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Electrospinning enables the fabrication of nanofibrous membranes with high surface area, tunable
porosity, and good mechanical performance. Nevertheless, the vast majority of studies still rely on
potentially carcinogenic solvents, such as chloroform (CHF) and dichloromethane (DCM), particularly for
polymers like polylactic acid (PLA) and polycaprolactone (PCL). This use reflects a technological lock-in,
where hazardous protocols persist despite well documented risks for human health and environment. In
this study, acetone, ethanol, and water were investigated as green or green-acceptable alternatives to
commonly used solvents for producing electrospun functional membranes. Thermodynamic compati-
bility was first assessed using Hansen Solubility Parameters (HSP), and their experimentally validated by
evaluating solution stability and processability under standard electrospinning conditions. Rheological
and morphological analyses confirmed that green solvent-based solutions with adequate proportions
allowed producing fibers are comparable to the membrane prepared using hazardous solvent, with
additional tunability in terms of fiber diameter and overall morphology. Mechanical testing and
wettability measurements further showed properties that are fully comparable to the reference sys-
tems, while functional oil absorption tests demonstrated capacities up to 25 g/g with confirmed reus-
ability over five cycles. Finally, the study provides evidence that the long-standing solvent lock-in in
electrospinning can be realistically overcome. Crucially, this was achieved without altering the standard
process parameters and while obtaining membranes with comparable performances, or in some cases
superior, to those fabricated with hazardous solvents.
© 2026 Kingfa Scientific and Technological Co., Ltd. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

Electrospinning has emerged as one of the most versatile
techniques for the fabrication of fibrous membranes, owing to its
ability to produce structures with unique properties such as high
surface area, high porosity, good flexibility, high loading capacity,
and, above all, good biocompatibility and selectivity [1,2,3,4].
These features make electrospun membranes highly attractive for
a wide range of applications, including regenerative medicine,
drug delivery, desalination, textiles, smart packaging for food
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preservation, and, most importantly, the removal of pollutants
from air and water [5,6,7,8,9,10,11,12,13,14,15,16].

Despite its wide diffusion, electrospinning still faces a critical
issue in terms of environmental and human health safety. In fact,
the majority of protocols reported in the scientific literature and
applied to an industrial level still rely on highly toxic or potentially
carcinogenic solvents. Among these, chloroform and dichloro-
methane are the most widely used, particularly for the processing
of polymers such as polylactic acid (PLA) and polycaprolactone
(PCL), both extensively employed in diverse application fields
[8,9,17,18,19,20,21]. The harmful effects of these solvents on liver,
lungs, and central nervous system have been known since 1980,
but only in the early 2000s, thanks to increasing scientific evi-
dence, they were officially listed as substances subject to regula-
tory restrictions [22,23,24,25]. Nevertheless, their use remains
widespread, likely due to the large body of comparable data
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available in the scientific literature and the consolidated validation
of existing protocols. This represents a clear example of techno-
logical lock-in, that is a strong tendency to retain established so-
lutions not because they are the only viable ones, but because they
are perceived as safer in terms of reproducibility, comparability,
and expected performance. Moreover, the potential risk associated
with the use of hazardous solvents does not arise only during the
manufacturing process, but may also persist after processing, as
traces of residual solvent can remain embedded within the final
material. This aspect is particularly relevant for electrospun
membranes, where the high surface area and limited diffusion of
solvent vapors can hinder complete solvent removal. Several
studies have indeed reported that small amounts of residual sol-
vent may remain trapped within nanofibers even after electro-
spinning [26, 27, 28, 29, 30].

In recent years, however, there has been a growing interest in
identifying more sustainable alternatives. The goal in this direction is
to select solvent systems that are not classified as potentially carci-
nogenic, are less toxic to the environment, and are safer for both
operators and end users, in full compliance with health safety reg-
ulations [25, 31]. To overcome realistically such a technological lock-
in, two main conditions must be met: (i) maintaining the consoli-
dated process procedures to ensure comparability with existing
protocols; and (ii) obtaining membranes with comparable perfor-
mance to the traditional ones, while also allowing for property
tuning or improvement depending on the application requirements.

Applied to electrospinning, this means ensuring that polymer
solutions meet some fundamental requirements: thermodynamic
stability for the entire duration of the process, adequate viscosity
to allow solution elongation without capillary breakup, sufficient
conductivity to promote jet stretching, and suitable volatility
solvent for correct fiber solidification and formation of defect-free
surfaces [32, 33, 34]. Only if all these conditions are contextually
met it is possible to replace hazardous solvents whit safer ones
without sacrificing quality and efficiency, thereby laying the
foundation for overcoming the above mentioned lock-in.

In recent years, the use of green solvents in electrospinning has
emerged as a well-defined and rapidly growing research field,
driven by the need for safer and more sustainable processing
routes [35, 36].

Green solvent electrospinning has also enabled emerging ap-
plications in areas such as personal thermal management,
biomedical devices, and separation technologies, where safety and
sustainability are critical requirements [37, 38, 39].

Several studies have demonstrated the feasibility of replacing
hazardous solvents with greener alternatives, highlighting both
the potential of this approach and the remaining challenges
related to process robustness, structure-property control, and
reproducibility [35,40-42].

In light of these considerations, the aim of this work was to
investigate the chance to replace the traditional high toxicity
solvents systems with alternative, sustainable, and safer ones,
allowing the effective electrospinning of nanofibrous membranes
of PLA and PCL.

PLA and PCL were selected as model polymers due to their
biodegradability, processability, and widespread use in environ-
mental and biomedical applications. PLA is a partially biobased,
biodegradable polyester derived from renewable resources, offer-
ing good mechanical properties and strong industrial relevance,
while PCL is a biodegradable aliphatic polyester characterized by
high flexibility, low glass transition temperature, and excellent
compatibility with electrospinning processes. These features make
PLA and PCL representative platforms for assessing the feasibility
of green solvent electrospinning in applications requiring both
sustainability and functional performance [19, 43, 44, 45, 46, 47]
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The choice of solvents was based on sustainability criteria
already recognized in the literature, namely: EHS (Environment,
Health, and Safety), LCA (Life Cycle Assessment), and CED (Cu-
mulative Energy Demand) [25, 48, 49]. According to these pa-
rameters, water and ethanol are classified as green solvents, while
acetone is considered a green acceptable alternative [25], repre-
senting in any case a definitely safer and more sustainable alter-
native compared to chloroform and dichloromethane.

Beyond demonstrating solvent substitution, this study aims to
provide a systematic and process-oriented framework in which
green solvent systems are implemented without modifying con-
ventional electrospinning parameters, thus ensuring direct
comparability with conventional protocols. In this context,
morphological, mechanical, and functional properties of the
resulting membranes were evaluated to verify whether perfor-
mance comparable, or in some cases superior, to that obtained
with hazardous solvents can be achieved. Functional performance
was specifically assessed through oil spill clean-up tests. Ulti-
mately, this work seeks to provide a concrete and reproducible
basis for overcoming the long-standing techno-scientific lock-in
that still links electrospinning to the use of hazardous solvents.

2. Materials and method
2.1. Materials

Polylactic acid (PLA, NatureWorks, 2003D grade; molecular
weight 120,000 g/mol) was purchased from NatureWorks. Poly-
caprolactone (PCL, average molecular weight 80,000 g/mol) was
obtained from Sigma-Aldrich. The solvents employed in this study
included acetone (Ac), ethanol (Et), and distilled water (H,0) as
green alternatives, instead, chloroform (CHF) and dichloro-
methane (DCM) as conventional high toxicity references were
supplied by Sigma-Aldrich.

2.2. Solubility evaluation using Hansen solubility parameters (HSP)

A preliminary thermodynamic analysis was performed to
evaluate the compatibility between the selected polymers (PLA
and PCL) and the investigated solvent systems (acetone, acetone/
ethanol, and acetone/water) by means of Hansen Solubility Pa-
rameters (HSP). The three HSP components considered were:
8q (dispersion forces), &, (polar interactions), and &y (hydrogen
bonding). The HSP values for PLA, PCL, and the solvents were ob-
tained from literature [50, 51, 52]. For all the binary solvent mix-
tures, the overall HSP values were calculated as the volume-
fraction weighted average of the individual components.

The solubility distance (R,;) between a polymer and a solvent
system was calculated according to the following Eq.1:

Ra:\/4(sg—af,)2+(s,’i—sg)2+(6’,§—6§)2 (1)

Where superscripts p refers to polymer while g superscripts refer
to solvent systems. Each polymer was associated with a solubility
sphere defined by a characteristic radius Rg. Compatibility be-
tween the polymer and the solvent mixture was evaluated based
on the ratio Ra/Ry, in particular:
Ra/Rp < 1: the solvent is considered theoretically compatible
Ra/Ro > 1: the solvent is considered not compatible.

2.3. Preparation of polymeric solutions

Green polymeric solutions were prepared at a polymeric con-
centration of 10 % w/w by dissolving the selected polymer in
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different solvent systems under magnetic stirring. PLA solutions
were dissolved at 70 °C overnight to ensure complete solubiliza-
tion, while PCL solutions were dissolved at 50 °C under the same
conditions.

The solvent systems investigated included pure acetone,
acetone/ethanol mixtures, and acetone/water mixtures at
different ratios. The complete list of compositions and the corre-
sponding sample codes are reported in Table 1.

Polymeric solutions with commonly used high toxicity solvents
were prepared at a 10 % w/w concentration and dissolved at 25 °C
for 8 hours under continuous magnetic stirring to ensure complete
solubilization.

Two distinct systems were prepared based on PLA and PCL,
using binary solvent systems. In particular CHF/Ac 66/33 for PLA
and DCM/Et 80/20 for PCL, denominated PLA/CHF e PCL/DCM
respectively.

2.4. Preparation of fibers membranes

All the polymeric solution systems selected were electrospun
using a Linari Engineering electrospinning setup. The process pa-
rameters were kept constant for all samples. In detail, distance
needle to collector 15 cm, voltage applied 15 kV, flow rate 3 mL/h,
temperature 25 °C, electrospinning time 4 hours. All the solution
were electrospun on a cylindrical dynamic collector.

2.5. Rheological analysis

Rheological measurements were performed using an ARES G2
rheometer (TA Instruments) equipped with a 25 mm parallel plate
geometry (stainless steel, 0.8 mm) at a controlled temperature of
25 °C. Each solution was subjected to frequency sweeps from 0.1 to
100 rad/s.

2.6. Intrinsic viscosity and Berry number calculation

To assess the molar mass of PLA and PCL, intrinsic viscosity
measurements were carried out. The polymers were dissolved in
chloroform. The polymer solutions were directly diluted with
chloroform to obtain dilute solutions with a concentration of
0.13 wt%, according to previous works [53].

Flow time measurements were performed using an iVisc LMV
830 Lauda Proline PV 15 viscometer (Lauda-Konigshofen, Ger-
many) equipped with an Ubbelohde capillary viscometer
(K = 0.009676), placed in a thermostated oil bath at 30 °C. The

Table 1

sample code and their relative compositions
Polymer Solvent system Ratio (v/v) Sample code
PLA Acetone 100/0 PLA /Ac100
PLA Acetone/Ethanol 80/20 PLA/ACcEt8020
PLA Acetone/Ethanol 90/10 PLA/ACEt9010
PLA Acetone/Ethanol 95/5 PLA/ACEt9505
PLA Acetone/Water 90/10 PLA/AcW9010
PLA Acetone/Water 95/5 PLA/AcW9505
PLA Acetone/Water 80/20 PLA/AcW8020
PLA Chloroform/acetone 66/33 PLA/CHF
PCL Acetone 100/0 PCL/Ac100
PCL Acetone/Ethanol 80/20 PCL/AcEt8020
PCL Acetone/Ethanol 90/10 PCL/AcEt9010
PCL Acetone/Ethanol 95/5 PCL/ACEt9505
PCL Acetone/Water 90/10 PCL/AcW9010
PCL Acetone/Water 95/5 PCL/AcW9505
PCL Acetone/Water 80/20 PCL/AcW38020
PCL Dichloromethane/Ethanol 80/20 PCL/DCM
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intrinsic viscosity [n] was calculated using the Solomon-Ciuta
equation (Eq. 2) [54].

MZM (2)

The viscometric molar mass (Mv) of PLA and PCL was then
calculated using the Mark-Houwink-Sakurada relationship (Eq. 3):

1/a

The Mark-Houwink constants used were K = 0.0153 mL g™! and
o = 0.759 for the PLA/chloroform system at 30 °C, and K = 1.298 x
102 mL ¢! and o = 0.828 for the PCL/chloroform system at 30 °C.

To evaluate the degree of chain overlap and entanglement in
the polymer solutions, the Berry number (Be) was calculated as a
dimensionless processing parameter commonly adopted in elec-
trospinning studies.

The Berry number is defined as Eq. 4:

Be = [n]*C (4)

where [r] is the intrinsic viscosity of the polymer, in dL/g, and C is
the polymer concentration, in g/dL.

According to literature, B provides an effective criterion to
distinguish between dilute, semi-dilute unentangled, and semi-
dilute entangled regimes, with Be ~ 1 corresponding to the onset
of chain overlap and Be>1 indicating conditions suitable for
continuous fiber formation during electrospinning [55, 56].

In this work, intrinsic viscosity values were experimentally
determined for both PLA and PCL, and Berry numbers were
calculated for all solvent systems to verify that the solutions fall
within the entangled regime required for stable electrospinning.

2.7. Electrical conductivity of the solutions

The electrical conductivity of the polymeric solutions was
measured at room temperature (25 °C) using a conductivity meter
(Xylem, Weilheim in Oberbayern, Germany) equipped with a
standard conductivity cell (cell constant K = 1.0 cm™!). Measure-
ments were performed on 20 mL of solution, immediately after
preparation, and repeated three times for each sample. The
average values, expressed in pS/cm, are reported together with the
corresponding standard deviations.

2.8. Morphological characterization

Morophological characterization of electrospun membranes
was carried out using a scanning electron microscopy (SEM)
Phenom ProX (Phenom-World, The Netherlands) with acceleration
voltages of 15 kV. The microscope is equipped with a temperature
controlled (25 °C) sample holder. The samples were positioned on
an aluminium stub using an adhesive carbon tape and sputtered
with a thin of layer gold to enhance surface electrical conductivity.
SEM images were processed using Image] software. In order to
evaluate fiber diameter distribution for each sample, the diameter
of over 100 fibers were measured. The results were reported as
mean + standard deviation, and fiber diameter distributions were
shown using frequency histograms to evaluate the influence of
solvent composition on fiber morphology.

2.9. Mechanical characterization
Mechanical performance of the electrospun membranes was

evaluated through tensile tests carried out using a universal testing
machine (Instron model 3365, UK) equipped with a 1 kN load cell
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and with the BioPulse system, specifically designed for the gripping
of electrospun mats. Rectangular specimens (10 x 90 mm) were cut
from the membranes, and tests were performed using a dual cross-
head speed: 1 mm min™! for the first 2 minutes and 50 mm min-!
until sample failure. The grip distance was set to 20 mm, and the
sample thickness was measured before each test. All measurements
were conducted in triplicate, and the obtained values of elastic
modulus (E), tensile strength (TS), and elongation at break (EB) are
reported as mean values + standard deviations

2.10. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out on electro-
spun PLA- PCL based nanofibrous membranes to evaluate their
thermal stability at low temperatures. The measurements were
performed using a Netzsch STA 449 F1 thermobalance operating in
dynamic mode under a nitrogen atmosphere.

Approximately 3 mg of each membrane sample was placed in
an alumina crucible and heated from 30 °C to 120 °C at a constant
heating rate of 10 °C/min. The selected temperature range was
specifically chosen to detect possible mass losses associated with
residual solvent or water trapped within the nanofibrous struc-
ture, without inducing polymer thermal degradation.

All measurements were carried out under identical experi-
mental conditions to allow a direct comparison among mem-
branes produced using conventional and green solvent systems.

2.11. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a
Shimadzu DSC-60 instrument. All measurements were carried out
under a nitrogen atmosphere at a constant heating rate of 10 °C
min~!, within a temperature range of 25-200 °C for PLA and 25-
100 °C for PCL.

The degree of crystallinity (x) of the electrospun membranes
was calculated according to Eq. 5:

AHpm — AH{gq)

(1 — ) AHO, 2

xX=

where AHp, is the melting enthalpy, AHcc is the cold crystallization
enthalpy (when present), ®w is the polymer weight fraction in the
sample (equal to 1 for neat polymer membranes), and AHS, is the
melting enthalpy of a fully crystalline polymer. For PLA, a value of
93.7 ] g’! was used, while for PCL a value of 139.5 | g was
assumed, in accordance with literature data.

2.12. Water and oil contact angle

The surface wettability of the electrospun membranes was
evaluated by measuring the static water contact angle (WCA) and
oil contact angle (OCA) using a First Ten Angstroms FTA 1000
system (UK). A drop of 4 uL distilled water or oil was automatically
dispensed onto the membrane surface using a dosing system, and
images were captured 1 seconds after deposition.

Measurements were performed on five different spots of each
sample, and results were expressed as mean + standard deviation.

2.13. Oil adsorption functional test

The oil absorption capacity of the electrospun membranes was
evaluated using two different oils as model pollutants: olive oil
(food-grade) and used engine oil (collected after standard auto-
motive use). For each test, 1 g of membrane sample was accurately
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weighed (Wp) and placed in a beaker containing both water and
olive oil or exhaust motor oil, which were present as separate
phases. After removal, the samples were gently drained on filter
paper to remove surface excess and immediately weighed again
(WH).

The oil absorption capacity (Q, g oil/g membrane) was calcu-
lated according to the following Eq. 6:

W, — Wo

Q= Wo

(6)

where Wfis the final weight of the membrane after oil uptake and
Wy is the initial dry weight.

All the experiments were carried out in triplicate and average
values with standard deviations are reported.

To investigate the absorption kinetics, time-dependent oil up-
take experiments were performed using exhaust motor oil, as it
better represents realistic oil spill conditions. During these tests,
membrane samples were immersed in the oil systems and
removed at predefined time intervals. After a brief draining step to
remove excess oil, the membrane weight was recorded.

The oil absorption capacity as a function of time Q; was
calculated using Eq. 7:

W -W,

W )

qe

where W; is the weight of the membrane at a given absorption
time t, and W is the initial dry weight of the membrane.

All absorption experiments were performed at room temper-
ature, and each test was repeated at least three times to ensure
reproducibility.

To quantitatively assess the preferential affinity of the elec-
trospun membranes toward oil in the presence of water, oil and
water uptake tests were performed independently under
controlled conditions in accordance with previously reported
methodologies for evaluating oil/water selectivity in fibrous sor-
bents [57].

For oil selectivity measurements, membrane samples were first
tested in pure oil systems to determine the oil absorption capacity
(Q_oil), following the procedure described above and calculated
according to Eq. (6). In parallel, water uptake experiments were
conducted by immersing dry membrane samples (initial weight
W) in deionized water for a fixed time. After removal, the samples
were gently drained on filter paper to eliminate surface excess and
immediately weighed.

The water absorption capacity (Qwater, Swater/Smembrane) Was
calculated using Eq. 8:

Wy — W,
Qwa[er:WTOO (8)

where Wy, is the membrane weight after water uptake and Wy is
the initial dry weight.

Based on the independently measured oil and water absorption
capacities, the oil-to-water selectivity index Sow was calculated
according to Eq. 9:

Qoil (9)

QWﬂtET’

So/w =

where Qy; is the oil absorption capacity (goil/g€membrane) calculated
from Eq. 2, and Quwater is the water absorption capacity (gwater/
E€membrane) Obtained from Eq. 8.

The oil-to-water selectivity index provides a quantitative
measure of the membrane’s preferential oil absorption over water.
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All oil and water uptake experiments were carried out at room
temperature, repeated at least three times, and average values
with standard deviations are reported.

2.14. Morphological stability and reusability

Structural stability and reusability of the electrospun mem-
branes were evaluated through cyclic oil absorption and regener-
ation tests. Membrane samples (1g) were subjected to repeated oil
spill clean-up and washing tests using used engine oil as the model
pollutant. After each absorption step, the membranes were
cleaned with a standardized washing procedure (water and mild
detergent), dried at room temperature, and reused for the subse-
quent cycle. The absorption capacity was measured up to five cy-
cles following the method described above.

To assess morphological stability, the membranes were
analyzed by scanning electron microscopy (SEM) after the first oil
spill clean-up and after the fifth reuse cycle. This allowed corre-
lating possible structural changes in the fibrous network with the
evolution of the absorption capacity over repeated use.

3. Results and discussion

To assess the potential presence of residual solvents, FTIR
analysis was performed on membranes produced using hazardous
solvent systems, namely PLA/CHF and PCL/DCM.

Figure 1 shows the FTIR spectra, with absorbance plotted as a
function of wavenumber for PLA/CHF (Figure 1a) and PCL/DCM
(Figure 1b), before and after thermal treatment in an oven over-
night (70 °C for PLA and 30 °C for PCL). In the same figure, inset
maghnifications of the spectral regions between 1000 and 500 cm™!
for PLA and 1070 and 1020 for PCL are also reported in order to
detect the characteristic peaks of chloroform (750 cm™, C-Cl vi-
brations with contributions from C-H bending) and dichloro-
methane (1045 cm™!, out-of-plane C-Cl deformations) before and
after thermal treatment,

Apart from the typical and recognizable bands characterizing
PLA and PCL [18, 58] as highlighted in the inset magnifications, the
characteristic bands attributable to chloroform at 750 cm™! (inset
Fig. 1a related to PLA membranes) and dichloromethane at
1045 cm’! (inset Fig 1b related to PCL membrane) are clearly
identificable. In both cases, a reduction in band intensity is
observed after oven thermal treatment, suggesting a partial sol-
vent evaporation during this process. However, the persistence of
these peaks (even after 12 hours in the oven) clearly indicates the
presence of residual solvents trapped within the fibers in all the
cases. More in detail, during electrospinning, small solvent traces
may remain physically trapped within the nanofibrous structure or
in polymer matrix or, more likely, as temporary residuals on the
membrane surface, particularly at the fiber junctions, even for
highly volatile solvents. These residuals are likely those that are
detected by FTIR-ATR analysis: they are not significantly affecting
the overall performance of the materials (see also below) but are
however detected by the instruments.

This phenomenon, already reported in the scientific literature
[26, 28, 29, 30], represents a potential limitation in the use of the
membranes, where safety and material purity are critical re-
quirements such as biomedicine and environmental applications.
In addition, safety issues during the preparation and manipulation
of the membranes further stimulate to find alternative and more
benign solvent systems to achieve the same performance.

In order to evaluate the compatibility between greener solvent
systems and the polymers object at the present study, a pre-
liminary analysis of the polymeric solutions was carried out using
the Hansen Solubility Parameters (HSP) model. In particular, the
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ability of green solvents systems to solubilize PLA and PCL was
assessed according to Equation 1 and the result are showed in
table 2.

Specifically, the table reports the Ry values, corresponding to
the solubility radius of each polymer, and the R, values, which
represent the HSP distance between the solvent system and the
polymer. According to the HSP theory, a solvent system is
considered thermodynamically compatible with the polymer
when R; < Rp. The table also includes the resulting Ry/R, value
with the consequent solvent polymer compatibility evaluation and
the hazardous systems (DCM and CHF) are also included for
comparison.

As shown in Table 2, the HSP analysis indicates good thermo-
dynamic compatibility between both polymers and the tested
green solvent systems, with R,/Rg values below unity in most
cases. However, when the water content reaches higher levels, the
calculated R, values approach or slightly exceed the solubility
radius of the polymer, suggesting a loss of compatibility.
Conversely, solvent mixtures containing moderate amounts of
water or ethanol remain within the solubility sphere, confirming
their potential suitability.

Thermodynamic compatibility is of course necessary but alone
is not sufficient to guarantee the processability of solutions by
electrospinning. In fact, phenomena, such as chain resolvation,
aggregation, or the formation of unstable phases over time, may
compromise the processability of the solutions [59, 60]. For these
reasons, an additional experimental step analyzing the stability of
the solutions oven time was performed. Figure 2 shows the visual
appearance of the solutions used to qualitatively assess their sol-
ubility and stability after removal from the hot plate and during
storage at 25 °C for up to 4 hours, which corresponds to the typical
duration of an electrospinning processing session. For PCL-based
systems, the starting temperature after heating was approxi-
mately 50 °C, while for PLA-based systems it was about 70 °C, after
which all solutions were kept at 25 °C throughout the monitoring
period. In particular, based on their visual appearance, the solu-
tions were classified into five categories: clear, transparent solu-
tion without suspended particles Fig. 2a; slightly turbid, solution
with mild opacity Fig.2b; turbid, opaque solution with evident
scattering Fig.2c; partially soluble, formation of precipitate or
partial phase separation Fig.2d; insoluble, significant or total loss
of solubility Fig.2e according to the appearance of the solution
shown in figure 2.

In Table 3, the results of the solubility and stability analysis
conducted on all the prepared solutions are reported. In detail, the
evaluation was carried out at time intervals of 30, 60, 120, and over
300 minutes (approximately 4 h) at room temperature. This
assessment is particularly relevant in the context of overcoming the
technological lock-in associated with the use of conventional high
toxicity solvents, since, although variations in solution appearance
may occur over time, it is essential to determine whether such
changes actually affect solution processability, as well as the
resulting fiber morphology and final membrane properties.

Based on these observations, only the solvent systems that
remained soluble or partially soluble throughout the entire
monitoring time were selected for further rheological, morpho-
logical and functional characterization. Among these, we focused
on the formulations containing the highest possible amount of
green solvents (ethanol or water), while all compositions exhib-
iting an insoluble or phase-separated appearance were discarded.

Thermodynamic stability and solvent polymer compatibility
alone are not sufficient to guarantee electrospinnability, in fact, it
is also necessary to verify whether the selected solutions exhibit
suitable rheological behaviour. Rheological behaviour is a key
property to evaluate the processability of polymeric solutions, as
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Figure 1. bands identification of Chloroform and Dichloromethane for PLA and PCL membranes respectively

Tab 2

Hansen solubility parameter (HSP) analysis: Ro, Ry and predicted compatibility of each solvent system with PLA and PCL.

Ro (Radius solubility of Polymer) Ra (HSP systems distance) Ra/Ro Solvent system compatibility
PLA/CHF 10 8.1 0.81 Yes
PLA /Ac100 6.3 0.63 Yes
PLA/AcEt8020 7 0.7 Yes
PLA/AcEt9010 6.5 0.65 Yes
PLA/AcEt9505 6.3 0.63 Yes
PLA/AcW9010 7.7 0.77 Yes
PLA/AcW9505 6.8 0.68 Yes
PLA/AcW8020 10.2 1.02 No
PCL/DCM 9.5 1.8 0.19 Yes
PCL/Ac100 7.1 0.75 Yes
PCL/AcEt8020 6.7 0.71 Yes
PCL/ACEt9010 6.8 0.72 Yes
PCL/AcEt9505 6.9 0.73 Yes
PCL/AcW9010 7.7 0.81 Yes
PCL/AcW9505 7.1 0.75 Yes
PCL/AcW8020 9.7 1.02 No

shear viscosity strongly influences jet formation and stability For
this reason, a rheological analysis was conducted using a parallel
plate rheometer.

In Figure 3, the complex viscosity (n*) values as a function of
angular frequency are shown for PLA and PCL based solutions.
Figure 3a displays the systems prepared with PLA, which exhibit
an almost uniform behavior among all the solvent systems
analyzed. In all the cases, the complex viscosity decreases with
increasing frequency, maintaining a comparable trend between
the green solutions and the conventional reference system based

on chloroform (PLA CHF). Only small differences can be observed
in the low frequency region, in particular, PLA/AcW9505 and PLA/
AcEt9010 solutions show slightly higher viscosity values compared
to the reference systems [9, 46, 61], while PLA/100Ac, exhibits an
intermediate behavior, with viscosity values between those of the
other systems and CHF. Overall, the rheological behavior of PLA,
suggests that the use of alternative solvents does not compromise
the processability of the polymer.

A different trend is observed for the PCL solutions (figure 3b).
PCL/DCM shows a typical behavior, characterized by the presence



E.E Gulino and R. Scaffaro

Advanced Industrial and Engineering Polymer Research xxx (XxXx) Xxx

| Tl

d) Partially soluble
YR

)

Figure 2. Visual criteria adopted to classify the solubility and stability of the solutions. Images a)-e) are representative examples selected to illustrate the appearance of solutions
at different stages. Specifically: a) PCL/AcEt9010, b) PCL/AcW9010, c) PLA/Et9010 observed after 120 min at 25 °C; d) PLA/AcW9010 and e) PLA/Et8020 after 300 min at 25 °C.

Table 3

Solubility behaviour of PLA and PCL solutions monitored during cooling to 25 °C and after 30, 60, 120 and 300 min

Solubility after 30 min at 25 °C

Solubility after 60 min at 25 °C

Solubility after 120 min at 25 °C Solubility after 300 min at 25 °C

PLA/CHF Clear clear
PLA/Ac100 clear slightly turbid
PLA/ACEt9505 clear slightly turbid
PLA/AcEt9010 clear slightly turbid
PLA/AcW9505 clear slightly turbid
PLA/AcW9010 partially soluble partially soluble

PLA/ACW8020 partially soluble partially soluble
PLA/ACEt8020 partially soluble partially soluble
PCL/DCM clear clear

PCL/Ac100 clear clear
PCL/AcEt9505 clear clear
PCL/AcEt9010 clear clear
PCL/AcW9505 clear clear
PCL/AcW9010 slightly turbid turbid
PCL/AcW8020 partially soluble partially soluble
PCL/AcEt8020 clear clear

clear clear
turbid turbid
turbid turbid
turbid turbid
turbid turbid
insoluble insoluble
insoluble insoluble
insoluble insoluble
clear clear
clear clear
clear clear
clear clear
clear clear
turbid partially soluble
insoluble insoluble
clear clear

of a well-defined Newtonian region at low frequencies, and a
shear-thinning at higher frequencies. A similar trend, although
with lower viscosity values and shear thinning beginning at lower
frequencies, is observed for the ethanol-based systems, particu-
larly PCL/AcEt8020 and PCL/AcEt9505, among these, the latter
shows the lowest viscosity values overall. In contrast, the systems
containing water exhibit a markedly different rheological
response, in particular, both PCL/AcW9505 and PCL/AcW9010 do
not show a Newtonian region while showing an immediate vis-
cosity decrease already even at the lowest tested frequencies.

The differences suggest that, probably, ethanol based systems
promote a better solubilization of PCL chains, also accorded to
previous thermodynamic compatibility analysis. In particular,
ethanol-based systems exhibited a behaviour comparable to the
reference system, confirming their good thermodynamic
compatibility. Conversely, water-based systems, in which showed
an earlier viscosity drop, as expected from their higher R,/Rg ratios
and visual evidence of reduced solubility, indicating that the
presence of water likely worsens polymer solubilization compared
to ethanol.

On the whole, the rheological analysis confirms that, despite
some slight variations especially in the PCL-based systems, the
tested green solvents ensure complex viscosity values compatible
with a stable electrospinning process [8, 9, 61], without penalizing
processability compared to hazardous systems.

Another critical characteristic affecting the electrospinning
process is the electrical conductivity of the solutions. Indeed,
during electrospinning, the stretching and stability of the polymer
jet are strongly affected by the electrical charge density within the
solution, which conversely depends on its conductivity. In this
sense, to verify the compatibility of the solutions with ES using the
non benign solvent systems, electrical conductivity measurements
were performed on all the systems, and the results are presented
in Table 4.

In detail, all PLA based solutions show low conductivity values,
ranging from 1.1 to 2.9 pS/cm. The reference system PLA/CHF ex-
hibits the lowest value (1.1 pS/cm). Slightly higher values are
recorded for PLA/Ac100 (1.5 pS/cm) and PLA/Et9505 (1.8 pS/cm),
while the highest conductivity among PLA systems is observed for
PLA/W9505 (2.9 puS/cm).

The PCL-based systems show a wider range of conductivity
values. The reference PCL/DCM solution records 1.9 uS/cm, while
PCL/Et9505 shows a similar value (1.1 uS/cm) and PCL/AcEt8020
records the value of 1.3 pS/cm. A progressive increase is observed
in the systems containing water: PCL/AcW9505 reaches 2.5 uS/cm,
PCL/AcW9010 rises to 7.2 pS/cm.

Overall, these results highlight the significant influence of
solvent composition on the electrical properties of the solutions. In
particular, systems containing water tend to exhibit higher con-
ductivity, while those based on acetone or ethanol show lower
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Figure 3. Complex viscosity (n*) as a function of angular frequency for (a) PLA- and
(b) PCL-based solutions prepared with hazardous and green solvent systems.

Table 4
conductivity of polymeric solutions

Polymeric solution Conductivity (uS/cm)

PLA/CHF 1.1
PLA/AC100 15
PLA/ACEt9505 1.8
PLA/ACW9505 29
PCL/DCM 1.9
PCL/ACEt9505 1.1
PCL/ACEt8020 13
PCL/ACW9505 2.5
PCL/ACW9010 72

values. This trend reflects the increasing polarity and dielectric
constant of the solvent mixture, which are expected to affect
charge transport and, consequently, the electrospinning process.
Moreover, the increase in electrical conductivity promotes a more
efficient stretching of the polymer jet during electrospinning
contributes to the formation of thinner, defect-free nanofibres
improving fiber formation [35]. It should be noted that the
measured conductivity refers to polymer solutions rather than to
the ethanol/water solvent mixture alone. In particular, the pres-
ence of electrically insulating polymers such as PLA and PCL is
expected to significantly reduce the overall conductivity of the
system [35, 62, 63, 64].

To verify if the combination of all the characteristics translates
into good processability, the PLA-based solutions were electro-
spun and the membranes obtained were morphologically analyzed
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by SEM Fig.4. In particular, in the case of PLA/CHF Fig.4a, the fibers
exhibited an average diameter distribution about 1 pm, charac-
terized by good uniformity and absence of relevant defects.
Instead, in the PLA/Ac100 system Fig.4b, the diameter distribution
becomes broader and the mode shifted toward higher values,
about 1.6 pm, showing a slight increase compared to the hazardous
reference system. A comparable behaviour was also found for PLA/
AcEt9010 Fig.4c, which displayed similar average diameters and a
wide but regular distribution. A different situation was observed
for the PLA/AcW9505 system Fig.4d, where the addition of water
led to a reduction in the average fiber diameter, with a mode about
0.7 pm, indicating greater jet elongation during electrospinning.

This evidence is according to the conductivity data (table 4), in
particular, the introduction of small amounts of water into
acetone-based solutions resulted in an increase in electrical con-
ductivity. This promoted higher charge accumulation on Taylor
cone and, consequently, more intense electrostatic stretching of
the jet, leading to the formation of thinner and more uniform
fibers.

As regard PCL-based membranes (Figure 5), the behaviour was
more surprising. In particular, PCL/DCM systems Fig.5a, exhibited a
fiber-only morphology with a slightly multimodal distribution and
average diameters around 2 pm. Differently, a completely different
structure was observed for the PCL/AcEt9505 system Fig.5b, which
showed a beads-on-string morphology with fiber diameters
around 0.4 pm. With higher ethanol content, in the PCL/AcEt8020
system Fig.5¢, a homogeneous structure consisting exclusively in
fibers with diameters around 1 pm was obtained. For the systems
containing water, two opposite behaviour were observed. Specif-
ically, a fibrous structure with a slight presence of beads was found
in the PCL/AcW9505 system Fig.5d, with fiber diameters around
0.7 pm. In contrast, increasing the water content in the PCL/
AcW9010 system Fig.5e, resulted in the formation of a highly
multimodal and heterogeneous fibrous structure, with diameters
ranging from 1.7 to 7 pm and the presence of non-fibrous
aggregates.

The achievement of there structures, very different each other,
can be explained by intersecting the results obtained from rheo-
logical and conductivity characterizations of the solutions. In
particular, the presence of beads-on-string can be attributed to the
strong instability of the solution, with slightly lower viscosity
values in the PCL/AcEt9505 system, which also showed lower
conductivity compared to the rest of the PCL series. Furthermore,
when higher amounts of ethanol were added, as in the case of PCL/
AcEt8020, an increase in conductivity was observed (see tab 4),
promoting appropriate solution stretching without instability of
Taylor’s cone, In addition, the higher ethanol content contributes
to a more favorable evaporation dynamics due to its high volatility,
promoting a more uniform jet solidification and suppressing bead
formation, as also reported in recent studies on ethanol-
containing electrospinning systems [14].

With the addition of water, in the PCL/AcW9505 system, a more
stable jet was achieved, resulting in an almost unimodal fibrous
structure nearly free of beads. On the other hand, when a higher
amount of water was added in the PCL/AcW9010 system, a
strongly multimodal and heterogeneous fibrous structure with
aggregates was formed. Despite the increase in conductivity,
which should induce a better spinnability, this phenomenon can
be likely attributed to the low volatility of water, which prevents
proper elongation and solvent removal during the solution
stretching during the fly in the efficient subsequent retraction of
stretched droplet to globular ones.

As well known, electrospinning, beyond some obvious physical
parameters (solution temperature, air temperature, air humidity,
potential, collector distance/position/relative speed, flowrate ...) is
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Figure 4. Morphological characterization of PLA-based electrospun membranes prepared using hazardous (PLA/CHF) and green solvent systems (PLA/Ac100, PLA/AcEt9010 and
PLA/AcW9505). SEM micrographs and corresponding fiber diameter distributions are reported for each formulation.
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Figure 5. SEM images and fiber diameter distributions of PCL membranes electrospun from hazardous (PCL/DCM) and green solvent systems (PCL/AcEt9505, PCL/AcEt8020, PCL/
AcW9505 and PCL/AcW9010)
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affected by other relevant variables such as: polymer concentra-
tion, solution viscosity, elongational properties of the solutions.
The effects of this complex set of variables affecting the operation
is often difficult to identify as single contributions, even if some
experimental approaches can help in analyzing them. In this sense,
oscillatory shear rheology and Berry number analysis [65, 66] can
help to further assess the viscoelastic response of the solutions and
to obtain a semi-quantitative criterion to verify the potential
spinnability of the solutions [56, 65, 66]. In detail, Berry number
was used by several researchers as a practical processing index to
evaluate/control the formation of fibers during processing. The
results indicate that all the systems exhibited comparable G' and
G’ profiles and Berry number values higher than unity, confirming
that the solutions operate within the chain-entangled regime,
despite the occurrence of beads-on-string morphologies (see
Figure S1 and Table S1).

To exclude polymer degradation as a contributing factor to the
observed morphological differences, intrinsic viscosity measure-
ments were performed on both PLA and PCL systems after the
dissolution protocol. The obtained intrinsic viscosity and visco-
metric molecular weight values show no significant variations
among the different solvent systems, indicating that the polymer
molecular weight is not appreciably affected (see table S2).

The different solvent systems adopted may influence the me-
chanical behaviour of the membranes. For this reason to evaluate
the effect of the solvent on the final properties of the membranes,
the values of elastic modulus (E), tensile strength (TS), and elon-
gation at break (EB), of membranes obtained with green solvents
were compared with those of the conventional systems and the
results are shown in table 5.

In particular, PLA/CHF sample, exhibited the highest elastic
modulus (E ~ 52 MPa), moderate elongation at break (EB ~ 36 %),
and a TS of about 1.08 MPa. Among the green systems, PLA/Ac100
maintained good tensile stress (TS ~ 1.6 MPa) and showed an in-
crease in elongation (EB ~ 46 %), suggesting higher ductility, while
the modulus decreased to about 40 MPa. PLA/AcEt 9010 also
showed comparable mechanical values, with a slightly lower
modulus (E ~ 43 MPa) and a strength similar to the CHF reference,
although elongation was more limited (EB = 17 %). A more evident
reduction was observed for the PLA/AcW9505 system, where both
E (~24 MPa) and TS (~0.4 MPa) were lower, likely consistent with
the presence of a fibrous structure with thinner diameters.

The behavior of PCL appeared more heterogeneous. The refer-
ence PCL/DCM system showed a relatively low modulus (~7 MPa)
and moderate elongation (~28 %). Among the green systems,
distinct differences related to morphology were observed: PCL/
AcEt9505 exhibited the lowest values of modulus and strength
(E =~ 5 MPa; TS ~ 1 MPa), with a higher EB (~39 %), consistent with
the presence of beads-on-string and a less compact fibrous
network. In contrast, PCL/AcEt8020 showed a more balanced
performance, with a slight increase in TS (~1.36 MPa) and E

Table 5
Mechanical properties of electrospun PLA- and PCL-based membranes prepared
using hazardous and green solvent systems.

SAMPLE E (MPa) TS (MPa) EB (%)
PLA/CHF 52.62 + 2.1 1.08 + 0.2 36.07 3
PLA/Ac100 39.72 £ 19 1.6+ 04 4595+ 4
PLA/ACEt9010 4253 £ 17 1.12 £ 02 16.82 + 2.7
PLA/ACW9505 2415+ 12 041+ 0.1 14.66 + 1.2
PCL/DCM 7.06 + 0.5 0.62+03 282242
PCL/AcEt9505 524 4+ 04 0.96 + 0.2 38.77 £ 1.7
PCL/AcEt8020 1043 + 1.2 1.36 + 0.1 3137 +2
PCL/ACW9505 15.99 + 0.7 0.81+0.1 44,51+ 0.9
PCL/ACW9010 934+ 3 145 + 14 69.63 + 3.7
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(=10 MPa), combined with good deformability (EB ~ 31 %). Water-
based systems provided interesting results: PCL/AcW9505 com-
bined a higher modulus (~16 MPa) with elevated ductility
(EB ~ 45 %), whereas PCL AcW/9010 achieved the maximum
elongation (EB ~ 70 %), in line with a morphology closer to film-
like structures rather than fibers, and a tensile strength compa-
rable to the reference systems and in the typical range reported in
the scientific literature for similar systems [67, 68, 69, 70, 71].

To verify whether residual solvent or water could contribute to
the observed mechanical behavior, thermogravimetric analysis
was performed on both PLA and PCL membranes. The TGA curves
show only negligible mass losses at low temperatures, indicating
minimal residual content and exclude any significant plasticiza-
tion effect (see Fig. S2).

In addition, differential scanning calorimetry (DSC) analysis
revealed comparable degrees of crystallinity (Xc) for PCL and PLA-
based membranes processed with both conventional and green
solvent systems, indicating that the observed mechanical differences
are primarily governed by morphological features rather than
solvent-induced changes in polymer crystalline structure (see
Fig. S3)

On the whole, the analysis confirmed that green solvents,
particularly acetone/ethanol and acetone/water mixtures, exhibi-
ted mechanical performances fully comparable to those achieved
with hazardous solvents such as chloroform and dichloromethane.
In several cases, the properties were not only comparable but even
improved, thus demonstrating the feasibility of replacing harmful
solvents without compromising the mechanical performance of
electrospun membranes.

Although the mechanical resistance is a primary requirement for
membrane integrity, the performance of these materials is strongly
influenced by their surface characteristics. For this reason, attention
was then focused on evaluating the wettability of the membranes.

To evaluate the wettability of the membranes and gain further
insight into their surface characteristics, wettability tests were
performed using water and waste oil as liquids. This feature is
crucial for many applications, especially for oil/water separation
processes and for the selective absorption of contaminants. For
this purpose, water contact angle (WCA) and oil contact angle
(OCA) tests were performed to evaluate the hydrophobicity and
oleophilicity of the membranes obtained from green solvents and
to compare them with those prepared using the hazardous refer-
ence systems. The images of the contact angles and the values
obtained from the tests, 1 s after the droplet touched the mem-
brane surface, are shown in Figure 6.

The membranes obtained from the reference solvents systems,
PLA/CHF and PCL/DCM, exhibited the typical hydrophobic and
oleophilic character of these polymers, with WCA of 105° and 96°,
respectively, and OCA close to 0°. The membranes produced using
green solvent systems displayed comparable or slightly higher
WCA values. In particular, PLA based membranes obtained by
benign solvents systems showed WCA values between 108° and
129°, while PCL based membranes exhibited values ranging from
96° to 127°, confirming the overall hydrophobicity of both mate-
rials. Regarding oil wettability, all membranes showed very low
OCA values (0-15°), indicative of pronounced oleophilicity and
easy oil diffusion across the surface.

On the whole, these results confirm that the use of green sol-
vents does not alter the hydrophobic and oleophilic behavior of
PLA and PCL membranes.

The observed surface characteristics are consistent with pre-
vious reports on nanofibrous structures based on these polymers,
which combine water repellency and oil affinity, making them
promising candidates for oil/water separation and selective ab-
sorption applications [2,9,21].
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Figure 6. Water (WCA) and oil (OCA) contact angle measurements of PLA- and PCL-based membranes produced with hazardous and green solvent systems. All values were

recorded 1 s after droplet deposition

The evidence of a hydrophobic and oleophilic surface,
confirmed by wettability tests, suggests that the obtained mem-
branes are particularly suitable for selective absorption processes.
To verify this potential application, the absorption capacity of both
vegetable and mineral oils was evaluated through oil spill clean-up
tests conducted with olive oil and used motor oil (figure 7a-b).

The absorption tests in both used motor oil and olive oil
(Figure 7a) show that all PLA membranes exhibit comparable per-
formance, regardless of the solvent system. Specifically, for used
motor oil, the absorption capacity ranges between 28 and 32 g/g,
while for olive oil the values are slightly lower, between 20 and 24 g/
g. No significant differences were observed among the hazardous
reference (PLA/CHF) and PLA/Ac100 and PLA/AcEt9010. The only
exception is the PLA/AcW9505 sample, which shows slightly higher
absorption values in both oils. This improved performance can be
attributed to its particular morphological features, in particular, the
presence of thinner fibers and a more open and porous network
increases the available surface area and facilitates capillary-driven
oil uptake. Overall, the data indicate that the replacement of chlo-
roform with acetone-, ethanol- or water-based systems does not
compromise the absorption performance of PLA membranes.

The behaviour of PCL based (Figure 7b) membranes was more
heterogeneous. The reference system PCL DCM showed interme-
diate absorption capacities (approximately 20-22 g/g for olive oil
and similar values for used motor oil). Among the green systems,
some differences were observed. In particular, PCL/AcEt9505 and
PCL/AcEt8020 showed slightly lower values, while PCL/AcW9505
and PCL/AcW9010 achieved the highest performance, particularly
with olive oil, reaching values above 25 g/g. In this case, the
addition of water to the solvent system likely promoted the for-
mation of thinner and more uniform fibers, increasing the avail-
able surface area for absorption. Figure 7a’-b’ visually
demonstrates, through a sequence of frame, the selective absorp-
tion of the membranes during oil spill clean-up tests with olive
Fig.7a’ and exhaust motor oils Fig.7b’.

1

In summary, the data confirm that green systems not only
ensure absorption capacities comparable to those obtained with
hazardous solvents but, in some cases (such as PCL with water-
based systems), can even significantly improve performance,
making the membranes particularly suitable for oil spill clean-up
applications.

Figures 7c-d shows oil absorption behaviour as a function of
time for PLA- and PCL-based membranes.

Regarding PLA-based membranes (Figure 7c), all the samples
exhibit fast and overall homogeneous absorption kinetics. In
particular, PLA/CHF reference sample achieves approximately 80 %
of its final absorption capacity within the first 35-40 s, while the
final plateau is achieved within about 55-60 s. A very similar
behavior is observed for PLA/Ac100, which achieves about 80 %
absorption within a comparable time interval (=40 s) and shows a
similar time to final saturation. PLA/AcEt9010 also displays com-
parable kinetics, reaching approximately 80 % of the absorbed
weight within the first 40 s and achieving the final plateau within
about 60 s. PLA/AcW9505 is characterized by a slightly faster ab-
sorption kinetics: in this case, approximately 80 % of the final
absorption is achieved within the first 30 s, while the saturation
plateau is established within about 45-50 s. This behaviour is
consistent with the morphological features discussed above; in
particular, the presence of thinner fibers and a more open fibrous
network, which reasonably promote faster oil imbibition through
capillary mechanisms.

The behavior of PCL-based membranes (Figure 7d) is more
heterogeneous. Systems characterized by a predominantly fibrous
and relatively uniform structure, namely PCL/DCM, PCL/AcEt8020,
and PCL/AcW9505, exhibit rapid absorption kinetics, reaching
approximately 80 % of the final absorption capacity within the first
35-40 s. In these cases, the saturation plateau is achieved in a time
range of about 50-60 s.

In contrast, systems characterized by more heterogeneous and
multimodal fibrous structures, such as PCL/AcEt9505 and PCL/
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Figure 7. Absorption capacity of PLA a) and PCL b) membranes in exhaust motor oil and olive oil and photo that illustrate the oil spill removal test using the membranes,
demonstrating their oleophilic behavior and practical applicability in oil-clean-up processes, oil spill clean-up photogram sequence of olive and exha motor oil a’), b’) respectively,
time-dependent oil absorption kinetics ¢ for PLA-based c) and PCL-based d) membranes, measured using exhaust motor oil, showing the evolution of absorbed oil as a function
of time until saturation, oil-to-water selectivity index of PLA-based membranes, calculated as the ratio between oil and water absorption capacities e) and Oil-to-water selectivity
index of PCL-based membranes f).
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Figure 9. Morphological structure of PLA and PCL based membranes after (a) oil spill clean-up and (b) after the fifth absorption/desorption cycle.

Table 6

Comparison of the absorption capacity of PLA or PCL fibrous membranes produced using conventional and potentially carcinogenic solvent systems versus the green solvent

systems proposed in this work.

Based Materials Process Solvent System Fillers Absorption Capacity (g/g) References
PLA 1 Electrospinning CHF/DMF AKD 15 [74]

PLA 2 Electrospinning DCM - 27 [75]

PLA 3 Wet-electrospinning CHF/Ac PEO 25 [9]

PLA 4 Electrospinning TCM/DMSO LDH AgGB 20 [76]

PCL1 Electrospinning CHF - 12 [77]

PCL2 Electrospinning DCM/DMF - 30 [78]

PCL3 Wet-electrospinning DCM/Et Graphene Oxide 28 [79]

PCL This work Electrospinning Ac/Et- Ac/W - 25-28 This work
PLA This work Electrospinning Ac/Et- Ac/lW - 25-28 This work

AcW9010, show slightly slower absorption kinetics. For both
samples, approximately 80 % of the final absorption is achieved
within the first 50 s. However, the final saturation plateau is
observed at longer times, namely around 60 s for PCL/AcEt9505
and up to about 110 s for PCL/AcW9010. This behaviour can be
likely attributed to the presence of less uniform structures and
aggregates, which slow down the oil imbibition dynamics within
the fibrous network.

The oil-to-water selectivity indices reported in Figures 7e and
7f further confirm the strong preferential affinity of all membranes
toward oil with respect to water. All systems exhibit high selec-
tivity values, indicating negligible water uptake compared to oil

13

absorption, regardless of the polymer type or solvent system
employed.

Overall, the selectivity indices remain consistently high across
all samples, demonstrating that the adoption of green solvent
systems does not compromise oil/water selectivity. In some cases,
even slightly enhanced selectivity is observed, confirming that
solvent substitution does not adversely affect the surface affinity
of the membranes.

These results clearly demonstrate that the membranes behave
as selective oil sorbents rather than non-selective sponge-like
materials, fulfilling a key requirement for realistic oil spill clean-up
applications [57, 72, 73].
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Figure 10. Absorption capacities of PLA and PCL-based membranes obtained in this work compared with reference literature studies, plotted against publication year.

To evaluate the reusability of the membranes, used motor oil
was selected as the reference contaminant, since it represents a
more complex material to capture and remove compared to
vegetable oils. This choice allowed testing the performance of the
materials under more realistic conditions, highlighting their actual
robustness in application.

Figure 8 reports the evolution of the absorption capacity over
five consecutive absorption-desorption cycles.

For both PLA systems (Fig 8a) and PCL systems (figure 8b). The
results show that, for all the systems analyzed, the absorption ca-
pacity remained almost stable during the first cycles, with a pro-
gressive reduction starting from the third/fourth cycle. Consistently
with what has been reported in the literature [9], a more pro-
nounced decline was observed around the fifth cycle, indicating
progressive fiber saturation and partial loss of the original structure.

This behaviour indicate that membranes produced with benign
solvents are not only comparable to those obtained with hazard-
ous solvents at their first use but also exhibit good structural
resistance upon reuse, confirming their suitability for environ-
mental remediation.

After evaluating the absorption performance over multiple
cycles, it was necessary to verify whether the repeated use affected
the structural integrity of the membranes.

Figure 9 shows the SEM micrographs of PLA and PCL based
membranes after the first oil spill clean-up test (Fig. 9a) and
following the fifth absorption-desorption cycle (Fig. 9b). The im-
ages reveal that the fibrous structures maintained their
morphology, with no significant changes in fiber diameter, shape,
or surface texture, and no evidence of breakage or fusion. The
observed morphological across all samples indicates a high resis-
tance to degradation and confirms the robustness and reproduc-
ibility of the fabrication process. These results demonstrate that
the membranes preserve their performance relevant architecture
even after multiple use and washing cycles, supporting their
suitability for repeated environmental remediation processes.

Since the systems maintained good structural stability and
satisfactory performance in terms of both mechanics and func-
tionality, it is worth comparing the results obtained with other
systems already reported in the literature.

Table 6 reports the main processing parameters and oil ab-
sorption capacities of electrospun PLA and PCL based membranes
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from previous studies, whereas Figure 10 shows the comparison
with the membranes developed in this work.

Although many of the reported systems were produced using
hazardous and non-sustainable solvents such as chloroform,
dichloromethane, or trichloromethane, and were often enhanced
with nanofillers or hydrophobic additives to improve oil affinity,
their absorption capacities generally range between 15 and 30 g/g.

In contrast, the green-solvent-based membranes developed in
this study achieved an absorption capacity of 25-28 g/g for both PLA
and PCL, demonstrating that sustainable fabrication routes can
deliver comparable or even superior performance without relying
on hazardous solvents or additional chemical modifications.

Beyond performance aspects, it is also useful to reflect on
sustainability. Without entering into the details of a full LCA, data
available in the literature indicate that chlorinated solvents such as
chloroform present a significantly higher cumulative energy de-
mand (CED), exceeding 100 M]J/kg, together with a well-
documented environmental and health impact, and are classified
as potentially carcinogenic under European regulations.

In contrast, acetone, used here as a green acceptable alterna-
tive, has a lower CED (approximately 60-70 M]/kg), is readily
biodegradable, and is not classified as carcinogenic. This simple
qualitative comparison highlights how the replacement of con-
ventional solvents with green alternatives can lead not only to a
reduction of health risks but also to a concrete decrease in the
energy and environmental footprint of the process.

Finally, safety aspects should be emphasized. In particular, the
use of chlorinated solvents such as chloroform and dichloro-
methane requires strict containment measures in both laboratory
and industrial settings (fume hoods, personal protective equip-
ment, dedicated disposal procedures), which entail high costs and
significant risks for operators. The adoption of solvents such as
acetone, ethanol, and water substantially reduces these con-
straints, allowing safer and more sustainable process management
and enhancing the acceptability of the method in both academic
and industrial contexts.

4. Conclusions

This study was motivated by the aim of assessing the possibility
of replacing hazardous solvents traditionally employed for the
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electrospinning of widely used polymers such as PLA and PCL with
more sustainable alternatives, thereby laying the groundwork for
overcoming the techno-scientific lock-in of the solution electro-
spinning process.

The preliminary analysis of thermodynamic compatibility, fol-
lowed by the experimental evaluation of the solutions, enabled the
identification of green solvent systems capable of ensuring sta-
bility and processability during electrospinning, without the need
to modify the process parameters commonly adopted in both
scientific and industrial contexts.

In this context, the proposed approach inherently addresses
several of the principles of green membrane materials and pro-
cesses, particularly those related to the use of benign solvents,
process safety, energy efficiency, and compatibility with scalable
manufacturing routes [41].

The resulting membranes exhibited morphological, mechani-
cal, and functional properties fully comparable, and in some cases
even superior, to those prepared with the hazardous reference
solvents, thus confirming the feasibility of replacing CHF and DCM
without significant compromises in performance.

Overall, the results clearly demonstrate that it is realistic to
begin considering the overcoming of the techno-scientific lock-in
in polymer electrospinning, with evident benefits in terms of
reduced production costs, lower environmental impact, and, most
importantly, enhanced safety for both operators and end users.
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