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ABSTRACT: CuO-, ZrO2-, and ZnO-immobilized functional boron nitride
(fBN) nanoparticles were synthesized by an environmentally friendly approach
using a Stevia rebaudiana extract. Metal-oxide-immobilized fBN nanoparticles
(fBN/MO)-incorporated (1 wt %) polyvinyl alcohol/poly(acrylic acid)
composite nanofibers were fabricated by electrospinning, and their antibacterial,
antioxidant, and photocatalytic properties were investigated. fBN/CuO and fBN/
ZnO nanoparticles were distributed randomly, showcasing nonuniform geo-
metries besides polygonal-shaped fBN/ZrO2 nanoparticles. fBN/MO nano-
particles exhibited a uniform dispersion along the composite nanofibers, with
diameters between 115 and 160 nm. The incorporation of fBN/MO nanoparticles
into the composite nanofibers (0.074−0.753 W/mK) resulted in an improvement
in both thermal stability and conductivity when compared with PVA/PAA
nanofibers (0.063 W/mK). fBN/MO-modified composite nanofibers exhibited an
antibacterial efficacy exceeding 99% against Streptococcus mutans, Acinetobacter baumannii, Escherichia coli, and Staphylococcus aureus,
augmenting their antioxidant properties. The modified composite nanofibers, particularly those incorporating fBN/ZrO2
nanoparticles, exhibited effective photocatalytic remediation against methylene blue (MB) with the highest activity, attributed to
their favorable morphological and optoelectronic properties, resulting in a remarkably more than 20-fold improvement. Enhanced
stability for repeated treatment of MB for a minimum of three cycles was achieved. The multifunctional nature of nanofibers unveils
synergistic antibacterial, antioxidant, and photodegradation effects, positioning them as promising for biomaterials and water
disinfection.
KEYWORDS: boron nitride, electrospinning, nanofibers, poly(vinyl alcohol), poly(acrylic acid), thermal conductivity

■ INTRODUCTION
Water pollution is one of the most important environmental
problems today because of increasing industrialization. The
main pollutants are nutrients, halogens, heavy metals,
pesticides, dyes, microplastics, oil, suspended solids and
sediment, thermal enrichment, and radioactive wastes.1 Dye
pollution in water resources significantly threatens human
health, aquatic organisms, and entire ecosystems. Over 700,000
tons of 100,000 commercial paints are produced annually for
use in various industries,2 and approximately 10−15% of dyes
are discharged into water streams.3 Dyes are widely used in
various industries, such as textiles, paper, leather tanning,
plastics, rubber, paint manufacturing, cosmetics, food,
agriculture, pharmaceuticals, and electroplating.4 Even at very
low concentrations, dyes alter the transparency and esthetics of
water and hence affect photosynthetic activity, reduce gas
solubility in water, and inhibit the growth of aquatic
organisms.2 It also causes serious damage to human health,
such as mutagenic effects, respiratory problems, kidney and
liver dysfunction, reproductive system and central nervous
system disorders, cancer, behavioral problems, and allergic

reactions, depending on concentrations and exposure times.5

For this reason, researchers focus on specific methods and
technologies such as adsorption, coagulation, flocculation,
advanced oxidation process, membrane separation, oxidation,
ion exchange, electrochemical process, photocatalysis, and
biodegradation for the remediation of dyes from wastewater.6

Dye removal processes are expected to be able to effectively
remove large quantities of dyes in a short period of time
without generating secondary waste.7 Among the aforemen-
tioned methods, photocatalytic degradation is an efficient,
environmentally friendly, low-cost, and sustainable heteroge-
neous advanced oxidation process.8 In addition, this method
has significant advantages such as complete degradation and
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mineralization of even very stable dyes to CO2, H2O, and
mineral acids.

An ideal photocatalyst should have high adsorption capacity
and surface area, efficient charge separation, high mobility of
charge carriers, and light absorption.9 Various materials, such
as metal oxides (MOs), metal sulfides, magnetic compounds,
doped semiconductors, metal−organic frameworks, hybrid
compounds, and carbon-based nanomaterials, have been used
as photocatalysts for the degradation of dyes. Among them,
MOs have well-controlled surface structure properties and can
be used as semiconductors with wide band gaps. In addition,
their nontoxicity and stability make them prominent in the
photocatalytic degradation of dyes.10 MOs such as ZnO, TiO2,
CeO2, CuO, SnO2, Bi2O3, WO3, Al2O3, NiO, ZrO2, Fe3O4, and
MnO2 are widely used as photocatalysts.10,11 In a study on
TiO2, Verma et al.12 investigated the degradation of malachite
green and methylene blue (MB) using TiO2 nanoparticles with
graphene oxide nanocomposites via the sol−gel method. Jemai
et al. tested the photocatalytic degradation of amido black dye
with amorphous and annealed ZrO2 nanotubes synthesized
using the electrochemical anodization method.13

Recently, biogenic synthesis of metal or MO nanoparticles is
also preferred because plant extracts, algae, bacteria, fungi,
yeast, etc., act as natural reducing and/or stabilizing agents.
Chelliah et al. synthesized ZrO2 nanoparticles using the
Murraya koenigii leaf extract and investigated the photocatalytic
degradation of MB under visible-light irradiation.14 Thymus
vulgaris leaf and citrus lemon seed extracts were employed to
obtain ZnO nanoparticles that are used for the degradation of
MB and Sunfix Red15 and Remazole Brilliant Blue R,16

respectively. Similarly, the photocatalytic activities of Seriphi-
dium oliverianum,17 Ocimum tenuiflorum,18 and papaya/lemon
tea19 extracts-based CuO nanoparticles were investigated
against methyl orange. For this purpose, an extract obtained
from Stevia rebaudiana, a plant species belonging to the Stevia
genus within the Asteraceae family,20 was employed for the
synthesis of MO nanoparticles. The extract, enriched with
bioactive compounds, serves as a biogenic precursor for
controlled and sustainable MO synthesis. This bioinspired
approach not only harnesses the inherent properties of S.
rebaudiana but also aligns with the principles of green
chemistry.

Nowadays, organic and inorganic additives such as transition
metals (Fe, Cu, Ni, Ce, Ag), nonmetal elements (B, C, N, S,
P), oxide (TiO2, CuO, ZnO, Bi2O3, WO3, CdO) and nonoxide
(BN, TiN, MoN, WC, SiC) ceramics, metal halides (PbX2,
AgX, CuX), conductive polymers (PANI, PPy, PTh), etc. were
employed to improve the photocatalytic activity of MOs.21,22

Among them, boron nitride (BN) has attracted considerable
attention with a two-dimensional hexagonal network with
structural similarity to graphene.23 It exhibits a high surface
area, chemical stability, mechanical strength, thermal con-
ductivity, and optical and catalytic properties. BN is also a
typical insulator with a large band gap of 5−6 eV in its pure
state.24 Therefore, adding BN is used to adjust the band gap of
the MO, increasing the charge separation capability and
providing a way to improve the separation efficiency of
photogenerated electron−hole pairs.25 Many researchers have
reported studies combining BN with MOs such as BN/SnO2,

26

BN/WO3,
27 BN/TiO2,

25 and BN/ZnO.28 Liu et al. synthe-
sized a heterostructure photocatalyst based on ZnO nano-
particles decorated with BN QDs and reported that it exhibited
exceptional photocatalytic performances and high stability for

the degradation of MB and methyl orange under UV-light
irradiation.28 Xu et al. investigated the photocatalytic activity of
the BN/WO3 hybrid material for rhodamine B, and even a
small amount of BN was reported to be sufficient for enhanced
photocatalytic activity compared to neat WO3.

27 According to
Singh et al., the accumulation of SnO2 on BN nanosheets
provides a high surface area, transforming the particles into a
suitable form for catalytic processing.26

One of the nanostructures with a high surface area is
electrospun nanofibers, which provide an advantage compared
to powder materials by serving as a structural framework.29

Electrospinning is a relatively robust, simple, and effective
technique for producing nanofibers from various polymers.30

The high surface area/volume ratio, tunable porous structure,
and flexibility of the nanofibers provide a large contact surface
between the photocatalyst and pollutants, thus increasing the
photocatalytic activity.31 In a study by Nasr et al., high-activity
BN/TiO2 composite nanofibers were used as a photocatalyst
for the degradation of methyl orange under UV-light
irradiation.25 Abid et al. produced nontoxic composite fibers
containing varying amounts of BN nanosheets (0, 3, 5, and 10
wt %), TiO2 nanofibers, and halloysite nanotubes and used
them for acetaminophen (ACT) degradation.32 Ghorbanloo et
al. synthesized BN/Cs2CO3/TiO2 nanofibers for hydrogen
production.33 Lin et al. fabricated TiO2-BN-enabled electro-
spun nanofibers for visible-light photocatalytic treatment of
ibuprofen and secondary wastewater effluents.34 Sayegh et al.
tested the photocatalytic degradation of ACT by producing
electrospun TiO2/BN/Pd nanofibers.35 In another study, a
boron-doped graphitic carbon nitride (B-C3N4) photocatalyst
was synthesized and blended with polyethersulfone and
poly(vinylpyrrolidone) to fabricate composite nanofibrous
membranes and were used in the degradation of methyl
orange.36 On the other hand, reported studies on the
fabrication and usage of BN/MO-modified electrospun
nanofibers as photocatalysts for dye degradation are still
limited.

In this study, MO nanoparticles (CuO, ZnO, and ZrO2)
were decorated onto the fBN nanoparticles using the extract of
S. rebaudiana plant leaves to enhance the antibacterial efficacy,
antioxidant characteristics, and photocatalytic efficiency. To
establish a structural framework and improve the mechanical
integrity of fBN/MO nanoparticles, they were converted into
electrospun nanofibers using the PVA/PAA composite system.
To the best of our knowledge, no research has been conducted
on the fabrication of BN/MO-modified electrospun nanofibers
and evaluation of their structural and morphological properties
as well as biological and photocatalytic activities.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Boron nitride (BN; 50 nm 99.9%) was

obtained from Nanotech. (3-Aminopropyl)trimethoxy silane
(APTMS), polyvinyl alcohol (PVA, Mn ∼ 30.000−70.000 g mol−1,
87−90% hydrolyzed), and poly(acrylic acid) (PAA, Mw ∼ 450.000 g
mol−1) were obtained from Sigma-Aldrich. Zinc chloride (ZnCl2,
99.9%) was obtained from Merck, copper(II) sulfate pentahydrate
(CuSO4·5H2O, 97.07%) was obtained from Kimetsan, and zirconium
oxychloride (ZrOCl2, 97%) was obtained from Fluka. All other
chemicals were of analytical grade and purchased from Merck.
Synthesis of fBN/MO Nanoparticles. BN (1.0 g, mean size ≤ 50

nm) was first treated with 40 mL of ethanol in an ultrasonic bath (600
W) for 30 min. Then, APTMS, glutaraldehyde (GA), and L-histidine
(L-his) were used for BN layer activation. For this purpose, 1 mL of
APTMS was added to BN (1.0 g), dispersed in ethanol (40 mL), and
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shaken in a water bath at 60 °C for 16 h. After the reaction, APTMS-
modified BN was separated from the solution by centrifugation and
washed three times with distilled water.37 The modified BN was first
equilibrated in 40 mL of phosphate-buffered saline (PBS, pH 7.4) for
6 h and then incubated in GA solution (0.5%) for a further 12 h.
Excess GA was removed by washing the nanoparticles with distilled
water, acetic acid solution, and PBS. The GA-activated nanoparticle
was incubated with L-his solution (2 mg/mL, 25 mL) for 24 h,38 and
the obtained nanoparticles, abbreviated as fBN-L-his, were washed
with distilled water and PBS.

fBN-L-his nanoparticles (1.0 g) were incubated with metal salts (40
mL) in the concentration range of 10−200 mM at room temperature
for 6 h and then centrifuged. Metal-ion-immobilized fBN-L-his
nanoparticles (fBN-L-his-Mn+) were washed three times with distilled
water. fBN-L-his-Mn+ layers were converted to metal hydroxyls by
phytosynthesis. For this purpose, an extract of S. rebaudiana leaves
was obtained as follows: S. rebaudiana leaves were ground in an herbal
grinder and sieved (<45 μm). It (2.0 g) was treated in 40 mL distilled
water at 90 °C for 1 h under reflux, then cooled to room temperature,
and the filtrate was separated by centrifugation.39 The fBN-L-his-Mn+

nanoparticles were added to the extract (40 mL) and stirred under
reflux for 2 h at 80 °C, followed by centrifugation. The obtained
products were dried in an oven at 100 °C for 1 h and were
abbreviated as fBN/Cu(OH)n, fBN/Zr(OH)n, and fBN/Zn(OH)n.
Metal hydroxides (fBN/(MO)n) were converted into MO by
applying heat treatment ranging from 400 to 600 °C for 2−4 h
(Figure 1).
Fabrication of fBN/MO-Modified Composite Nanofibers. An

aqueous polymer solution was prepared from PVA (20 wt %) and
PAA (1 wt %), and then fBN/CuO, fBN/ZrO2, and fBN/ZnO
nanoparticles were dispersed in the PVA/PAA solution at
concentrations of 1 wt % and homogenized by an ultrasonicator
(180 W, 15 min). PVA/PAA composite nanofibers containing fBN/
MO nanoparticles were fabricated by electrospinning. An Inovenso
basic setup was used by adjusting the flow rate to 1 mL/h with the
help of a microinfusion pump. A voltage of about 14 kV and a 17 cm
needle-to-collector distance were applied. Each polymeric solution
was electrospun for 4 h to control the thickness of the mats. Then, the
obtained mats were heat-treated at 135 °C for 80 min.40

Morphological and Structural Characterizations of fBN/MO
Nanoparticles and fBN/MO-Modified Composite Nanofibers.
The formation of metal nanoparticles from the S. rebaudiana extract
was controlled by a UV−vis spectrometer (Shimadzu, model 1280,

Tokyo, Japan). The crystallinity of BN and fBN/MO nanoparticles
was obtained using an X-ray diffractometer (Bruker AXS/Discovery
D8) in the range of 10−90° at a scanning speed of 1°/min.
Morphological properties of BN and fBN/MO nanoparticles were
investigated using a scanning electron microscope (GAIA3, TESCAN,
Germany), and the elemental compositions were also determined
using an SEM/EDX system (Carl Zeiss 300VP, Germany). The
hydrodynamic diameters of fBN/MO nanoparticles were determined
using a Zetasizer (Nano-2S-ZEN 3600, Malvern Instruments, UK).

BN and fBN/MO nanoparticles, PVA/PAA, and fBN/MO-
modified composite nanofibers were analyzed by using an FTIR
spectrometer (Bruker Vertex 70V). The surface properties of PVA/
PAA and fBN/MO-modified composite nanofibers and their
elemental compositions were determined using an SEM/EDX system
(Carl Zeiss 300VP, Germany). The average fiber diameters of the
nanofibers were calculated from SEM images by using at least 100
randomly selected fibers with the Fiji program.

The thermal properties of PVA/PAA and fBN/MO-modified
composite nanofibers were determined using a TGA/DSC instrument
(TA/SDT650).41,42 The thermodynamic functions were calculated
using the Coast−Redfern equation given in eq 1
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where W and Ws are instantaneous and final mass (mg) of the
samples, respectively. R is the gas constant (J/molK), and θ is the
heating rate (K/min). The activation energy (Ea, J/mol) was
determined from the slope of the line obtained from theÄ
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(ΔH), entropy (ΔS), and Gibbs free energy (ΔG) were calculated
with eq 2.
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where h is the Planck constant and Kb is the Boltzmann constant.
The thermal conductivity (TC) of PVA/PAA and fBN/MO-

modified composite nanofibers was determined by using a laser flash
TC analyzer (Linseis LFA 1000, Germany). The composite

Figure 1. Pictorial representation of the synthesis of fBN/MO nanoparticles.
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nanofibers were prepared as pellets (10 × 0.2 mm) by pressing at 10
kN, and their surfaces were coated with graphite to prevent light
scattering. At least 10 measurements were taken from each sample to
determine the thermal diffusivity.

TC of the samples was calculated using eq 3

= × × (3)

where λ (W/mK) is TC; α (cm2/s) is the thermal diffusivity, and ρ
(g/cm3) and ς (j/g °C) are the density and heat capacity of the
samples, respectively. Differential scanning calorimetry (DSC;
HITACHI DSC 7020) was used to determine the heat capacity of
the samples.
Biological Characterization of fBN/MO-Modified Composite

Nanofibers. The antibacterial activity of fBN/MO-modified
composite nanofibers was determined using Streptococcus mutans,
Acinetobacter baumannii, Staphylococcus aureus, and Escherichia coli
bacteria according to the previously published protocol.40

The antioxidant activity of PVA/PAA and fBN/MO-modified
composite nanofibers was determined using 2,2-azino-bis-3-ethyl-
benzothiazoline-p-sulfonic acid (ABTS). Potassium persulfate
(K2S2O8, 2.45 mM) was added to the ABTS (7 mM, 3 mL) solution,
stirred for 2 h, and then left in the dark for 12−16 h at room
temperature for the generation of ABTS+• radicals. 10 mg composite
nanofibers were treated with the prepared solution, and the
absorbance of the supernatant was measured at 748 nm at the sixth
minute. The antioxidant activity and L-ascorbic acid equivalent
activity (AEAC) of the composite nanofibers were calculated
according to eqs 4 and 5, respectively43

= ×A A
A

radical scavenging activity (RSA, %)

100ABTS Sample
ABTS (4)

=AEAC Antioxidant
L Ascorbic acid (5)

Photocatalytic Degradation. Photocatalytic degradation experi-
ments of PVA/PAA and fBN/MO-modified composite nanofibers
were performed with MB (10 mL, 50 ppm). PVA/PAA and fBN/
MO-modified composite nanofibers used as catalysts were incubated
with MB solutions in the UV reactor (Luzchem/LZC-EDU, Canada)
(UV-C tube lamp, 8 W, 360 nm). MB concentration was determined
by the UV−vis spectrophotometer at 25 °C. Time-dependent
photocatalytic degradation experiments were conducted at pH 7.0,
1.0 g/L, and ambient temperature. The reusability of the fBN/MO-
modified composite nanofibers was also investigated for five
successive cycles. After each cycle, the photocatalysts were washed
with distilled water, followed by treatment with fresh MB solution.

The MB degradation rate was investigated using the pseudo-first-
order kinetic model as described in eq 6.44

=C C ktln /o t (6)

where k is the rate constant and Co and Ct are MB concentrations at
initial and specific times (t), respectively.

■ RESULTS AND DISCUSSION
Structural and Morphological Properties of fBN/MO

Nanoparticles. To synthesize fBN/MO, the surface of BN
nanoparticles was activated with functional groups to enhance
the immobilization affinity of metal ions with APTMS, GA,
and L-his (Figure 2a). The deposition of metal ions on fBN-L-
his nanoparticles increased by the specific coordination bonds
between L-his and metal ions [Cu(II), Zn(II), and Zr(IV)]
(Figure 2b). Multidentate ligands and metal ions formed
complexes (metal chelates) based on the coordination between
electron-donating groups and the cations.45 Ligands with N, S,
O, and P atoms are widely encountered in coordination
complexes.46 These ligands act as Lewis bases, providing pairs
of electrons to form coordinate bonds with metal ions, which

act as Lewis acids. The resulting coordination complexes often
have distinctive structures and properties based on the nature
of the ligands and the central metal ion. According to the hard
and soft acid−base principle, boundary metal ions such as
Co(II), Zn(II), Cu(II), and Ni(II), which are known to have
medium hardness,47 prefer to bind to soft Lewis acids such as
N, S, O, and P atoms.48

The metal ions on fBN-L-his-Mn+ nanoparticles were
reduced by the S. rebaudiana extract. For comparison, the
formation of metals and MO nanoparticles from the S.
rebaudiana extract was also screened in the absence of fBN-L-
his nanoparticles (Figure S1). Figure 3a shows the UV−vis
spectra of fBN/MO nanoparticles. The extract obtained from
the leaves of S. rebaudiana has absorbances at 329 and 290 nm
and a strong absorbance at 207 nm. In addition, ketones and
aromatic hydrocarbons in plant extracts and some chromo-
phore groups, such as nitrite or α,β-enone, are also known to
absorb light at a wavelength of 329 nm. Therefore, the peak
around 329 nm originates from ketone groups of the extract.49

fBN/CuO nanoparticles have maxima around 280 and 300
nm; for fBN/ZrO2, it was observed at 273 nm, and for fBN/
ZnO it was observed at 370 nm. The results are in good
agreement with the literature.50−52

The crystal structure of BN and fBN/MO nanoparticles was
evaluated by using XRD (Figure 3b). BN has characteristic
signals at 26.88° (002), 41.96° (100), 55.46° (004), 76.08°
(110), and 82.43° (110).53,54 fBN/CuO has specific signals for
Cu nanoparticles with a face-centered cubic structure observed
at 75.16° (220), and for a monoclinic structure of CuO
nanoparticles the signals were seen at 35.48° (002), 38.82°
(111), 49° (200), 53.62° (020), 61.64° (113), 66.24° (311),
and 68.14° (220).55,56 For fBN/ZnO nanoparticles, the signals
at 31.98° (100), 34.42° (002), 36.44°(101), 47.57° (102),
56.60° (110), 63.10° (103), 66.76° (200), 68.02° (112),
69.30° (201), and 72.76° (004) indicate the hexagonal-phased
ZnO nanoparticles.57 fBN/CuO and fBN/ZnO nanoparticles
have a crystallinity index and a crystallite size of 62.51%, 107
nm and 73.76%, 208 nm, respectively. It is worth noting that
factors like the calcination process, i.e., heating and cooling

Figure 2. Schematic representation of the modification of BN (a) and
the possible interaction of fBN-L-his and metal ions (b).
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rates and duration, can affect both the crystallinity and
crystallite size.58 The larger crystallites and higher crystallinity
of fBN/ZnO nanoparticles can be attributed to the higher
calcination temperature applied in the synthesis of fBN/ZnO
nanoparticles. Diversely, the prepared fBN/ZrO2 nanoparticles
exhibit a structural disorder with broad signals corresponding
to tetragonal (31.68°) and monoclinic (52.54°) phase
reflections, in line with XRD patterns of amorphous
ZrO2.

59,60 In addition, the SEM micrograph of fBN/ZrO2
supports this different behavior in the diffraction pattern.

The FTIR spectra of BN and fBN/MO nanoparticles are
given in Figure 3c. At 1316 and 766 cm−1, characteristic bands
corresponding to in-plane B−N and B−N−B stretching
vibrations are observed.61 The band of Zn−O is seen at 516
cm−1,52,54 while the peak of Zr−O is seen at 570 cm−1.62 The
presence of the band of the Cu−O bond at 599 cm−1 indicates
the MO conversion.63 The bands of the −C−O vibrational
band at 1091 cm−1 and the −OH vibrational band at 3336
cm−1 due to the steviol glycoside bond64 are observed (Figure
S2). For all spectra, the broad band belonging to the −OH
group observed at approximately ∼3300 cm−1, originates from
the phenolic compounds surrounding the metal nanoparticles.
In addition, the aromatic rings at 1512, 1620, and 1419 cm−1

are, respectively, attributed to C�C, C�O, and N−H
vibrations of olefins, secondary amides, aldehydes, and
ketones49,64 originating from S. rebaudiana, APTMS, GA, and
L-his (Figure S3). After the heat treatment, the intensity

generally decreases; particularly, the higher intensity of fBN/
CuO results from the lower calcination temperature applied.

Figure 4 demonstrates the morphological properties of BN
and fBN/MO nanoparticles. The BN nanoparticles have a

Figure 3. UV−vis spectrum of the S. rebaudiana extract and fBN/MO nanoparticles (a); XRD pattern (b) and FTIR spectra (c) of BN and fBN/
MO nanoparticles.

Figure 4. SEM micrographs of BN (a), fBN/CuO (b), fBN/ZrO2 (c),
and fBN/ZnO (d) nanoparticles.
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spherical geometry and a narrow size distribution. Though
fBN/CuO and fBN/ZnO nanoparticles exhibit a random
distribution with irregular geometry, fBN/ZrO2 nanoparticles
appear to adopt a polygonal geometry rather than a granular
structure. The dissimilarities in morphological perspectives
may arise from distinct interactions between the Zr(IV) ion
and the phytochemicals found in the plant extract. Consistent
viewpoints align with findings from prior studies in the
literature, which highlighted the significant efficacy of plant
extracts on the structural characteristics of resultant nano-
particles.65 Previous research has underscored that phytochem-
icals present in plant extracts function not only as stabilizers
but also as coating agents,66 playing a crucial role in
determining the structural properties of metal oxides (e.g.,
size, charge, stability, functionality, etc.).

The particle sizes of BN, fBN/CuO, and fBN/ZnO
estimated statistically from SEM micrographs are approx-
imately 38 ± 0.91, 86 ± 2.21, and 61 ± 3.58 nm, respectively.
The hydrodynamic diameters of fBN/CuO, fBN/ZnO, and
fBN/ZrO2 nanoparticles were determined as 326.0 nm (PDI:
0.293), 216.7 nm (PDI: 0.240), and 216.9 nm (PDI: 0.272),
respectively. The surface charges of fBN/CuO, fBN/ZnO, and

fBN/ZrO2 nanoparticles were measured as −23.3, −37.7, and
−27.3 mV, respectively.
Morphological, Structural, and Thermal Character-

izations of Nanofibers. The SEM micrographs, elemental
compositions from EDS, and size distributions of fBN/MO-
modified composite nanofibers are shown in Figure 5.
Accordingly, fBN/MO-modified composite nanofibers are
smooth, uniformly distributed, and bead-free, indicating that
the fBN/MO particles are homogeneously incorporated along
the composite fibers.

The average nanofiber diameters are 231 ± 16, 139 ± 15,
133 ± 16, and 142 ± 15 nm for PVA/PAA, fBN/CuO, fBN/
ZrO2, and fBN/ZnO-modified composite nanofibers, respec-
tively (Figure 5a and b). The incorporation of fBN/MO
caused a decrease in the nanofiber diameter, and almost equal-
sized fBN/MO composite nanofibers with narrower distribu-
tions were obtained. Approximately 40% reduction in fiber
diameter was observed due to intermolecular interactions
between the template polymer and fBN/MO. Figure 5b
confirms the presence of fBN/MO in/on the nanofibers. The
distribution of fBN/MO nanoparticles along the fibers was also
detailed through an EDS mapping analysis (Figure S4).

Figure 5. SEM micrographs and fiber diameter distribution (i�PVA/PAA, ii�fBN/ZnO, iii�fBN/ZrO2, and iv�fBN/CuO-modified) (a),
percent composition of elements (b), TGA curves (c), and FTIR spectra (d) of fBN/MO-modified nanofibers.

Table 1. Thermal Characteristics of Composite Nanofibers and Change in Thermodynamic Functions during Thermal
Degradation of PVA/PAA and fBN/MO-Modified Composite Nanofibers (200 and 400 °C)

sample TC (W/mK) T10% (°C) T50%(°C) Ea (kJ/mol) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (kJ/mol K)

PVA/PAA 0.063 273.31 332.81 16.85 12.50; 11.25 157.85; 199.98 −0.277; −0.279
fBN/ZnO-modified 0.227 373.63 440.03 18.01 14.07; 11.99 153.34; 227.37 −0.294; −0.297
fBN/CuO-modified 0.752 351.29 420.39 17.05 13.11; 11.04 151.22; 226.85 −0.292; −0.295
fBN/ZrO2-modified 0.074 369.18 417.89 19.15 15.22; 13.14 151.23; 223.58 −0.287; −0.291
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The thermal degradation curves of PVA/PAA and fBN/
MO-modified composite nanofibers (25−550 °C) are shown
in Figure 5c. BN is thermally stable up to 800 °C without any
weight loss.67 The composite nanofibers have three thermal
degradation steps, and the moisture and volatile/low-
molecular-weight components are thought to be separated
from the composite structures at temperature values where
10% weight loss occurs at the first stage. The thermal
degradation step of 250−450 °C exhibited considerable weight
loss due to the decomposition of the PVA/PAA chains. The
temperature values at which 50% weight loss increased for
fBN/MO-modified composite nanofibers compared to PVA/
PAA nanofibers (Table 1) indicate enhanced thermal stability
with the incorporation of fBN/MO because of the interfacial
interaction between nanoparticles and the polymer matrix,
improving the TC and reducing the rate of thermal
degradation of composite fibers.68 In addition to the inherent
properties of the polymer and nanoparticles, other factors
affecting the thermal performance of composite materials
include nanoparticle agglomeration, particle size, functional
groups on the particle surface, nanoparticle network in the
polymer matrix, and surface energy of the polymer/nano-
particle system.69 Among the MOs employed, fBN/ZnO
increased the thermal stability the most.

The changes in thermodynamic functions were calculated
using the Coats-Redfern method from the TGA curves of
PVA/PAA and fBN/MO-modified composite nanofibers
(Table 1). Accordingly, it was determined that the change in
the Ea was determined as PVA/PAA < fBN/CuO < fBN/ZnO
< fBN/ZrO2-modified composite nanofibers. The increase in
Ea can be attributed to the enhancement of intermolecular
interaction with PVA and PAA, as well as molecules

incorporated into the composite structure with both MOs
with fBN/MO modified and fBN/MO particles with green
synthesis. The most pronounced impact was observed in
nanofibers containing fBN/ZrO2, while the least significant
effect was noted in nanofibers containing CuO. However,
positive ΔH and ΔG values indicate that energy is required for
decomposition. Negative ΔS values suggest that the products
exhibit lower disorder compared to the initial conditions,
indicating a reduction in entropy due to bond breaking.

The FTIR spectra of PVA/PAA and fBN/MO-modified
composite nanofibers are shown in Figure 5d. The stretching
vibration of −OH in the molecular skeletons of PVA and PAA
correlates with the wide band at 3372 cm−1; the stretching
vibration of C�O corresponds to the band at 1718 cm−1. The
stretching vibrations of C−O and C−H align with the bands at
1247 and 2925 cm−1, respectively. The bands in the range of
400−500 cm−1 are attributed to the characteristic absorption
of the M−O stretching vibrations.70 The stretching and
bending vibrations of BN were observed at approximately 1390
and 850 cm−1, respectively.61

The effect of fBN/MO nanoparticles on the TC of PVA/
PAA nanofibers was also investigated (Table 1). The TC of the
PVA/PAA nanofiber is 0.063 W/mK, whereas fBN/MO-
modified PVA/PAA nanofibers have higher TC values. The
TC of fBN/ZrO2-modified composite nanofibers did not
change as much as the other MO-modified composite
nanofibers due to the different morphology of ZrO2 moieties.
According to the SEM micrographs of fBN/MOs given in
Figure 4, fBN/ZrO2 has a comprehensive and hollow surface
resembling the petals of a flower (Figure 4c). In contrast, the
other MOs have spherical-like structures. Therefore, fBN/CuO
and fBN/ZnO particles do not contribute to the heat

Figure 6. Antibacterial activity (a), schematic representation of the mechanisms leading to bacterial inhibition (b), and ABTS+• scavenging activity
(c) of fBN/MO-modified composite nanofibers.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c03226
ACS Appl. Polym. Mater. 2024, 6, 3942−3955

3948

https://pubs.acs.org/doi/10.1021/acsapm.3c03226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03226?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c03226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conduction pathways as much as fBN/CuO and fBN/ZnO
particles. Although the TC decreases in the case of MOs,71 the
increase in TC of fBN/MO-modified nanofibers is mainly
caused by the high TC of BN.72

Various nanostructures such as Cu, CuO, Al2O3, TiO2,
Fe3O4, SiC, ZnO, and CNT have been used as thermal
conductors, especially in nanofluids.73 The characteristics,
including the quantity and shape of dispersed particles, as well
as the type of material, play a crucial role in influencing the TC
in materials containing thermal conductors.74 As an example,
Liu et al. demonstrated that in their study, the TC of ethylene
glycol, initially at 0.25 W/mK, increased by 4% with the
addition of 1% CuO nanoparticles (theoretical TC: 33 W/
mK). Moreover, the TC showed a more substantial increase of
22.4% when the amount of CuO nanoparticles was increased
to 5%.75 In another study, the impact of the morphology of
ZnO nanoparticles on the TC of water was explored. In two
systems containing spherical- and rectangular-shaped ZnO
nanoparticles (5%), the TC of water increased by 12 and 18%,
respectively.73 In a different study, it was noted that the density
serves as a crucial parameter for ZrO2 nanoparticles,
highlighting that the increment in the relative density of
ZrO2 nanoparticles improves the TC.76

Antibacterial/Antioxidant Activity of Nanofibers. The
bacterial inhibition activity of fBN/MO-modified nanofibers
was investigated against S. mutans, A. baumannii, S. aureus, and
E. coli (Figure 6a). The composite nanofibers exhibited a wide-
ranging efficacy, diminishing the number of viable colonies.
The antibacterial activity of all fBN/MO-modified composite
nanofibers ranges between 99.7 and 99.9%, showing high
antibacterial activity against S. mutans and A. baumannii.

Similar to their effectiveness against S. mutans and A.
baumannii, fBN/MO-modified composite nanofibers exhibited
notable activity (98.8−99.9%) against S. aureus and E. coli. The
fBN/CuO-modified nanofibers guarantee the inhibition of
bacteria by inducing denaturation of essential enzymes.
Additionally, the bacterial inhibition activity of ZnO nano-
particles primarily stems from the formation of reactive oxygen
species (ROS), the release of zinc ions, and membrane
dysfunction, while ZrO2 nanoparticles cause the death of
microorganisms due to electromagnetic attraction. Overall,
antibacterial activity mechanisms of metal/MO nanoparticles
can be outlined as the generation of ROS facilitated by
nanoparticles, release of ions, cell wall fragmentation resulting
from nanoparticle entry into the cell, denaturation of enzymes
and proteins, hindrance of DNA replication and induction of
DNA damage, and disruption of essential cellular functions
through the limitation of electron transfer within the cell
(Figure 6b).

In our previous study, PVA/PAA nanofibers showed
relatively weak antibacterial activity against both E. coli and
S. aureus, and by incorporating BN nanoparticles, the
antibacterial activity was enhanced.40 A further improvement
in antibacterial activity was achieved with implementation of
the MOs. The functional groups on the MOs, originating from
both BN modification and reduction by the S. rebaudiana
extract, enhance the ability of nanoparticles to bind to the
bacterial cell membrane. Subsequently, the released Mn+ ions
from the nanoparticles engage with sulfhydryl groups and
phosphorus-containing compounds in the membrane, disrupt-
ing DNA replication and inducing oxidative stress. Besides
surface modification, the antibacterial properties of MO

Figure 7. Schematic representation of the photodegradation mechanism (a), normalized concentration with irradiation time (b), and repetitive
photodegradation of MB using fBN/ZrO2- (c), fBN/ZnO- (d), and fBN/CuO- modified nanofibers (e). (Concentration of MB: 50 ppm, pH: 7.0,
catalyst dosage: 1.0 g/L, UV−vis irradiation at room temperature.)
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nanoparticles are also influenced by a complex interplay of
factors, including their size, surface charge, composition,
crystalline structure, concentration, exposure time, bacterial
sensitivity, and environmental conditions.77 Azam et al.
investigated the antibacterial activity of CuO nanoparticles
against bacteria and emphasized the dependency of particle
size, stability, and concentration on the bacterial growth
medium.78 Apart from MO nanoparticles, metal nanoparticles
such as Ag, Cu, Au, Pd, and MOs containing a polymer
composite have been used to enhance the antibacterial
activity.79

The antioxidant activity of nanomaterials refers to their
ability to neutralize or counteract oxidative stress in biological
systems. Nanomaterials with antioxidant properties can
scavenge ROS and free radicals, which are highly reactive
molecules that can cause cellular damage. The unique
properties of nanomaterials, such as their high surface area
to volume ratio and tunable surface chemistry, make them
promising candidates for antioxidant applications.80 Figure 6c
shows the antioxidant activity of the fBN/MO-modified
composite nanofibers. The % RSA values are 0.86 ± 0.156,
26.62 ± 0.21, 9.36 ± 1.04, and 11.23 ± 0.72 for neat, fBN/
CuO, fBN/ZnO, and fBN/ZrO2-modified composite nano-
fibers (at 10 mg), respectively. The increased antioxidant
efficacy of nanofibers can be ascribed to the radical quenching
impact of the unpaired electrons in MO nanoparticles, coupled
with their substantial surface area.81 The enhanced antioxidant
potential observed in composite nanofibers modified with
fBN/CuO (due to its lower calcination temperature)
compared to fBN/ZnO and fBN/ZrO2 can be linked to the
presence of secondary metabolites derived from S. rebaudiana,
as evidenced by the FTIR spectrum of the fBN/CuO
nanoparticles (see Figure 3c). Analogously, Nazir et al. noted
a comparable scenario, with the antioxidant activity of CuO
NPs surpassing that of MnO NPs.82 In an alternate
investigation conducted by Adeyemi et al., CuO NPs
demonstrated superior antioxidant activity in comparison to
ZnO NPs. Additionally, the antioxidant activity of the NPs
exhibited an incremental trend with increasing concentra-
tion.83 Rehman et al. reported that CuO NPs synthesized using
the Bergenia ciliata extract quenched 30.36% of ABTS+* radical
when used at a concentration of 25 μg/mL and 88.7% at a
concentration of 400 μg/mL.84 Moreover, the activity of ZnO
nanoparticles synthesized using the Simarouba glauca extract
(100 μg/mL) against different radical species (DPPH, ABTS,
peroxide, and superoxide) showed the highest %RSA value for
peroxide.85 Another study reported that ZnO−ZrO2 hetero-
oxide produced by the extract of Ficus elastic leaves showed
25.87% radical quenching against ABTS+*.86 The AEAC values
are 0.089, 3.796, 1.405, 1.674, and 1.000 for PVA/PAA, fBN/
CuO, fBN/ZrO2, fBN/ZnO-modified composite nanofibers,
and L-ascorbic acid, respectively. Accordingly, PVA/PAA
exhibited no antioxidant capacity, whereas the antioxidant
capacity exhibited an increase in the case of fBN/MO-modified
composite nanofibers. This augmentation is attributed to the
electron-donating property of the oxygen atom within the MO,
enabling the regulation of free radicals that may induce
oxidative stress.87

Photocatalytic Activity of Nanofibers. The photo-
catalytic activities of fBN/MO-modified composite nanofibers
were determined by MB under UV light. Figure 7a shows that
the photodegradation of organic compounds occurs sponta-
neously (photolysis) or in the presence of a photocatalyst

under UV light, forming electrons (e−) and holes (h+).
Hydroxyl radicals (•OH) and H+ ions are obtained from the
H2O-formed holes. The resulting •OH plays an active role in
the degradation of the dye.88

The photocatalytic efficiency of fBN/MO-modified nano-
fibers in MB degradation was assessed by monitoring the time-
dependent reduction in absorption maxima at 664 nm,
indicative of MB. The degradation process showed a steady
decline with increasing time in the presence of fBN/MO-
modified nanofibers, reaching equilibrium after 20 min (Figure
S5). MB photolysis was negligible, however, in the presence of
the catalyst, degradation increases considerably. The most
significant decrease among fBN/MO-modified nanofibers was
observed for fBN/ZrO2-modified ones. The percent degrada-
tion in the absence of the fiber catalyst was 5.78%, and it was
53.89, 57.96, and 97.56% in the presence of fBN/CuO, fBN/
ZnO, and fBN/ZrO2-modified nanofibers, respectively.

Figure 7b shows the photocatalytic activity of the fBN/MO-
modified nanofibers; the degradation of MB was investigated
and compared with that of the fBN/ZrO2 nanoparticles. As
expected, the decay of absorbance intensity at time t over
initial intensity (Ct/C0 = 0.89) is slower for the photolysis.
This ratio decreases to 0.46, 0.42, and 0.027 for fBN/CuO-,
fBN/ZnO-, and fBN/ZrO2-modified nanofibers, respectively.
The maximum degradation occurred in the presence of the
fBN/ZrO2-modified nanofiber catalyst. For this reason, the
fBN/ZrO2 nanoparticle was also used as a catalyst (Ct/C0 =
0.58), indicating that the catalyst efficiency increased in the
nanofiber form. Panto ̀ et al. investigated various ZnO
nanostructure morphologies for MB degradation to clarify
the photocatalysis properties. ZnO nanofibers were reported to
be the most efficient photocatalyst compared to microflowers
and commercial nanoparticles. The increased degradation
efficiency has been attributed to a larger specific surface area
and a higher density of active sites available for dye
adsorption.89 Furthermore, the doping process can also modify
the surface area and improve defects and vacancies in the MO
lattice. These defects can serve as active sites for catalytic
reactions, further enhancing the photocatalytic activity.90

According to Nasr et al., BN doping increased the oxygen
vacancies on the TiO2 nanofiber surface, which can also be
viewed as a recombination of free electrons with trapped
holes.91

On the one hand, the band gap of a photocatalyst directly
influences its ability to absorb light, generate electron−hole
pairs, prevent recombination, drive redox reactions, and
determine the selectivity of the degradation process.88 The
band gap energy of fBN/MO nanoparticles was calculated
using Tauc’s formula.92 The higher photocatalytic efficiency of
the fBN/ZrO2 (2.75 eV) nanoparticles compared to fBN/CuO
(4.10 eV) and fBN/ZnO (4.60 eV) can be attributed to the
band gap energy values. This also increases the charge
separation capability and provides a way to improve the
separation efficiency of photogenerated electron−hole pairs.91

On the other hand, a red shift in the band gap energy increases
the visible absorption at the interface of BN and MOs. The
photogenerated electrons can be delocalized in the π−π
conjugated system of BN, and the electron−hole pair’s
recombination rate will be delayed, leading to increased
photocatalytic activity.93 Sayegh et al. emphasized the
separation efficiency of BN doping on the photocatalytic
performance of TiO2 nanofibers.94 The rate constants for the
MB degradation are determined to be 0.87 × 10−3, 6.32
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× 10−3, 6.51 × 10−3, 123 × 10−3, and 11.8 × 10−3 min−1 for
photolysis, fBN/CuO-, fBN/ZnO-, fBN/ZrO2-modified nano-
fibers, and fBN/ZrO2 nanoparticles, respectively, with the
highest R2 values. The linearity in the kinetic plots was
confirmed that the photodegradation of MB fitted the first-
order kinetics (Figure S6). Accordingly, the rapid degradation
rate belongs to the fBN/ZrO2-modified nanofiber due to the
aforementioned morphological and optoelectronic features.

Figure 7c shows the reusability of the fBN/MO-modified
nanofibers by the recycling experiments for 5 cycles. Generally,
the MB degradation rate remained almost unchanged for the
first two cycles of fBN/MO-modified nanofibers, especially for
fBN/ZrO2-modified nanofibers that are more stable and can be
used for repeated treatment of MB at least three times. A
decrease in catalytic activity may be related to the experimental
conditions such as the type of dye, pH, temperature, light
intensity, dosage, and morphology of the catalyst.95

Table 2 presents a compilation of studies investigating the
photocatalytic properties of various MO/BN nanofibers
prepared through electrospinning. Nasr et al. recommended
the utilization of BN/TiO2 nanofibers for the photocatalytic
degradation of methyl orange. Their findings indicated that
BN/TiO2 nanofibers exhibited superior activity compared to
neat TiO2.

91 The same group of authors used BN-Ag/TiO2
nanofibers obtained by incorporating Ag precursor into the
system for both MB degradation and the investigation of its
antibacterial activity against E. coli. They highlighted the
improved photocatalytic and antibacterial activity of TiO2
nanofibers with the addition of BN and Ag nanostructures.96

In another study, BN/TiO2 nanofibers were used for
photocatalytic oxidation of ibuprofen under UV irradiation.97

In addition, Lin et al. performed this study under visible light
to demonstrate their usability as solar photocatalysts, especially
in the treatment of real wastewater.98 Similarly, under both UV
and visible light, Sayegh et al. used TiO2-BN-Pd nanofibers for
the degradation of ACT. Differently, they modified the TiO2
nanofibers by BN and Pd through atomic layer deposition.94

Another study reported that BN/TiO2/HNT composite
nanofibers exhibited a high degradation rate for ACT under
visible light.99 Xu et al. suggested using B−C3N4-based
nanofibers with two different template polymers (polyether-
sulfone with poly(vinyl pyrrolidone)100 or poly(methyl
methacrylate-co-acrylic acid))101 for adsorption and photo-
catalysis of different dyes and antibiotics.

The literature primarily revolves around electrospinning
metal precursors, additives, and polymers, followed by
calcination to achieve the MO composite nanofibers. However,
the high temperature applied during the calcination process
deteriorates the mechanical integrity of the resulting nano-
fibers, making them brittle. Therefore, we first synthesized the
fBN/MO nanoparticles before electrospinning proceeded by
low-temperature thermal cross-linking.

■ CONCLUSIONS
Phytosynthesized CuO, ZnO, and ZrO2 nanoparticles were
decorated on the fBN nanoparticles, followed by incorporation
into the electrospun PVA/PAA composite nanofibers. The
morphological investigation showed the randomly distributed
fBN/CuO and fBN/ZnO nanoparticles with irregular geom-
etry as well as polygonal-shaped fBN/ZrO2 nanoparticles.
fBN/MO nanoparticles were homogeneously distributed along
the composite nanofiber at the designated concentration. The
impact of fBN/MO nanoparticles on the thermal properties of

the neat nanofiber was examined in terms of the stability and
conductivity of fBN/MO-modified composite nanofibers. The
incorporation of fBN/MO nanoparticles into the composite
nanofibers improved their thermal stability and conductivity
compared to the PVA/PAA nanofibers. The enhanced thermal
stability was also supported by changes in thermodynamic
functions. fBN/MO-modified composite nanofibers demon-
strated high antibacterial efficacy against S. mutans, A.
baumannii, E. coli, and S. aureus, while concurrently enhancing
their antioxidant properties. The effective photocatalytic
remediation to MB using fBN/MO-modified composite
nanofibers was observed. fBN/ZrO2-modified composite
nanofibers exhibited the highest photocatalytic activity because
of their morphological and optoelectronic properties. The
transformation of the fBN/ZrO2 nanoparticles into nanofibers
resulted in a more than 20-fold improvement in photocatalytic
degradation efficiency. Besides, they demonstrated enhanced
stability, allowing for repeated treatment of MB for a minimum
of three cycles. Multifunctional fBN/MO-modified composite
nanofibers exhibit antibacterial, antioxidant, and photodegra-
dation activity, making them suitable for applications in
biomaterials and water disinfection.
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