.3 0.6

3.0 –7.4 No fi ber formation

PCL-S12 7.4 –3.0 No fi ber formation

PCL-S13 9.8 –9.8 0.47 ± 0.04



Alicia Mujica-Garcia et al.: Infl uence of the Processing Parameters on the Electrospinning DOI: 10.7569/JRM.2013.634130 

30  J. Renew. Mater., Vol. 2, No. 1, March 2014  © 2014 Scrivener Publishing LLC

Figure 6 SEM images of electrospun fi bers obtained with different applied voltages. PLA: A) S8, B) S9, C) S10 and PCL: D) S11, 

E) S12, F) S13. 

Table 6 Electrospinning conditions for PU (S14, S15, S16 and S17) employed to deter-
minate the infl uence of the concentration.

Polymer C (% (wt)) QS (mL/h) QP (mL/h) V+ V– Fiber diameter (μm)

PU-S14 12

0.3 2.0 6.2 –8.0

No fi ber formation

PU-S15 20 0.61 ± 0.16

PU-S16 25 0.44 ± 0.02

PU-S17 35 0.54 ± 0.03

Figure 7 SEM images of PU electrospun fi bers obtained from A) 20% (wt) (S15), B) 25% (wt) (S16) and C) 35% (wt) (S17).
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PU electrospun fi bers, thus varying the fl ow-rates and 
the applied voltage. 

In order to summarize the infl uence of the polymer 
fl ow-rate on the electrospun fi ber diameters, the diam-
eters for PU solutions at 25% and 35% (wt) have been 
measured as a function of the fl ow-rate. Table 7 sum-
marizes the different experimental conditions used, as 
well as the fi ber diameters calculated from the SEM 
images of the samples reported in Figure 8. 

It is very diffi cult to fi nd the optimum condition for 
the processing of PU electrospun fi bers due to the fact 
that beads are obtained at each experimental condition 
in the range analyzed.

As discussed before, the low PU molecular weight, 
of about 26000 g/mol, strongly infl uenced the fi nal 
electrospun fi bers morphology. So, in future work, the 
synthesis of PU with higher molecular weight and its 
infl uence on the electrospinning process parameters 
will be analyzed. 

3.2  Thermal Characterization of PLA, PCL 
and PU Electrospun Fibers 

The thermal behavior of electrospun fi ber samples 

S2 (PLA), S13 (PCL) and S16 (PU), whose processing 

conditions were reported before, was studied and the 

results compared with solvent-casting fi lms obtained 

from the same polymer solutions. 

In order to study how the electrospinning process 
can affect the crystallinity for each polymer in the 
electrospun fi ber and in the solvent-casting fi lm, DSC 
thermograms corresponding to the fi rst heating scan 
were obtained and displayed in Figure 9, while the 
experimental results in terms of melting temperature, 
Tg, enthalpy of fusion and crystallinity degree are 
reported in Table 8.

In particular, there are two main aspects that can 
affect the crystallization when working with the elec-
trospinning process. On one side, the rapid evaporation 

Table 7 Electrospinning conditions for PU (S16, S17, S18 and S19) used to determine 
the optimum conditions.

Polymer C (% (wt)) QS (mL/h) QP (mL/h) V+ V– Fiber diameter (μm)

PU-S16 25
0.3 2.0 6.3 –8.0

0.44 ± 0.02

PU-S17 35 0.54 ± 0.03

PU-S18 25
0.3 0.6 9.8 –9.8

0.41 ± 0.03

PU-S19 35 1.97 ± 0.07

Figure 8 SEM images of PU electrospun fi bers A) S16, B) S17, C) S18 y and D) S19.
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of the solvent can reduce the mobility of the polymer 
and so its ability for crystallinity arrangements [5]. On 
the other, the alignment of the polymeric chains can 
promote the crystallization. 

In the case of PLA electrospun fi bers, a small endo-
thermic peak at about 60°C indicates the evaporation 
of chloroform. This fact indicates the presence of resid-
ual solvent in the electrospun fi bers, as the chloroform 

boiling point is about 62°C [1]. Moreover, cold crystal-
lization during sample heating is observed as a con-
sequence of the rapid solvent evaporation during the 
electrospinning process that leads to quenching condi-
tions and to the formation of nonhomogeneous PLA 
crystals along the electrospun fi bers, changing the 
amorphous/crystalline nature of them compared with 
the polymer-casting fi lm.

Table 8 Main thermal characteristics for PLA, PCL and PU fi bers and fi lms.

Polymer Tm, PLA 
(°C)

Tg, PLA 

(°C)
ΔHf, PLA 

(J/g)
Xc,cool PLA 

(%)
Xc, PLA 

(%)
Tm, PCL 
(°C)

Tg, PCL 

(°C)
ΔHf, PCL 

(J/g)
Xc, PCL 

(%)
Xc, PU 

(%)
Tg, PU 

(°C)

PLA fi lm 153.4 56.7 37.2 – 40 – – – – – –

PLA-S2 152.0 56.7 19.9 19.2 2.1 – – – – – –

PCL fi lm – – – – – 66.4 –60.6 76.3 51.5 – –

PCL-S13 – – – – – 62.2 –63.0 59.2 40.0 – –

PU fi lm 120.0 – 15.3 – 16.4 48.3 21.4 14.4 15.4 –31.6

PU-S16 121.0 – 27.0 – 29.0 47.4 13.3 8.9 19.0 –29.2

Figure 9 Comparative DSC heating scan curves of fi lms and fi bers of A) PLA, B) PCL and C) PU.
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The PU crystallization has been calculated keeping 
the composition in mind and considering that the ini-
tial tri-block composition ratio between PLA and PCL 
is 50:50 in weight. 

In general, when both PCL and PLA are able to 
crystallize, the degree of crystallization of PCL is 
higher than PLA [31]. In our case, PLA and PCL elec-
trospun fi bers show lower crystallinity degree than 
the corresponding solvent-casting fi lms. In general, as 
expected, the crystallinity of PLA fi bers is lower than 
that of PCL fi bers. Moreover, PCL electrospun fi bers 
show a lower degree of crystallization than their cor-
responding solvent-casting fi lms. So, in conclusion, 
for both PCL and PLA, the crystallization process is 
more affected by solvent evaporation than by chain 
alignment effects. In fact, the fast solvent evaporation 
reduces the mobility of the polymeric chains during 
the solidifi cation process, decreasing the degree of 
crystallinity in the electrospun fi bers with respect to 
the respective casting-fi lms.

The case of PU is different. In fact, the degree of 
crystallization for the PU electrospun fi ber is higher 
than the one obtained for its fi lm, due to the align-
ment of the polymeric chains produced by the stretch-
ing during the electrospinning process favoring the 
crystallization process. But it is important to note that, 
when analyzing the degree of crystallization for each 
block, in the case of PLA block, the crystallization is 
promoted by the electrospinning process but the crys-
tallization of the PCL block in the electrospun fi bers 
is unfavored. This fact can be related to the presence 
of the PLA crystals that can strongly infl uence and 
impede the crystallization of PCL in the block copo-
lymer, as reported by us in our previous research [32].

4 CONCLUSIONS 

Electrospun fi bers of PLA, PCL and PU have been 

obtained by the electrospinning process. Optimum 

concentration is defi ned as the minimum concentra-

tion to obtain bead-free fi bers with the smallest pos-

sible diameter. When higher polymer concentrations 

are employed to prepare electrospun fi bers, the size 

of the fi bers’ diameters increase. On the other hand, 

an increment of polymer concentration provides 

higher polymer solution viscosity, which causes fl uc-

tuations of polymer solution fl ow, obtaining beads 

on fi bers. 

Bead-free fi bers can be obtained by applying high 
voltages, which produce a greater elongation of the 
polymeric particles due to an increment of Coulomb 
forces. In addition, lower polymer and solvent solu-
tion fl ow-rates produce electrospun fi bers with lower 
diameters, thus providing a faster solvent evaporation.

Finally, the crystallization behavior of electrospun 
fi bers has been compared with the solvent-casting 
fi lms of the same polymers. In particular, in the case 
of PLA and PCL, electrospun fi bers show a lower 
crystallinity degree than the corresponding fi lms 
due to the fast solvent evaporation, which produces 
a decrement on the mobility of the polymeric chains 
during the solidifi cation process. However, in the 
case of PU, a higher crystallization has been observed 
in the fi bers, which is the consequence of the fi bers 
stretching and the chain alignment in the electrospin-
ning process.
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