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Abstract: Integration of essential oils into nanofibers not
only enhances the bioactivity of these substances but also
offers greener solutions for many applications including pro-
tective textiles and coatings. Herein, citronella or thyme oil-
loaded polyurethane nanofibers were fabricated via blend
electrospinning, and their release behavior was evaluated.
Initially, polyurethane nanofibers with different citronella
or thyme oil concentrations (5%, 10%, and 15%) and spinning
parameters (tip-to-collector distance: 15–20 cm, voltage:
15–20 kV) were fabricated. The nanofiber mats were charac-
terized in terms of surface morphology, wettability, and por-
osity. Afterward, the release behaviors of the selected mats
were examined. Depending on the oil concentration and spin-
ning parameters, nanofibers with diameters in the range of
175–442 nm were produced. The incorporation of essential oil
increased contact angles from 102° to 125°, while the bulk
porosities were decreased from ⁓76% to ⁓58%, depending
on the oil. Fourier-transform infrared spectroscopy analysis

validated successful essential oil integration. The release stu-
dies revealed that thyme oil exhibited a release of ∼10% and
citronella essential oil ∼5% over 18 h, indicating a controlled
and sustained release. This study demonstrates the potential
of essential oil-loaded polyurethane nanofibers as eco-
friendly materials for protective textiles and coatings.

Keywords: blend electrospinning, polyurethane, citronella,
thyme, release behavior

1 Introduction

Essential oils are natural bioactive compounds extracted
from various parts of plants. They are widely recognized
for their antimicrobial, antioxidant, antifungal, and thera-
peutic properties, particularly in traditional medicine
(1–3). In recent years, growing interest in natural alterna-
tives and increasing concerns over the safety of synthetic
chemicals have led to greater attention on essential oil
applications in healthcare, pharmaceuticals, cosmetics,
food packaging, and textiles (4,5).

Among various essential oils, citronella (CEO) and
thyme oils (TEO) have long been recognized for their ver-
satile biofunctional properties. CEO, which is extracted
from the leafy parts of the Cymbopogon species, is widely
used in perfumery, aromatherapy, antimicrobial treat-
ments, and insect repellency due to its active components
such as, citronellal, geraniol, citronellol, and monoterpenes
(6,7). TEO, which is obtained from the thyme plant (Thymus
vulgaris), is another remarkable essential oil, which exhibits
therapeutic, antibacterial, antifungal, anti-inflammatory, and
antioxidant properties due to its carvacrol, thymol, linalool,
cineole, and camphor composition (8–10). Despite their out-
standing properties including high efficacy and low toxicity,
their high volatility and poor stability in air and temperature
have led the research studies to preserve them within a pro-
tective layer for an extended bioactivity (11,12).

Although different approaches for preserving essential
oils exist in the literature such as microencapsulation,
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coating, or liposomal encapsulation (13–16), nanofibers
stand out as suitable carriers for maintaining the stability
of essential oils due to their low diameter, tunable porosity,
and easy functionalization while providing a prolonged
release (16–18). Furthermore, their high surface area-to-
volume ratio enables the integration of more active ingre-
dients per unit area while protecting them from external
conditions. Electrospinning, which involves applying elec-
trical forces to polymer solutions, is one of the most com-
monly used methods for producing nanofibers. By
adjusting the solution and process parameters, nanofiber
characteristics such as fiber diameter, porosity, and mor-
phology can be controlled (17). Consequently, the con-
trolled and prolonged release of CEO and TEO can be
achieved by tuning these properties.

In literature, the studies on CEO mostly focus on their
microcapsule forms prepared by different encapsulation
methods including coacervation (19), electrospraying (20),
emulsion extrusion (21), or spray drying (22) as well the
effects of their process parameters. However, studies on
the direct incorporation of CEO into nanofibers are limited.
A recent study by Liyanaarachchi et al. investigated the
release and mosquito repellency of CEO-loaded polyvinyl
alcohol (PVA) nanofibers (23). They prepared single and
core/shell nanofibers from PVA solutions with different
concentrations (5–10% wt) by adding varying amounts of
CEO (1–5% wt). Abdou et al. fabricated PVA casted films
and electrospun naonfibers blended with chitosan (50%
v/v), CEO (2% w/v, with respect to the polymer blend),
and/or titanium dioxide nanoparticles (3% w/v, with
respect to the polymer blend) and compared their optical,
mechanical, and thermal characteristics (24). In another
study, Iliou et al. incorporated CEO into cellulose acetate
and polyvinylpyrrolidone nanofibers and reported their
high repellent activity against mosquitos (25).

TEO can be also integrated into polymeric structures in
different forms, including microcapsules, nanocomposites,
or nanofibers (26–30). In case of TEO-loaded nanofibers,
studies exist in literature, particularly on their usage as
wound dressing, antibacterial material, and food packa-
ging (28–30). For instance, Fonseca et al. prepared potato
starch nanofibers with TEO concentrations up to 5% and
investigated their antioxidant activity and thermal resis-
tance, concluding their usage as antioxidants in food pro-
ducts (31). Dadras Chomachayi et al. reported that electro-
spun 12% TEO-loaded silk fibroin/gelatin nanofiber mats
showed a burst release of TEO in the first 3 h (32).

As can be seen above, although there are various stu-
dies focused on the applications of CEO- or TEO-loaded
nanofibers, limited amounts of CEO or TEO were loaded
into nanofiber and the studies on the prolonged and

controlled release of these components are limited.
Another key point for a prolonged and controlled release
of essential oils from the nanofiber matrix is the polymer
selection. Thermoplastic polyurethane (TPU) comes for-
ward as a promising alternative with its good oil compat-
ibility, biocompatibility, thermal and chemical stability,
adequate mechanical properties, and easy processability
in electrospinning (33,34). In the present study, electrospun
CEO- or TEO-loaded TPU nanofibers were prepared to pro-
pose a controlled release system of these oils. To the best of
our knowledge, this is the first study investigating CEO or
TEO release from a TPU matrix while comparing the
release behaviors of these two oils. Another distinctive
point of this study is that we successfully fabricated nano-
fiber mats with high essential oil content. Moreover, these
surfaces exhibited minimal release within the first 3 h,
indicating their potential for prolonged release. In the pre-
sent study, the solution and process parameters were opti-
mized and the nanofiber mats were characterized in terms
of morphology, wettability, porosity, and internal proper-
ties. Moreover, the release properties were evaluated to
reveal their potential for a prolonged release.

2 Materials and methods

2.1 Materials

In this study, thermoplastic TPU (Mw: 107.010 g·mol−1, Elastollan
C59D, BASF) was used as the polymeric component for nano-
fiber production. Steam distilled CEO (Monoville) and cold
pressed TEO (Tijda) were used as the essential oils. N,N-
dimethylformamide (DMF) (98%, Sigma-Aldrich Co.) was used
as the solvent for TPU solution preparation.

2.2 Methods

This study consists of three steps as presented in Figure 1.

2.2.1 Preparation of TPU, TPU/CEO, and TPU/TEO
solutions

In the first step, optimum solution and process parameters
for TPU/CEO and TPU/TEO were determined. In this regard,
TPU at a concentration of 10% w/v was dissolved in DMF and
stirred on a hot plate at 60°C. After the complete dissolution of
TPU, CEO and TEOwere loaded into TPU solutions at different
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concentrations of 5%, 10%, and 15% v/v separately and the
mixtures were stirred for 2 h at standard room temperature.
In order to evaluate phase separation, the mixtures were
visually monitored. None of the dispersions exhibited phase
separation, indicating a well-dispersed system. Viscosities of
pure CEO, TEO, and all the polymer solutions weremeasured by
a Brookfield (DV-II+ Pro Extra) viscometer at 100 rpm, pH values
were evaluated by a Hanna HI2020-02 Edge Digital pHmeter,
and the surface tension values were determined by KSV-The
Modular CAM 200 tensiometer using pendant drop technique.
All tests were performed at standard room temperature.

2.2.2 Electrospinning of TPU, TPU/CEO, and TPU/TEO
nanofibers

In order to determine the optimum process parameters, TPU
nanofibers with different CEO and TEO concentrations were
produced with various tip-to-collector distances (15 and
20 cm) and applied voltages (15 and 20 kV). The nanofibers
were fabricated using a 0.7mL·h−1 feed rate on a rotating
drum at 200 rpmwith an Inovenso Starter Kit electrospinning
equipment. Electrospinning parameters for production of the
nanofibers that were labeled according to their TPU, CEO, and
TEO contents are presented in Table 1.

2.2.3 Characterization of the TPU, TPU/CEO, and TPU/TEO
nanofibers

Since the nanofiber morphology, wettability, and the
interaction between the oil and the polymer are highly

effective on the release behavior, the following tests were
performed.

The surface properties of the samples were character-
ized by a Carl Zeiss, AG-EVO XVP scanning electron micro-
scope (SEM). The mean nanofiber diameters were calcu-
lated on SEM images over 100 measurements by Image J
software. The wettability properties of the samples were
determined by contact angle tests using a KSV Modular
CAM 200 system by sessile drop technique. The bulk por-
osity gives an indirect information on surface porosity of
the samples since it represents the total volume of pores
within the mat, including surface porosity. For the porosity
evaluation, the nanofiber mats were cut into standardized
square samples (2 cm × 2 cm), weighed, and their bulk por-
osity was calculated using the following equation (35,36):
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where ε is the porosity of the nanofiber mat, ρnm is the
density of the nanofiber mat, and ρp is the density of the
polymer or polymer/essential oil blends. The bulk densities
(ρp) of pure TPU, TPU/CEO, and TPU/TEO were calculated
by taking the densities of TPU, CEO, and TEO as 1.19, 0.86,
and 0.92 g·cm−3, respectively.

The presence of essential oil and the interactions
between the polymer and the essential oils were investi-
gated by Fourier-transform infrared spectroscopy (FTIR)
analyses with a Shimadzu IRTracer-100 FTIR device.
Thirty-two scans were performed in the 600–4,000 cm−1

wavenumber range with a resolution of 4 cm−1. For the
essential oil release behavior, the samples were kept at

Figure 1: Experimental procedure followed in the study.
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40°C for 18 h with a gas flow rate of 100mL·min−1 using a
Shimadzu DTG-60H thermogravimetric analyzer (TGA).

3 Results and discussion

3.1 Solution properties

Table 2 shows the properties of the pure CEO, TEO, and TPU
solutions with different essential oil concentrations. Visc-
osity is a critical parameter in the electrospinning process
for the bead-free production of uniform and continuous
fibers. With the addition of 5% CEO into the TPU solution,
the viscosity increased from ⁓518 to ⁓806 cP. Increasing the
CEO concentration to 10% decreased the viscosity to ⁓585
cP, while 15% CEO addition resulted in a viscosity of ⁓848
cP. For TEO-loaded solutions, 5% TEO addition decreased
the solution viscosity to ⁓377 cP, while the viscosities of 10%
and 15% TEO-loaded solutions increased to ⁓389 and ⁓524 cP,

respectively. These viscosity fluctuations can be related to
various effects including the increasing amount of substance
in the unit area, molecular interactions between the oil and
the polymer, or plasticization effects of oils (37). The basic
nature of the essential oils decreased the pH values, while
essential oil addition generally increased the surface tension
compared to pure TPU solution.

Table 2: Properties of the solutions

Solutions Viscosity (cP) pH Surface tension (mN·m−1)

Pure CEO 6.40 5.01 26.77
Pure TEO 12.80 5.05 31.40
TPU10 518.40 9.48 28.25
TPU10/CEO5 806.40 8.84 34.45
TPU10/CEO10 585.60 8.63 31.64
TPU10/CEO15 848.00 8.20 35.25
TPU10/TEO5 377.60 9.30 38.09
TPU10/TEO10 389.60 8.60 36.46
TPU10/TEO15 524.80 8.50 34.95

Table 1: Electrospinning parameters of TPU, TPU/CEO, and TPU/TEO nanofibers

Sample ID TPU concentration (%) CEO concentration (%) TEO concentration (%) Distance (cm) Voltage (kV)

TPU10/D15_V15 10 — — 15 15
TPU10/D15_V20 15 20
TPU10/D20_V15 20 15
TPU10/D20_V20 20 20
TPU10/CEO5:D15_V15 10 5 — 15 15
TPU10/CEO5: D15_V20 15 20
TPU10/CEO5: D20_V15 20 15
TPU10/CEO5: D20_V20 20 20
TPU10/CEO10: D15_V15 10 10 — 15 15
TPU10/CEO10:D15_V20 15 20
TPU10/CEO10: D20_V15 20 15
TPU10/CEO10: D20_V20 20 20
TPU10/CEO15: D15_V15 10 15 — 15 15
TPU10/CEO15: D15_V20 15 20
TPU10/CEO15: D20_V15 20 15
TPU10/CEO15: D20_V20 20 20
TPU10/TEO5:D15_V15 10 — 5 15 15
TPU10/TEO5:D15_V20 15 20
TPU10/TEO5:D20_V15 20 15
TPU10/TEO5:D20_V20 20 20
TPU10/TEO10:D15_V15 10 — 10 15 15
TPU10/TEO10:D15_V20 15 20
TPU10/TEO10:D20_V15 20 15
TPU10/TEO10:D20_V20 20 20
TPU10/TEO15:D15_V15 10 — 15 15 15
TPU10/TEO15:D15_V20 15 20
TPU10/TEO15:D20_V15 20 15
TPU10/TEO15:D20_V20 20 20
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3.2 SEM analyses

Initial step of the present study is to optimize blend elec-
trospinning parameters to produce decent TPU, TPU/CEO,
and TPU/TEO nanofibers.

Electrospinning is a complex process that is affected by
many parameters including viscosity of the polymer solution
and process parameters such as voltage, tip-to-collector dis-
tance, flow rate, etc. In order to produce thin and bead-free
nanofibers, all these parameters should be optimum. For
instance, although increasing voltage is known to have a
thinning effect on nanofiber diameter, above a certain value,
it may reversely affect the fiber morphology (38). Therefore,
the resultant nanofiber morphology and diameter should be
investigated by taking all the parameters into account.

In this study, the effects of essential oil concentration, tip-
to-collector distance, and voltage on the nanofiber mor-
phology were investigated. The resultant fiber morphologies
were examined by SEM analyses, as presented in Figures 2–4.

Figure 2 shows SEM images of nanofiber mats produced
at different tip-to-collector distance and voltage values from
pure TPU solutions. As can be seen, beaded nanofibers –

resulting from its low viscosity – were obtained with dia-
meters ranging from 175.80 to 284.73 nm depending on the
distance and voltage.

One can see that the beaded structure was prominent
particularly at lower voltage values. The increase in the
voltage resulted in less beaded nanofibers with more uni-
form diameters. However, the increase in tip-to-collector
distance and voltage led to increase in fiber diameters. This
unexpected behavior may be explained by the low viscous
nature of the polymer solution, leading to poor jet stability
and insufficient jet stretching during electrospinning (39).

For CEO-loaded nanofibers, although the fiber diameters
decreasedwith the increase in CEO concentration, all samples
showed thicker and more uniform nanofibers compared to
pure TPU (Figure 3). With the addition of 5% CEO, the

viscosity increased and fibers with higher diameters ranging
from ⁓335 to 423 nm were produced (Table 2 and Figure 3).
With the increase in CEO concentration (10% and 15%), the
nanofiber diameters decreased. Although 15% CEO-loaded
nanofibers were electrospun from solutions with the highest
viscosity (Table 2), they exhibited the lowest nanofiber dia-
meters (down to ⁓195 nm) with the smoothest morphology
depending on the process parameters.

It can be seen that the increase in distance led to
decrease in nanofiber diameters for 5% and 10% CEO-loaded
nanofibers, as expected. On the other hand, nanofiber dia-
meters were increased for 15% CEO-loaded nanofibers with
the increase in distance. The high solution viscosity might
limit the polymer jet stretching in the electrical field during
electrospinning, resulting in nanofibers with thicker dia-
meters (40). The increase in voltage led to different effects
depending on the tip-to-collector distance. At 15 cm distance,
increasing the voltage from 15 to 20 kV resulted in increased
nanofiber diameters for 5% and 10% CEO-loaded samples.
This might occur due to the limited time given to the polymer
jet during electrospinning at 15 cm. When tip-to-collector dis-
tance was increased to 20 cm, all CEO-loaded samples showed
lower diameters since optimum stretching and enough eva-
poration time was given to the polymer jet, regardless of the
viscosity (41).

For 5% and 10% TEO-loaded nanofibers, generally
beaded nanofibers were obtained (Figure 4). This is expected,
since TEO addition decreased the solution viscosities (Table 2).
For 15% TEO-loaded nanofibers, generally thicker nanofibers
were obtained, compatible with the solution’s higher viscosity
(Table 2). Moreover, the overall surface characteristics were
improved with 15% TEO addition and the least bead forma-
tion was observed for this sample.

The alterations in tip-to-collector distance and voltage
also affected the morphology of TEO-loaded samples. For
instance, the increase in the distance resulted in decreased
diameters for 5% and 10% TEO-loaded samples. However,

Figure 2: SEM images of the pure TPU nanofibers produced at different electrospinning parameters.
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when the voltage was kept constant at 20 kV, the increase
in the distance from 15 to 20 cm led to thickened but more
uniform fibers.

Same trend was observed with the increase in voltage.
When the distance was kept constant at 20 cm, increasing the
voltage from 15 to 20 kV resulted in more uniform nanofibers
with thicker diameters, except for 5% TEO. These results
could be also explained by the complex relationship among
viscosity, distance, and voltage, as explained above.

Considering all these results, SEM analyses revealed that
nanofibers (TPU10/CEO15:D20_V20 and TPU10/TEO15:D20_V20)
electrospun from TPU solutions containing 15% essential oil
with a distance of 20 cm and voltage of 20 kV were optimum
parameters for an acceptable nanofiber production.

3.3 Wettability and porosity

Wettability of a material is the interaction between the
water and the material surface. It plays crucial role
depending on the application area. Contact angle test is
one of the most widely used method to quantify the wett-
ability of the material.

The key factors affecting contact angle measurements
are the sample’s chemical composition, structural proper-
ties such as surface roughness, surface porosity, and crys-
tallinity, as well as heterogeneities and other minor influ-
ences (42–47). In general, the contact angles <90° are
considered as hydrophilic, whereas the contact angles
>90° indicate hydrophobicity (48).

Figure 3: SEM images of the TPU/CEO nanofibers produced at different CEO concentrations and electrospinning parameters.
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In this study, we examined the contact angles and bulk
porosities of the three selected samples as presented in
Table 3. One can see that pure TPU sample had a contact

angle of 102°, indicating its hydrophobic structure. CEO and
TEO addition into nanofiber structure resulted in higher
contact angle values pointing out the increased

Table 3: Structural properties and contact angle values of the samples

Sample ρp (g·cm−3) Porosity (%) Contact angle (°)

TPU10/D20_V20 1.19 76.07 ± 1.73 102.00 ± 0.02

TPU10/CEO15:D20_V20 0.98 64.08 ± 4.19 125.00 ± 1.74

TPU10/TEO15:D20_V20 1.02 58.02 ± 3.91 121.00 ± 0.60

Figure 4: SEM images of the TPU/TEO nanofibers produced at different CEO concentrations and electrospinning parameters.
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hydrophobicity. The increased hydrophobicity can be
attributed to the hydrophobic nature of both CEO and
TEO, which results from the presence of terpenes and ter-
penoids in CEO and thymol, carvacrol, and other phenolic
compounds in TEO.

It should be kept in mind that porosity is one of the
most essential parameters of an electrospun mat affecting
the contact angles (49,50). Pure TPU showed a porosity
around 76.07%. The addition of essential oils into the nano-
fiber structure resulted in lower porosities and CEO and
TEO containing samples exhibited porosities of 64.08% and
58.02%, respectively (Table 3). In literature it is stated that
an increase in fiber diameter results in a decrease the
porosity (51–53). For, TEO containing sample, the decrease
in the porosity can be explained by the thickened nanofi-
bers compatible with the literature. On the other hand, the
lower porosity of CEO containing sample despite its
decreased diameter can be explained by its large diameter
distribution.

The higher contact angle values can be also associated
with the lower porosities of these samples along with the
hydrophobic character of the essential oils. The lower por-
osities of essential oil-containing samples can prevent
water from spreading into the material, further contri-
buting to the increased contact angle values.

3.4 FTIR analyses

To investigate the presence of essential oil, and the inter-
action between the polymer matrix and the essential oil,
FTIR analyses were performed. Figure 5 shows the FTIR
spectra of pure TPU nanofiber mat, pure CEO, and CEO
containing TPU nanofiber mat, respectively.

For pure TPU, peaks were observed at 3,327, 2,953, 2,872,
1,701, 1,527, 1,064, and 815 cm−1. In the spectrum, the peak at
3,327 cm−1 corresponds to N‒H stretching vibration within the
characteristic urethane group of the TPU polymer (54). The
peaks at 2,953, 2,872, 1,527, and 815 cm−1 are attributed to the
asymmetric stretching of CH₂, symmetric stretching of CH3,
urethane amide II band, and bending vibration in benzene
ring, respectively (55). Another characteristic peak was
observed at 1,701 cm−1 which corresponds to C]O stretching
in the urethane carbonyl group (hard segment of TPU), while
the peak at 1,060 cm−1 is assigned to C‒O stretching in the
alcohol group (56).

CEO contains a diverse range of terpenes mainly citro-
nellal, citronellol, and geraniol. The observed peaks in its
spectrum correspond to the chemical functional groups of
these terpenes (57). The broad peak at 3,600–3,300 cm−1 is

associated with O–H stretching vibration, primarily due to
the presence of primary alcohols such as citronellol and ger-
aniol. These primary alcohols can engage in intermolecular
hydrogen bonding, leading to an increase in O–H bond length
(58). The absorption band observed in the 3,000–2,800 cm−1

range corresponds to C–H stretching (59), while the peaks at
2,727 and 1,726 are associated with H−C terminal aldehydic
stretching and C]O stretching of aldehyde, respectively (58).
Other characteristic peaks of CEO appearing at 1,645, 1,377,
and 1,014 cm−1, correspond to O–H bending, C–O–H group
deformation, and C–O stretching, respectively (57).

For the TPU/CEO nanofiber mat, distinctive peaks were
observed at 3,327, 2,956, 1,701, and 1,074 cm−1. In the spec-
trum, the characteristic peaks of TPU appeared more dom-
inantly, likely due to peak overlapping and the relatively
small amount of CEO in the structure. However, shifts in
peak intensities and locations indicate the presence of CEO
within the matrix. The broad O–H stretching peak of CEO
disappeared, while the N–H stretching peak of TPU at
3,327 cm−1 intensified. Additionally, the C–H stretching
peak of TPU at 2,953 cm−1 shifted to 2,956 cm−1, while the
C]O stretching peak at 1,701 cm−1 remained unchanged.
The C–O stretching peak at 1,064 cm−1 shifted to 1,074 cm−1.
Furthermore, the intensities of these peaks increased, sup-
porting the successful incorporation of CEO into the TPU
matrix.

Figure 5: FTIR spectra of TPU, CEO, and TPU/CEO nanofiber mat.
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Figure 6 shows the FTIR spectra and functional groups
of pure TPU nanofiber mat, pure TEO, and TEO containing
TPU nanofiber mat, respectively. TEO is rich in monoter-
penes and phenolic compounds, mainly thymol, cymene,
and carvacrol (60–62). In its spectrum, the broad peak
appearing at ∼3,600–3,200 cm−1 is associated with the
hydroxyl (–OH) stretching vibrations from thymol and car-
vacrol. The peak at 2,958 cm−1 corresponds to the stretching
vibration due to the aliphatic bonds of C–H2. The peaks of
C]C bonds of thymol and carvacrol and the presence of an
aromatic ring in the cymene were observed at 1,589 and
1,458 cm−1, respectively. The peaks at 1,381 and 1,361 cm−1

can be attributed to the asymmetric and symmetric
bending vibrations of isopropyl and methyl groups.
Finally, the peak at 810 cm−1 can be associated with the
overlapping of thymol and cymene bands which corre-
sponds to the out-of-plane CH wagging vibrations (60–62).

For TPU/TEO nanofiber mat, the characteristic peaks of
both TPU and TEO were observed. Moreover, there have
been slight shifts in some peak locations and peak inten-
sities which might be resulted from the interactions
between TPU and TEO. In the spectrum, a broad absorption
band in the range of 3,600–3,200 cm−1 and a peak at
3,323 cm−1 were seen due to the TEO and TPU presence. It
can be seen that TPU peak at 1,701 cm−1 remained, while
the peak at 1,589 cm−1 from TEO shifted to 1,595 cm−1. These

results suggest the successful integration of TEO into TPU
matrix.

3.5 Release behavior

To investigate the CEO and TEO release from TPU nano-
fiber mats, TGA analyses were performed, and the cumu-
lative release values are presented in Figure 7. An initial
burst release was observed within the first hour for both
samples, followed by a decrease in the release rate. For
TPU/CEO, approximately 1% of the total release occurred
within the first hour, and around 5% of CEO was released
by the end of 18 h. In the case of TPU/TEO nanofiber mats,
TEO release exceeded 1% within the first hour, and the
total release of TEO reached approximately 10% at the
end of 18 h.

The total release at the end of 18 h for both samples
was relatively low, which may be attributed to the inter-
actions between the essential oils and TPU, as shown in
FTIR. Additionally, the lower release of CEO might be due
to stronger interactions between CEO and TPU compared
to TEO.

The release behavior is also influenced by the physical
properties of the nanofiber mats, such as fiber diameter,
porosity, and pore size. As shown in Figure 4, the TPU/CEO
sample had an average fiber diameter of 274 nm and a
porosity of 70%, whereas TPU/TEO had a larger diameter
(∼353 nm) and lower porosity (∼64%). These structural dif-
ferences may have influenced the release behavior. As a
result, the higher nanofiber diameter and lower porosity of
TPU/TEO may have contributed to TEO’s faster diffusion.

Figure 6: FTIR spectra of TPU, TEO, and TPU/TEO nanofiber mat. Figure 7: Release behavior of TPU/CEO and TPU/TEO nanofiber mats.
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4 Conclusions

This study successfully demonstrated the fabrication of
CEO- and TEO-loaded TPU nanofibers via blend electro-
spinning. In the first step, the optimal essential oil concen-
trations (5%, 10%, and 15%) and electrospinning para-
meters were systematically evaluated by varying the tip-
to-collector distance (15–20 cm) and applied voltage
(15–20 kV). SEM analyses showed that nanofibers electro-
spun from 15% essential oil-containing TPU solutions at a
20 cm distance and 20 kV voltage are the optimal fabrica-
tion conditions, since they resulted in the most uniform
and bead-free structures.

In the second step, TPU/CEO and TPU/TEO nanofibers
were fabricated using the optimized parameters and sub-
sequently characterized. FTIR analysis verified the suc-
cessful integration of CEO and TEO within the polymer
matrix. Essential oil incorporation enhanced hydrophobi-
city and the contact angles were increased from 102° (pure
TPU) to 125° (TPU/CEO) and 121° (TPU/TEO). On the other
hand, the porosity values were decreased from 76.07%
(pure TPU) to 64.08% (TPU/CEO) and 58.02% (TPU/TEO).

Finally, the oil release behavior from the as-spun
TPU nanofiber mats was analyzed. An initial burst release
was observed for TPU/CEO and TPU/TEO, followed by a
slower and sustained release. After 18 h, TEO exhibited a
higher release (∼10%) than CEO (∼5%). Both nanofiber mats
demonstrated controlled and prolonged oil release
over time.

These findings present the potential of TPU/CEO and
TPU/TEO nanofibers as effective, eco-friendly materials
with prolonged release properties, which makes them sui-
table for functional applications.
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