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ARTICLE INFO ABSTRACT

Keywords: Electrospun nanofibers are increasingly used in environmental applications, particularly for water remediation,
Adsomﬁ“’n but their sustainability is limited by the reliance on toxic organic solvents. This study investigates the electro-
Bromelain o spinning of a blended solution of whey protein fibrils (WPF), a residual by-product of the dairy industry, and
I(\;J;e()nﬁziztrospmmng polycaprolactone (PCL), using bromelain hydrolysis and green solvents to obtain nanofibers for the removal of

lead (Pb) from water. Defect-free nanofibers with mean diameter of 97 nm were synthesized by optimization of
polymer solution parameters and electrospinning conditions, with solution viscosity as a means to predict
spinnability via the entanglement concentration. FT-IR, SEM-EDX, XRD and XPS analyses revealed that WPF/PCL
fibers are rich in amine, amide, and oxygenated functional groups, facilitating lead adsorption through chemical
complexation and physical interactions. Kinetic studies revealed that the pseudo-second-order model was the
best fit for experimental data, with an equilibrium time of 4 h. Adsorption isotherms showed that the experi-
mental data followed the Langmuir model, with a maximum adsorption capacity of 0.35 mmol g~!, while the
thermodynamic analysis established the endothermicity of the adsorption. These results highlight the potential of
whey protein and green electrospinning to produce nanofibers for heavy metal removal from water without a
complex and environmentally harmful production process.

Whey protein

1. Introduction

Despite global efforts to manage water resources safely, increasing
water demand from industrialization and urbanization continues to
strain water quality, especially in lower-income countries with inade-
quate wastewater treatment infrastructure for emerging contaminants
such as pharmaceuticals, microplastics, and heavy metals (HMs)
(Acosta-Gonzalez et al., 2025; UNESCO, 2024). Among these, HMs are of
significant concern due to their ability to bioaccumulate in different
organisms and potential for biomagnification (Biedunkova and Kuz-
nietsov, 2025). Lead (Pb) is recognized as a priority heavy metal by the
World Health Organization (WHO) because of its acute toxicity and
extensive use in anthropogenic activities, which can lead to disruptions
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in the neurological, reproductive and cardiovascular systems (Collin
etal., 2022; Saisree et al., 2025). Efforts to mitigate Pb pollution include
development of improved technologies such as adsorption, valued for its
high efficiency and simplicity (Liang et al., 2022). Traditional adsor-
bents suffer from high production and regeneration costs, complex
pretreatment, and poor scalability, especially as the majority of adsor-
bents reported in the literature are used as powders (Du et al., 2024). As
such, there is a need to develop sustainable and inexpensive materials
with high adsorption properties.

Electrospun fibers have recently emerged as a promising approach
for water treatment, as they overcome the main drawbacks of powdered
adsorbents and enable higher flux rates in continuous adsorption pro-
cesses (Mohamed et al, 2025). Electrospinning is an
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electrohydrodynamic process in which a polymer solution is subjected
to an electric field induced by a high-voltage power supply. At critical
voltage, the electrostatic forces of the droplet overcome its stabilizing
surface tension, leading to ejection of the solution in the form of a Taylor
cone. As the jet is attracted and further stretched to a grounded metal
collector, the solvent gradually evaporates, and ultrafine dry solidified
fibers are deposited (Kutzli et al., 2019; Zhu et al., 2021). Successful
spinning of fibers with no defects, e.g. beads, droplets, or ribbon-like
structures, depends on several interrelated variables: environmental
parameters, equipment operating parameters (applied voltage, solution
flow rate, and distance from tip to collector), and solution parameters
(solution viscosity, conductivity, surface tension, and solvent polarity).
Molecular interactions between the polymer and solvent, expressed by
the parameters of the solution, have been proven by several authors as
the driving factor behind the electrostatic and fluid dynamics forces
governing the morphology and structure of electrospun fibers (Chen
et al., 2025; Munawar et al., 2025). Indeed, while the selected polymer
must allow sufficient chain interactions to form an “entangled regime”
(Wilk, 2021), the solvent must ensure a low solubility parameter dis-
tance (Behroozi et al., 2023), low conductivity, and high volatility
(Rostami et al., 2023), which has led high-molecular-weight petroleum-
derived polymers and volatile organic solvents as the templates for
electrospinning. However, this system can compromise the safety and
sustainability of the process due to the carbon footprint of the polymer
and toxicity and disposal issues associated with the solvent (Wang et al.,
2024).

Natural biopolymers have garnered attention as sustainable alter-
natives to synthetic polymers owing to their availability and biode-
gradability (Perez-Puyana et al., 2025). Whey protein is a particularly
attractive biopolymer due to its functional properties, high amino acid
profile, and low cost, as it is an abundant by-product of cheese pro-
duction often discharged to water bodies without treatment (Ali et al.,
2023; Li et al., 2025). According to FAO (2025), international trade in
cheese reached 3.7 million tons in 2024, thus generating almost 167
million m® of whey, considering a production rate of 9 L of whey per kg
of cheese. Whey management strategies are particularly lacking in
developing-countries, with reports claiming around 50% of whey vol-
ume is discarded, resulting in changes in soil structure and eutrophica-
tion in water systems (Casallas-Ojeda et al., 2024; Uribe-Velazquez
et al., 2025). As such, whey can be repurposed via different valorization
processes and contribute to the circular economy concept, notably as a
precursor for the development of bio-adsorbents for HMs remediation.
Indeed, several authors have reported the metal binding capacities of
whey proteins, namely f-lactoglobulin (-Lg) and a-lactalbumin (a-La),
due to their richness in functional groups that serve as active sites for
HMs (Soon et al., 2022; Zhu et al., 2021). However, their globular
conformation and weak intermolecular interactions inhibit sufficient
chain entanglements and charge accumulation, leading to larger ag-
gregates or droplets, a characteristic of electrospraying rather than
electrospinning (Drosou et al., 2018; Wilk, 2021). The spinnability of
this protein can be improved through protein denaturation or blending
with complementary spinnable polymers, as shown by Ramirez-Rodri-
guez et al. (2023), who obtained electrospun nanofibers using a 18 wt%
whey protein-polycaprolactone (PCL) solution in tetrahydrofuran (THF)
and N,N-dimethylformamide (DMF). These organic solvents carry a
considerable environmental footprint that can be reduced by replacing
them with benign options, such as methanol, ethanol, acetic acid (AA),
or formic acid (FA), classified as green solvents by the environmental,
health, and safety (EHS) indicator and the life-cycle assessment (LCA)
method, exemplifying the promise of green electrospinning (Avossa
et al., 2022). Similarly, replacing toxic denaturation agents, such as
f-mercaptoethanol (p-Me), with naturally derived sources that disrupt
the globular nature of proteins can further enhance the sustainability
and safety of the electrospinning process. For instance, tannic acid has
been showed to modulate oat protein structure to form amyloid fibrils
for quercetin encapsulation (Xu et al., 2025), while Fu et al. (2025)
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reported that bromelain, a cysteine endopeptidase, promotes the for-
mation of fibrillar aggregates of quinoa protein. Relative to other
fibrillation inducers, an added benefit of bromelain is that it can be
extracted and isolated from pineapple residues (Li et al., 2021).

This study reports the development of nanofibers produced by green
electrospinning of different blends of whey protein fibrils (WPF) and
polycaprolactone. To the best of our knowledge, to date no studies have
reported the fibrillation of whey proteins using bromelain, nor the
successful spinning of these polymers in green solvents. The nanofibers
exhibiting the most uniform morphology and smallest diameter were
selected for the investigation of Pb removal from water. Therefore, this
work aims to bridge the gap in green electrospinning of biopolymers
such as whey protein for remediation applications, while promoting
sustainable adsorbent design by coupling waste valorization, safer pro-
cessing conditions with reduced solvent hazard, and effective heavy
metal removal from water.

2. Experimental
2.1. Materials

The materials and reagents used in this study, along with their
sources, are listed in the supplementary material (Section S1.1).

2.2. Engymatic hydrolysis with bromelain

To perform enzymatic hydrolysis, whey protein isolate (WPI) was
dissolved into a 100 mM phosphate-buffered saline (PBS) solution at pH
7.0 and incubated at 50 °C for 10 min in a thermostatic shaker (New
Brunswick Scientific Innova 42, USA) at 150 rpm. Temperature and pH
conditions were used in accordance with previous studies related to
optimal bromelain activity on several substrates, including whey protein
(Corzo et al., 2012; Du et al., 2022; Li et al., 2021; Ricaurte et al., 2020).
The enzyme-to-substrate volume ratio was maintained at 0.02 wt/vol%.
The reaction was conducted at 50 °C for another 40 min and thereafter
adjusted to ~pH 1.1 by adding 0.1 M HNOs to stop further denaturation.
Samples were then lyophilized and stored at —4 °C until subsequent use.

2.3. Characterization of enzymatic-denatured whey protein

The proteolytic activity of crude bromelain on whey protein was
determined according to Cupp-Enyard (2008). Briefly, bromelain was
incorporated in a 100 mM PBS solution containing 0.65 wt/vol% WPI
and incubated at process conditions mentioned in Section 2.2. Aliquots
(2 mL) of the supernatant were mixed with 5 mL of 0.5 M NayCO3 and 1
mL of Folin’s reagent, mixed with vortex and incubated again at 37 °C
for 30 min. Absorbance of samples was measured at 655 nm using a
spectrophotometer (BioRad iMark Microplate Reader, USA). Bromelain
activity was calculated using eq. S1 (Section S1.2 of the supplementary
material). Fibrillation of enzymatic-denatured whey was validated by
the Congo red (CR) binding assay, as reported by Yang et al. (2023).

2.4. Preparation of electrospinning solutions and electrospinning
conditions

A solvent mixture of formic acid and acetic acid was prepared at a
mixing ratio of 2:3 (v/v) to obtain the electrospinning solutions. Cor-
responding amounts of WPF powder and PCL were dissolved in 25 mL of
solvent and stirred at room temperature (RT) at 400 rpm for 2 h,
ensuring a transparent solution. Composite fibers were obtained using
an electrospinning equipment (Bioinicia Fluidnatek LE-10, Spain) at RT,
relative humidity of 30%, flow rate of 3 mL h™! set on a 10 mL plastic
syringe and a high-voltage supply in the range of 15-20 kV. Solutions
mass loadings (WPF and PCL concentrations) and tip-to-collector dis-
tance were assessed as independent factors of a Box-Behnken experi-
mental design to optimize fiber formation, as shown in Table 1.
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Table 1
Independent variables and levels used in the Box-Behnken experimental design.
Coded values Independent variables Levels
-1 0 +1
X1 WPF concentration (wt%) 2 4 6
X2 PCL concentration (wt%) 1 2 3
X3 Collector distance (cm) 5 9 13

2.5. Solution and nanofiber characterization

Apparent viscosity, surface tension, and electrical conductivity of
electrospinning solutions were measured as described in Section S1.3 of
the supplementary material. All measurements were performed in trip-
licate using different samples to ensure accuracy. Fiber morphology was
observed by scanning electron microscopy (SEM) using a high-
resolution microscope (TESCAN LYRA3, Czech Republic) with an ac-
celeration voltage of 10 kV. For each image, at least 100 different fibers
were randomly selected and measured using the ImageJ software, so
that mean diameter was reported from 3 images per run. Along with the
SEM observation, fibers were subjected to energy-dispersive X-ray
spectroscopy (EDX) to determine their elemental composition.

2.6. Optimal nanofiber characterization

The physico-chemical properties of WPF/PCL fibers were analyzed
using Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), nitrogen physisorption measurements, and X-ray photoelectron
spectroscopy (XPS). The pH at the point of zero charge (pHp,c) was
determined via the salt addition method, while the water contact angle
was assessed via the sessile drop method. Detailed characterization
procedures are provided in Section S1.4 of the supplementary material.

2.7. Batch adsorption experiments

Lead removal performance of WPF/PCL nanofibers was evaluated
using aqueous solutions of Pb?t by batch experiments under various
operational conditions, such as solution pH, initial adsorbate concen-
tration, contact time, and temperature. The electrospun adsorbent was
added to the adsorbate solution at a dosage (AD) of 4 g L~ ! and stirred at
180 rpm using a thermostatic shaker (LabTech LSB-0155, Korea). The
heavy metal concentration in the liquid phase was determined by atomic
absorption spectroscopy (Thermo Fisher Scientific iCE 3000, Germany).
The adsorption capacity was calculated using the following mass bal-
ance equation (Eq. 1):

q = M’ 6
mg

Where Cp and C, are the initial and equilibrium concentrations of
Pb%* (mmolL™Y), respectively; V is the solution volume (L); and mj is the
WPF/PCL adsorbent mass (g) used in the experiments. Solution pH that
favored the best adsorbent performance (i.e., pH 5) was used to analyze
the prepared composite’s adsorption equilibrium time and maximum
adsorption capacity. All adsorption experiments were performed in
triplicate, including a blank to ensure data reproducibility.

2.7.1. Adsorption kinetics

For kinetic experiments, two initial P concentrations were eval-
uated (0.72 and 1.69 mmol L™1) at pH 5 and 30 °C. Samples were
withdrawn from the thermal bath at specified time intervals (0.5-24 h).
The pseudo-first order (PFO), pseudo-second order (PSO), and Elovich
models (Table S1) were employed to calculate the adsorption kinetic
constants and to model the experimental data. Data correlation was
explored via non-linear regression analysis using the determination
coefficient (RZ) and root mean squared error (RMSE).

b2+
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2.7.2. Adsorption isotherms

For the adsorption equilibrium study, initial P concentrations of
0.27-5.34 mmol L™ were used to quantify the isotherms at 20 and
30 °C, respectively. Experimental data were assessed with two-
parameter (Langmuir, Freundlich, and Dubinin-Radushkevich) and
three-parameter (Sips, Redlich-Peterson, and Toth) theoretical isotherm
models (Table S2). Model suitability was evaluated as described for the
kinetic experiments.

b2+

2.8. Statistical analysis

A response surface methodology (RSM) was applied for the experi-
mental design described in Section 2.4 using the software Design-Expert
version 10 (Stat-Ease Inc., USA). The data were analyzed using multiple
regressions with the least squares method, and R? and lack-of-fit values
determined the model fit. A t-test was conducted to determine the dif-
ferences between treatments.

3. Results and discussion
3.1. Effect of bromelain on WPI

Proteolytic activity of stem bromelain determined with whey protein
was significantly higher than with gelatin (control) (Fig. S1a), mainly
due to higher content of aromatic and hydrophobic amino acids of WPI
(Rout et al., 2024). The control was also used to validate the theoretical
activity of the enzyme (1200 GDU), showing only a 20% activity loss.
Moreover, this assay was conducted on WPI with B-Me instead of
bromelain, as it is a reducing agent that cleaves disulfide bonds and
disrupts the quaternary structure of proteins (Nguyen et al., 2012). As
seen in Fig. Sla, the amount of tyrosine equivalents released from WPI
treated with p-Me (4.0+0.0 U mL’l) was comparable to that of WPI
treated with bromelain (3.4+0.1 U mL™Y). This may be due to the
similar mechanisms of both denaturation agents, which are based on
thiol interactions within peptide bonds (Bustamante et al., 2022; Li
et al., 2021). However, bromelain has the advantages of bioavailability
and non-toxicity, as f-Me can be toxic if inhaled or ingested (Foroumadi
and Saeedi, 2014). These results suggest that enzymatic hydrolysis with
bromelain induce the generation of protein aggregates that are prone to
B-sheet stacking and subsequent fibrillation (Aceituno-Medina et al.,
2013). Indeed, presence of fibrils was confirmed by Congo red absorp-
tion spectra in the WPI treated with bromelain (WPF), as observed via
the increase of intensity and the redshift from the CR peak at 490 nm to
510 nm (Fig. S1b) (Yang et al., 2023). These results are in line with the
work of Fu et al. (2025), who reported enzyme denaturation of quinoa
protein, which has a similar amino acid profile compared to whey
(Dakhili et al., 2019). As such, this study highlights the potential of
bromelain to induce fibrillation, providing a novel approach to obtain
whey fibrils for different applications.

3.2. Characterization of electrospinning solutions

Surface tension remained almost constant for the different mass
loadings of WPF and PCL, with total polymer concentration having no
significant effect (p<0.05). However, increasing the whey fibrils content
from 2 to 6 wt% and increasing the PCL content from 1 to 3 wt% led to
lower surface tension values (Table 2). This trend aligns with the results
reported by Ali et al. (2023) and Saghaee et al. (2025), who noted the
decrement of surface tension with increasing protein content in whey
blended with different co-spinning polymers (polyvinyl alcohol and
pullulan). The lower surface tension can be attributed to partial
unfolding of whey proteins from the bromelain treatment, favoring the
exposure and migration of hydrophobic groups to the solution’s surface
(Stie et al., 2022). A higher mass ratio of PCL also led to greater solution
hydrophobicity due to its ester group. Moreover, the behavior of this
solution parameter can be related to a high polymer-solvent affinity and
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Table 2
Surface tension, electrical conductivity, apparent viscosity at a shear rate of 50 s
protein fibrils (WPF) and polycaprolactone (PCL).

-1
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, and power law indices K and n of electrospinning solutions prepared from whey

Sample  WPF:PCLratio (% w/  Surface tension (nN/  Electrical conductivity (mS/ Apparent viscosity K (Pas™) n R? RMSE
w) m) cm) (mPa-s)

A 0:0 30.82 + 0.01% 0.12 + 0.00% 1.76 + 0.51° 0.002 + 0.94 + >0.99  0.00
B 2:1 31.19 + 0.05" 0.76 + 0.01° 7.85 + 0.96" 0.000? 0.00° 1.00 0.00
[¢ 2:2 31.12 + 0.04° 0.67 + 0.02¢ 16.69 + 1.24%¢ 0.007 + 1.01 + 1.00 0.00
D 2:3 30.78 + 0.03% 0.55 + 0.00¢ 29.52 + 2.23° 0.000" 0.00° 1.00 0.00
E 41 31.14 + 0.02° 1.15 + 0.01° 11.88 + 0.93° 0.017 + 1.00 + 1.00 0.00
F 4:2 31.02 + 0.06" 1.09 + 0.01f 19.24 + 2.619% 0.000° 0.00° 1.00 0.00
G 4:3 30.83 + 0.04% 0.90 + 0.018 45.16 + 2.218 0.028 + 0.99 + 1.00 0.00
H 6:1 31.14 + 0.10° 1.53 + 0.01" 23.28 + 1.98¢ 0.000¢ 0.00° 1.00 0.00
I 6:2 30.98 + 0.01° 1.40 + 0.02! 36.52 + 1.69° 0.011 + 1.00 + 1.00 0.00
J 6:3 30.80 + 0.03% 1.39 + 0.01' 94.74 + 3.07" 0.000° 0.00° >0.99  0.01

0.024 + 0.98 +

0.000f 0.00°

0.048 + 0.97 +

0.0008 0.00¢

0.020 + 0.98 +

0.000" 0.00°

0.042 + 0.94 +

0.000' 0.00?

0.151 + 0.87 +

0.001 0.00°

Results expressed as the mean+standard deviation of three independent experiments. Different letters indicate significant difference (p<0.05) between samples.
Abbreviations: K, consistency index; n, flow behavior index; R?, determination coefficient; RMSE, root mean square error.

compatibility between polymers (Wu et al., 2023).

As shown in Table 2, the electrical conductivity increased signifi-
cantly (p<0.05) with increasing mass concentration, particularly for
whey protein, which achieved the highest conductivity range of
1400-1550 pS/cm for solutions containing 6 wt% of WPF. This aligns
with the findings from Kutzli et al. (2019) and (Zhao et al., 2023). Whey
proteins possess carboxylic and amine groups that can be positively
charged when the solution pH is lower than their isoelectric point (~5.0)
(Aman mohammadi et al., 2019). Herein, the solvent blend of formic
and acetic acid is not only crucial for the proper solvation of polymer
molecules, but also for maintaining an acidic medium (pH=2.5), where
protonation of whey proteins enhances the solution’s conductivity.
Conversely, increasing the proportion of PCL resulted in an overall
decrease in electrical conductivity due to its molecular interaction with
WPF; the weaker ionic nature of PCL diminished the polyelectrolyte
properties of protein fibrils (Ali et al., 2023).

Apparent viscosity exhibited a similar trend; increasing the solids
concentration in the blend formulation resulted in significantly more
viscous solutions (p<0.05), with PCL demonstrating a more pronounced
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Fig. 1. Apparent viscosities of WPF:PCL blend solutions at different mass
loadings as a function of shear rate.

effect on viscosity than WPF. As illustrated in Fig. 1, all samples
exhibited shear rate dependence, as the viscosity decreased with
increasing shear rate, which is characteristic of a non-Newtonian pseu-
doplastic fluid. Shear thinning behavior was confirmed with the rheo-
logical parameters obtained by fitting the power-law model to the
experimental data (R2 >0.99), as presented in Table 2. The flow index of
solutions with a total solids concentration below 5 wt% did not change
significantly. In contrast, the power-law n value of solutions with higher
polymer concentrations decreased significantly (p<0.05), from 0.98 for
sample F to 0.87 for sample J, suggesting that TDS>6 wt% leads to so-
lutions more susceptible to shear stress. On the other hand, the consis-
tency coefficient of these samples (F-J) increased significantly, reflecting
a greater extent of intermolecular interactions, unfolding of whey pro-
teins, chain entanglements, and formation of new molecular networks
(Saghaee et al., 2025). Therefore, the combination of 2 wt% of WPF and
2 wt% of PCL can be regarded as the entanglement concentration (Cetg)
(Fig. S2); production of uniform fibers requires that the solution con-
centration to be approximately 1.2-2.0 times the entanglement con-
centration (Perez-Puyana et al., 2025). Based on this, a total polymer
concentration of 5 wt% should represent a good starting point for
achieving uniform spinnability.

3.3. Correlation of solution properties with morphology of fibers

Solutions of whey proteins, whether in their native or denatured
state, did not yield fibers under any set of process conditions, even at the
highest possible voltage applied (25 kV). The behavior of the solution
during electrospinning was characterized by droplet collapse at the
needle tip and jet breakage in the Taylor cone, leading to the deposition
of deformed droplets on the collector (Fig. S3). The lack of spinnability
of native whey can be attributed to the closely-packed globular structure
of its main proteins, which do not promote sufficient polymer in-
teractions (Zhang et al., 2023). Even after hydrolysis and disruption of
polypeptide chains of WP, the entanglement regime is not achieved due
to its low molecular weight (p-Lg: 17 kDa, a-La: 14 kDa) compared to
other spinnable polymers (MW>30 kDa) (Avossa et al., 2022).

In contrast, different morphologies were obtained with the inclusion
of PCL at different polymer mass ratios and tip-collector distances, as
shown in their respective SEM images (Fig. 2). Sprayed particles were
generated at WPF-to-PCL mass ratios of 2:1 (run 1) and 4:1 (runs 2 and
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Fig. 2. SEM images of electrospun WPF:PCL solutions at different concentrations and tip-collector distances according to Box-Behnken experimental design runs

(1-15). All images share the same scale bar: 2 pm.

10), regardless of collector distance. These defects were ascribed to the
physical properties of the solutions, because they presented the highest
surface tension values and lowest viscosities (Table 2). This high surface
tension may overcome the electrostatic forces, and with low viscoelas-
ticity, the Rayleigh instability is not suppressed, preventing the forma-
tion of continuous fibers (Rostamabadi et al., 2020). An increase in the
PCL concentration to 2 wt% led to the formation of droplets with tiny
fibers due to increased viscosity (runs 11, 14 and 15), generating enough
stress to stretch the solution in the electric field (Behroozi et al., 2023).
Fibers with web-like patterns and flattened spots emerged at 2:2 WPF:
PCL mass ratio spun at a distance of 5 cm (run 8/solution C), which
confirms that Cetg can be used to predict spinnability of polymer solu-
tions, despite the presence of some defects. This solution was also spun
at a larger tip-to-collector distance (13 cm, run 9), obtaining beaded
defects. These differences in morphology indicate that an insufficient jet
flight duration exists at shorter distances to allow for solvent evapora-
tion, whereas longer distances reduce the forces stabilizing the jet
(Refate et al., 2023). Conversely, the WPF:PCL blend at a proportion of
6:1 (run 13) yielded beaded fibers, even though its concentration was
higher than the entanglement concentration mentioned in Section 3.2.
The high conductivity of this solution (1530 pS/cm) can explain this
behavior, as it leads to a higher charge density in the Taylor cone, which
breaks up the jet into a polydisperse spray. High-conductivity solutions
are often preferred in this field because they encourage greater elon-
gation of the jet along its axis, thereby producing finer electrospun mats.
However, if the conductivity is too high, the solution becomes unstable
and forms heterogenous structures (Soleimanifar et al., 2020; Zhao
et al., 2023), as observed in this study.

Clear fibers started to appear in the composite morphology when the
solution viscosity was higher than 23 mPa-s (runs 3, 4, 5, 6, 7, and 12),
as in the blends with mass concentrations above the Ceg, as predicted in
Section 3.2. At a PCL solution concentration of 3 wt%, the electrospun
material obtained had relatively well-distributed, continuous and

beadless fibers. In these samples, increasing the concentration of WPF
resulted in a reduction of spindle-like structures and formation of more
homogeneous linear fibers, although with a more ribbon-like structure.
This can be associated with the lower viscosity of the 2:3 and 4:3 WPF:
PCL mass ratios (solutions D and G, respectively), as they had insuffi-
cient molecular entanglement to complete jet stretching (Saghaee et al.,
2025). The significantly higher shear-thinning behavior of the 6:3 blend
(power-law n values from Table 2) also favors jet initiation and
stretching of this solution into more uniform fibers at the shear rate of
the Taylor cone, approximately 800 to 1200 s7! (Lv et al., 2025).
Moreover, its higher conductivity means that this solution could carry
more electric charge and thus reduce the collected fibers diameters
(Chen et al., 2025). The non-significant differences in the surface tension
values of these precursor blends implied that viscoelastic and electro-
static forces overcame the cohesive forces of the solutions and primarily
control fiber morphology, which was confirmed by the changes in mean
diameter observed in Table 3.

Our results align with those of Lv et al. (2025) and Ayazi et al.
(2024), emphasizing the importance of solution parameters in predict-
ing morphological properties. Other studies investigating the spinn-
ability of whey proteins with other co-spinning polymers (Ahmed et al.,
2016; Kutzli et al., 2019; Zhong et al., 2018) found comparable average
diameters ranging from 100 to 400 nm, along with a correlation be-
tween solution properties and morphology. However, in this study, this
biopolymer could be spined without the use of any organic solvent,
partly because of the enzymatic pretreatment of bromelain, as discussed
in Section 3.1. Indeed, without denaturation the viscosity at 50 s~ of a
6:3 blend of WPI and PCL was 129.6+4.2 mPa-s, 30% higher than the
viscosity of the same solution with whey fibrils, which did not even form
the Taylor cone and only resulted in broken droplets. In general, all
electrospun mats depicted smooth surfaces, which indicated suitable
interactions between WPF and PCL, along with a strong affinity between
the blend of polymers and the solvent used (Wu et al., 2023).
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Table 3
Mean fiber diameter for each Box-Behnken experimental design run.
Runs Independent variables Response
A (Wt%) B (Wt%) C (cm) FD (nm)

1 2 1 9 907
2 4 1 13 685
3 6 3 9 90
4 6 2 5 223
5 4 3 5 139
6 2 3 9 93
7 6 2 13 218
8 2 2 5 144
9 2 2 13 838
10 4 1 5 813
11 4 2 9 885
12 4 3 13 109
13 6 1 9 482
14 4 2 9 910
15 4 2 9 890

A: WPF concentration, B: PCL concentration, C: Tip-collector distance, FD: Mean
fiber diameter.

Response variable results of the Box-Behnken experimental design
are presented in Table 3, with fibers having diameters ranging between
90 and 910 nm. The smallest diameter (90 nm) was achieved in sample
3, with a concentration of 6 and 3 wt% of whey protein and PCL,
respectively, and a tip-collector distance of 9 cm. ANOVA results
(Table S3) showed that PCL concentration had the most significant
impact on the nanofiber diameter (p<0.01). This finding aligns with the
relationship between precursor solutions’ viscosity and PCL concentra-
tion discussed in Section 3.2. Conversely, variations in WPF concen-
tration and collector distance did not significantly affect the fiber
diameter (p>0.05). da Mata et al. (2022) reported a similar behavior
when spinning a blend of chitosan and polyvinyl alcohol, which high-
lights both the effect of a co-spinnable polymer in green electrospinning
and the importance of solution parameters as a means to predict fibers
diameter. The determination coefficient (R2:0.94) and adjusted deter-
mination coefficient (Rﬁdj:0.84) of the fiber diameter model suggested a
satisfactory fit of the experimental data with a second-order polynomial
equation (Eq. 2). Moreover, the regression model was statistically sig-
nificant (p<0.01) with a non-significant lack of fit (p>0.05), which
implies good fitness and adequate representation of the data.

FD(nm) =861.8 —115.4A — 311.6B+66.3C+117.2AB —174.7AC
+24.4BC — 279.2A* — 198.4B% — 226.8C*
2
Finally, the desirability function was used to obtain the optimal condi-

tions for the WPF concentration, PCL concentration, and tip-collector
distance that minimized the fiber diameter, while presenting no de-

Lead adsorption capacity (mmol g")
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fects. The optimal conditions of the electrospinning process, with a
desirability value of 1, were 6 wt% of WPF, 2 wt% of PCL, and 9 cm of
collector distance. At these conditions, the predicted fiber diameter was
103 nm, whereas the validation of the experimental value was 97 nm
(Fig. 3a), showing a relative error of 6%. The optimization criterion was
selected because it has been reported that smaller fibers have a higher
specific surface area (Erben et al., 2021; Ibrahim and Klingner, 2020;
Niu et al., 2019), which is often associated with enhanced adsorption
properties (Prazeres Mazur et al., 2024). Fig. 3b shows that there is an
indirect relationship between fiber diameter and Pb?>* adsorption ca-
pacity at fixed batch conditions (Co=2 mmol L™}, 30 °C, pH 5, AD=4 g
L~1); WPF/PCL nanofibers obtained at the optimal conditions resulted in
the highest Pb removal from water. It is worth mentioning that fibers
produced from PCL alone did not adsorb Pb at any tested conditions,
suggesting that whey fibrils are responsible for the adsorption properties
of the nanofibrous mats. Compared to our previous studies on whey
protein spinnability (Ramirez-Rodriguez et al., 2023, Ramirez-Rodri-
guez et al., 2022), this work demonstrates that uniform nano-scale fibers
can also be obtained without addition of toxic reducing agents (-Me) or
organic solvents (THF and DMF) through bromelain hydrolysis and
green solvents.

3.4. Characterization of optimal WPF/PCL nanofibers

3.4.1. FT-IR analysis

FT-IR analysis was conducted to investigate the presence of func-
tional groups from whey proteins in the blended nanofibers and to
determine the interactions between the pristine precursors (Fig. 4). For
PCL, the asymmetric and symmetric stretching vibrations of aliphatic
—CH,, were observed at 2944 and 2865 cm ™, respectively. The charac-
teristic absorption band of the carbonyl group C=0 appeared at 1725
cm ™!, while a stretch vibration corresponding to C-O and C-C bonds was
observed with the absorption band located at 1294 cm™!. Symmetric
and asymmetric stretching vibrations of C-O-C were observed at 1240
and 1165 cm’l, respectively (Doostmohammadi et al., 2025). The
distinct absorption bands of whey proteins were observed in the primary
and secondary amide regions via the C=0 stretching, with an absorption
band at ~1640 cm ™! ascribed to p-sheet structures, and a band at 1526
cm™! originated from N-H bending and C-N stretching (Gallardo Salas
et al., 2024; Li et al., 2024). In contrast, the broad absorption band at
~3290 cm ™! corresponds to the O-H/N-H stretching vibrations. These
functional bands of PCL and WPF were also observed in the spectrum of
the composite fibers, confirming blending of both materials without the
formation of other phases.

3.4.2. XRD analysis
Fig. 5 illustrates the XRD patterns for WPF, PCL and WPF/PCL
nanofibrous mats. The semicrystalline nature of PCL was identified by
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Fig. 3. (a) SEM image of optimal nanofibers observed at 100kX and (b) correlation between fiber diameter of the DOE runs and lead adsorption capacity. Error bars

represent the standard deviation of two independent experiments.
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Fig. 5. X-ray diffraction patterns of polycaprolactone (PCL), whey protein fi-
brils (WPF) and electrospun hybrid composite (WPF/PCL).

two distinct peaks at 21.2° and 23.6° 20, which align with the (110) and
(200) lattice planes of its orthorhombic form, consistent with literature
values (Abdelrazek et al., 2023; Sowmya and Panda, 2022). The
diffraction pattern of WPF reveals two broad peaks at approximately 9
and 20° 20, signifying the amorphous structure of whey, with the latter
representing the average distance of 4.5 A between B-strands within
proteins (Lai et al., 2024). Our earlier research (Gallardo Salas et al.,
2024), which involved whey proteins’ fibrillation through a traditional
acid-heat treatment, also noted a higher intensity of the second peak.
This corroborates the fact that the cross-p-structure of whey fibrils can
be obtained via enzymatic hydrolysis with bromelain, as observed in the
CR absorption spectra. Following the electrospinning process, the XRD
pattern of the WPF/PCL nanofibers showed characteristic reflections
from both polymers, although with reduced intensities and broader
crystalline peaks. This change can be attributed to the successful inte-
gration of WPF and PCL due to intermolecular interactions (Ali et al.,
2023), along with rapid solvent evaporation during electrospinning due
to effective polymer-solvent affinity and adequate tip-collector distance
(Yang et al., 2025).

3.4.3. XPS analysis

XPS was conducted to analyze the elemental composition and
chemical states of WPF/PCL nanofibers at the surface level. The survey
spectrum (Fig. 6a) showed the characteristic signals of carbon (Cls,

84.2%), nitrogen (N1s, 2.7%) and oxygen (O1s, 13.1%). These results
are consistent with the elemental composition determined from the EDS
spectra (C: 82.7%, N: 2.6%, and 0:14.7%) (Fig. S4) and the findings of
Ramirez-Rodriguez et al. (2023) for this polymer blend, but on a solvent
mixture of THF and DMF, which highlight the potential of green elec-
trospinning. The high resolution scan of Cls depicted four component
peaks (Fig. 6b): (1) a peak at 284.8 eV corresponding to aliphatic C-C
bonds, (2) a peak at 286.2 eV attributed to the C-O bond of PCL or C-N
bond of WPF, (3) a peak at 287.5 eV related to a C=0 bond characteristic
of the chemical structure of PCL (Sivan et al., 2020), and (4) a peak at
288.7 eV corresponding to an O-C=0 bond often observed in whey
proteins (Tong et al., 2023). As shown in Fig. 6¢, the Ols region was
resolved into three peaks: carbonyl (531.7 eV), ether (532.7 eV), and
carboxylic (533.9 eV) species. Finally, the high-resolution N1s spectrum
of the nanofibrous composite (Fig. 6d) presents two peaks positioned at
400.2 and 402.2 eV, attributed to NH; and N-C=0 bonds (Li et al.,
2024), respectively, reflecting the presence of whey proteins on the
backbone chains of PCL.

3.4.4. Surface area

The porous structure of the optimal nanofibers was investigated
using Ng adsorption/desorption isotherms (Fig. S5a). According to the
IUPAC classification, the material displays a type IV isotherm, which is
typical of mesoporous materials where pore condensation occurs after
the initial monolayer-multilayer adsorption (Thommes et al., 2015). The
presence of a hysteresis loop at P/Py=0.93, identified as the H3 form,
suggests that the fibers have pores wider than 4 nm, which is corrobo-
rated by the pore size distribution depicted in Fig. S5b. Type H3 is also
characteristic of non-rigid plate-like pores (Bardestani et al., 2019). The
pore sizes were distributed mainly between 1.84 and 32.06 nm, with a
mean value of 2.00 nm, which aligns with the width range of mesopores
(2-50 nm). The calculated surface area and total pore volume values of
WPF/PCL nanofibrous adsorbent were consistent with results reported
for different electrospun polymers (Table S4). Particularly, the surface
area exhibited herein (2.65 m? g~!) compared to our group’s previous
study on this polymer blend (2.00 m? g~!) by Ramirez-Rodriguez et al.
(2023), demonstrates that using FA:AA instead of organic solvents can
yield fibers with a similar porous structure. The pore width of the
composite (~8 nm) exceeded the ionic radius of lead (0.1 nm), which is
suitable for increasing the adsorption capacity of the investigated ma-
terial due to the improved accessibility of metal ions to the fibers’
mesopores (Osinska, 2017).

3.4.5. Water contact angle (WCA)

The degree of hydrophilicity and hydrophobicity of a material can be
assessed through its contact angle measurement; values below 20°
indicate hydrophilic surfaces, whereas values above 90° indicate hy-
drophobic surfaces (Chen et al., 2025). Fig. S6a shows that upon contact
with the water drop, PCL fibers exhibited a WCA of 121.6°, which is
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Fig. 6. (a) Survey XPS spectra detailing the surface chemical composition of WPF/PCL fibers and high-resolution XPS spectra for (b) Cls, (c) Ols, and (d) N1s.

comparable to the values obtained by Kim et al. (2017) and Divyasri
et al. (2024). The incorporation of whey proteins in the polymer matrix
resulted in a significant decrease in contact angle (112.5°), which can be
related to polar functional groups identified previously in WPF (amine
and hydroxyl groups) that confer a more hydrophobic character to the
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nanofibers. However, it is important to note that these results differ from
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WPC/PCL electrospun fibers without any treatment (<84°). These dif-
ferences reflect the changes in protein structure due to bromelain hy-
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exposes its hydrophobic regions (Ali et al., 2023). Similarly, the receding
nature of the contact angle over time (Fig. S6b) highlights the increased
wettability of nanofibers, facilitating surface and bulk penetration of
water and, thus, could improve water flux during continuous adsorption
(Ebrahimi et al., 2022).

3.5. Adsorption properties of WPF/PCL nanofibers

3.5.1. Effect of solution pH

Adsorption properties of materials depend on the relationship be-
tween their surface charge and the adsorbate charge, both of which are
related to the pH of the media. For the adsorbent, the pH at the point of
zero charge determines whether the material has a net positive or
negative charge; WPF/PCL electrospun fibers are positively charged
below pH 5.3 (Fig. S7). On the other hand, the speciation diagram of
lead indicates that it mainly exists as cations in the form of Pb%* under
acidic conditions. As a result, adsorption hindrance due to electrostatic
repulsions take place, behavior evidenced in Fig. 7a. The increasing
adsorption capacity at high pH values, owing to the lower H" concen-
tration, suggests that the competitive effect between these ions and Pb2*
ions decreases in less acidic media (Gallardo Salas et al., 2024). This
implies that the Pb removal mechanism is governed by chemical in-
teractions and inner complexation of Pb2* with the nanofibers’ func-
tional groups (Merodio-Morales et al., 2022).

3.5.2. Adsorption kinetics

Table 4 displays the results of the non-linear regression parameters,
showing that the pseudo-second-order model provided the most accu-
rate data fitting, with R?>0.98 and the lowest error analysis statistics
(RMSE<0.03). Consequently, the interaction between Pb%" and the
active sites of the nanofibers serves as the rate-limiting mass transfer
step (Prasad et al., 2023). This conclusion is supported by the adsorption
rate observed in Fig. 7b; equilibrium was achieved at 4 h, after a rapid
adsorption phase on the surface’s active sites at low adsorbate concen-
trations, followed by a slower adsorption rate due to saturation of
functional groups (Khalil et al., 2023).

3.5.3. Adsorption equilibrium and thermodynamics

Fitting results of lead adsorption on the WPF/PCL fibers are sum-
marized in Table 5, where the Langmuir model demonstrated the best fit
to the experimental data, showing the highest determination coefficients
(R?>0.98) and lowest error analysis values (RMSE<0.01). According to
the Langmuir model, mass transfer occurs predominantly as a mono-
layer on the adsorbent surface, with energetically homogenous active
sites, and is suitable for describing a chemical-driven removal mecha-
nism (Park et al., 2021). However, the overall trend in model fit quality
(Langmuir>Redlich-Peterson>Toth>Sips>Dubinin-Radushkevich>-
Freundlich), coupled with the fact that n values in the three-parameter
models deviates from 1, suggests increasing heterogeneity in the
adsorption surface, particularly at higher adsorbate concentrations, as

Table 4
Parameters of kinetic models for Pb>" adsorption on WPF/PCL fibers.

Model Parameter Concentration (mmol L™)
0.72 1.69
Pseudo-first order k; (min~) 0.02 0.01
qe (mmol g™1) 0.09 0.18
R? 0.92 0.94
RMSE 0.06 0.06
Pseudo-second order k2 (gmmol ! min~7) 0.28 0.11
qe (mmol g™1) 0.10 0.20
R? 0.98 0.99
RMSE 0.03 0.02
Elovich a (mmol g’l min ) 0.02 0.02
$ (gmmol™) 79.25 34.30
R? 0.90 0.92

RMSE 0.07 0.07
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Table 5
Parameters of isotherm models for Pb?* adsorption on WPF/PCL fibers.

Model Parameter Temperature (°C)
20 30
Langmuir qm (mmol g 1) 0.33 0.35
K, (L mmol™Y) 1.31 1.37
R? 0.99 0.98
RMSE 0.00 0.00
Freundlich Ky (mmol g’l) 0.17 0.19
n 0.47 2.18
R? 0.94 0.94
RMSE 0.06 0.05
Dubinin-Radushkevich qm (mmol g-1) 0.26 0.28
Kpr (mol® kJ~2) 0.09 0.09
R? 0.97 0.96
RMSE 0.04 0.05
Sips Gm (mmol g™1) 0.31 0.33
Kg (L mmol™!) 1.57 1.61
n 1.15 1.14
R? 0.99 0.98
RMSE 0.01 0.01
Redlich-Peterson ar 0.53 0.45
Kg (L mmol™1) 0.30 0.31
n 1.43 1.58
R? 0.99 0.98
RMSE 0.01 0.02
Toth qm (mmol g 1) 0.27 0.28
Ky (L mmol ™) 1.12 1.06
n 1.75 2.40
R? 0.99 0.98
RMSE 0.01 0.02

RMSE of the Langmuir model was higher than those of the three-
parameter models when Cyp>2 mmol Lt (Wang et al., 2024). Adsorp-
tion isotherms (Fig. 7c-d) portrayed the L2-type curve according to
Gile’s isotherm classification for solid-liquid adsorption (Giles et al.,
1960), indicating a direct correlation between adsorption capacity and
process temperature, which suggests an endothermic process. This
finding was further corroborated by the standard enthalpy estimation
using the van’t Hoff approach. The thermodynamic parameters were
AG<0 and AS>0, indicating spontaneous and entropy increasing traits
(Table S5). Moreover, the standard Gibbs free energy change became
more negative as the temperature increased, indicating enhanced
adsorption spontaneity. Finally, the enthalpy calculated for Pb?*
adsorption onto WPF/PCL fibers was found to be 52.1 kJ mol %, falling
within the range of strong physical interactions and possible chemical-
based interactions between adsorbent and adsorbate where the forma-
tion of metal complexes could be involved (Yanti et al., 2023).

Compared to other electrospun nanofibrous adsorbents (Table 6),
WPF/PCL nanofibers exhibited a better adsorption performance, with
maximum adsorption capacities of 0.33 and 0.35 mmol g™}, at 20 and
30 °C, respectively. These results underline the complementary roles of
both polymers despite the material’s relatively low surface area; WPF
provides surface functionalities while PCL modulates fiber morphology
to enhance accessibility of Pb to active sites, consistent with the results
reported by Shi et al. (2025). It is noteworthy that the green electro-
spinning route presented herein not only yield a highly efficient and
environmentally-friendly adsorbent but also improves the cost-
effectiveness of the process by relying on abundant, low-cost pre-
cursors, particularly whey protein. Indeed, according to the adsorption
cost associated with the removal of 1 mmol of adsorbate (Gallardo Salas
et al., 2024), the total production cost of WPF/PCL fibers was $7.3
mmol ™}, with 39% related to reagents and precursors, and 52% to the
energy consumption of the electrospinning setup (Table S6).

3.5.4. Adsorption mechanism

Different characterization techniques were carried out to elucidate
the surface changes of nanofibrous adsorbent after Pb uptake. The FT-IR
spectra (Fig. 8a) presented a shift in position and decreased intensity of
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Table 6
Comparison of P| adsorption performance of WPF/PCL fibers with other
electrospun fibrous adsorbents.

b2+

Adsorbent FD qm Solvent Ref.
(nm) (mmol
g

PAN/PANAM/ 133 0.98 N,N- (Wang et al.,
Ui0-66-NH, dimethylformamide 2025)
zeolite

PCL 236 0.31 Dichloromethane/ (Felemban,

methanol 2025)
HMO/PAN 415 0.84 N,N- (Yadav et al.,
dimethylformamide 2021)

Fe304/ 101 0.24 Dichloromethane/ (Bassyouni
MWCNTs/ formic acid et al., 2019)
PA6

Zeolite/ - 0.03 N,N- (Mahmood
MWCNTs/ dimethylformamide et al., 2024)
PAN

PAN/CS/NaY 257 0.32 Dimethyl sulfoxide (Karimzadeh
zeolite et al., 2023)

Ti3C2Tx - 0.06 Ethanol (Mahar et al.,
MXene/PVP 2023)
(©

WPF/PCL 97 0.35 Formic acid/acetic This work

acid

the absorption bands of the adsorbent, specifically those corresponding
to whey proteins. The O-H/N-H vibration and N-C=O stretching signals
from the primary and secondary amide regions were displaced from
their original positions to 3278, 1635 and 1541 cm™?, respectively,
likely due to complexation and chelation between Pb and N (de Aquino
etal., 2024). Along with these functional changes, new absorption bands
at 2918, 2846, 1368, and 734 cm™, reported in previous studies (Chen
etal., 2024; Soliman et al., 2016), confirmed the successful adsorption of
Pb?* ions. XRD patterns shown in Fig. 8b revealed no variation in the
position and overall shape of the characteristic reflections of the com-
posite, suggesting no alteration in the crystalline structure of WPF/PCL
fibers after adsorption. The presence of new distinct diffraction peaks at
29.4°, 32.0° and 36.2° 20, corresponding to the (111), (020) and (002)
lattice planes, respectively, could be attributed to lead oxide (ICDD No.
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01-078-1665), and thus indicate the participation of oxygenated groups,
namely O-H and C=0 (Anantha and Kota, 2016).

The XPS characterization results demonstrated the successful
removal of Pb from aqueous solutions and validated the interaction
between lead ions and the chemistry of nanofibers, as the characteristic
peak of Pb4f appeared at ~140 eV, as shown in Fig. 8c. The high-
resolution spectra of Cls, N1s, Ols and Pb4f are depicted in Fig. 8d-g.
In the C1s spectrum, the binding energy of the nitrogen carbon bond was
shifted from 286.2 to 286.3 eV, while the binding energy of the carbonyl
bond from the PCL backbone shifted from 287.5 to 287.7 eV. This im-
plies that both functional groups are involved in the adsorption process.
The binding energies of O1s decreased slightly for C=0 (531.3 eV), C-O
(532.3 eV) and -COOH (533.4 eV), owing to the coordination of these
species with Pb; electrons are transferred from oxygen to the unoccupied
orbital of lead (Wang et al., 2023). The change in the area of these peaks,
compared to the Ols spectrum of the composite before adsorption,
suggest that there is chemical composition change in the fibers along
with the formation of the Pb-O bond, which is consistent with the
findings of Esfandiari et al. (2020). Regarding N1s, there were also en-
ergy shifts in the deconvoluted peaks of amine and amide bonds, from
400.2 to 399.6 eV, and from 402.2 to 401.2 eV, respectively. Several
authors argue that the magnitude of the displacement of peaks before
and after adsorption correlates with the binding strength between the
adsorbate and the adsorbent active sites (Chen et al., 2024; Liang et al.,
2022; Zhang et al., 2020). In this study, Pb has a stronger complexation
affinity towards N-containing functional groups, specifically the amide
group. Finally, two pairs of symmetrical peaks were obtained in the Pb
high-resolution spectrum: (1) a doublet at 138.7 eV (Pb4f;,2) and 143.6
eV (Pb4fs,,) corresponding to PbO, and (2) a doublet at 139.7 eV (Pb4f;,
2) and 144.6 eV (Pb4fs,,) corresponding to PbNOs3. These signals are in
line with the binding energies reported in other studies (Esfandiari et al.,
2020; Huang et al., 2024; Wang et al., 2023), and corroborate results
obtained from FT-IR and XRD analyses.

4. Conclusions

In this study, green electrospinning was used to create uniform WPEF/
PCL fibers for Pb removal from water. Evaluation of viscosity,
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conductivity, and surface tension of polymer solutions served as a pre-
liminary estimation of their spinnability behavior. The bromelain pre-
treatment proved to be crucial to spin whey, as its globular native state
inhibits adequate chain entanglements, even in the presence of a spin-
nable polymer such as PCL. The Box-Behnken experimental design
validated the importance of polymer concentration in determining the
size of fiber diameters and resulted in an optimal configuration to pro-
duce beadless nanofibers with a diameter of 97 nm. FT-IR, XRD, and XPS
analyses confirmed the coexistence of the protein constituents and PCL
in the electrospun nanofiber structure, with whey increasing nanofiber
hydrophilicity and wettability, suggesting the potential of the material
for continuous adsorption processes. The adsorption kinetics followed
the pseudo-second-order model, while the isotherm and thermodynamic
analyses suggested a favorable interaction between Pb%* and the func-
tional groups of the fibers via an endothermic process. Physicochemical
characterization of the material after adsorption confirmed the binding
of Pb into the active sites of the nanofibrous adsorbent. This study
provides novel insights into the design of bio-based adsorbents via
electrospinning of natural polymers without using toxic organic sol-
vents, so that WPF/PCL nanofibers can be applied as a cost-effective and
eco-friendly material for water remediation.
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