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Low-cost and environmentally friendly nanomaterials fabricated using sol-gel, electrospinning,
hydrothermal and solvothermal methods are highly important for the removal of dyes (which are
important water pollutants) from water sources and for reducing biological activity on the membrane
surface of treatment facilities. In this study, boron nitride/titanium dioxide composite nanofibers (BTFs)
were synthesized using an electrospinning method. The structural and optical properties of the BTFs were
investigated using various analytical techniques, including X-ray diffraction (XRD), scanning electron
microscopy (SEM), ultraviolet-visible spectroscopy (UV-vis) and Fourier transform infrared spectroscopy
(FTIR), and then, their capability for photocatalytic dye removal and antibacterial activity was studied. SEM
analysis of the characterized BTF nanofibers showed that the fiber structures were random, distant from
each other and formed networks. Furthermore, the band energy calculated from the UV-vis spectrum
was 2.81 eV. Subsequently, the catalytic activity for the removal of methylene blue and rhodamine B dyes
from water was determined to be 83.7% and 84.3%, respectively. In addition, the BTF nanofibers exhibited
a high antibacterial effect against Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Klebsiella
pneumoniae bacteria. In addition, antibacterial tests revealed that the bacterial culture containing BTF
nanofibers showed a lethal effect even at low concentrations. Thus, BTF nanofibers are envisaged to play
important roles in water purification and microorganism-control applications owing to their advantages of
environmental friendliness, low-cost, and sustainability.
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and the universal supply of fresh water are critical requirements
for humanity."? In this context, industrial wastes, particularly

1. Introduction

Environmental pollution continues to be a major threat to
humanity with the rapid development of industries, and it is one
of the leading causes of various diseases and deaths. However,
the most contributing factors for urbanization, industrialization
and their accompanying environmental pollution worldwide are
human activities. To build a secure future, clean water resources
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from the textile, cosmetic and plastic industries and dyestuffs and
organic dyes, have been identified as the primary sources of
pollutants in water resources. High microbial activity and turbid
coloration observed in water contaminated with industrial waste
present significant challenges for both the nature and humanity.
Even at low concentrations, the contamination of drinking water
with dyes can result in serious health issues.*” In the water
treatment industry, chemical disinfectants and membrane
treatment technologies are potential solutions for freshwater
production.® However, the chemical disinfectants used are known
to have carcinogenic effects over time, and membrane technology
systems are very difficult systems to control during water treat-
ment and are prone to biofilm formation on the membrane
surface, increasing biofouling. Therefore, new approaches are
needed to remove organic pollutants from water and reduce
biological activity on the membrane surface in treatment facili-
ties.” The momentum gained by microbiology and nanotech-
nology in recent years offers new developments in this field.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Recent advances in nanotechnology are known to provide desir-
able functional properties, such as the efficient design, charac-
teristics and specification of nanoparticles.'**® Nanoparticles are
obtained using special techniques owing to their shape-
controlled, highly porous, and flexible composite structures.
These structures are obtained by combining many techniques,
especially sol-gel, electrospinning, hydrothermal and sol-
vothermal methods.”*** These methods show promise in devel-
oping low-cost and environmentally friendly methods for the
production of fresh water using nanoparticles. Owing to the
photocatalysis properties of nanoparticles obtained via various
methods, they can play important roles in the conversion of solar
energy and remediation of organic pollutants.* Photocatalysis
reactions are very useful methods for removing organic dyes and
bacterial contaminants from water treatment systems. In this
regard, among the semiconductor materials, metal compounds
such as tin(iv) oxide (Sn0O,), nickel oxide (NiO), zinc oxide (ZnO),
and titanium dioxide (TiO,), are the most efficient and environ-
mentally friendly nanoparticle structures that show photo-
catalysis properties.” In particular, TiO, nanoparticles are cost-
effective photocatalysts for the degradation of organic dyes
owing to their composite structure, non-toxic nature, and excel-
lent optical, chemical and physical properties.* TiO, is the most
widely used semiconductor catalyst for photocatalysis studies
owing to its unique properties such as high chemical stability, low
toxicity and fast oxidation reaction.”® However, owing to the
inefficient utilization of photogenerated electron-hole pairs, the
activity of semiconducting TiO, compounds needs to be
enhanced. Suppression of the photogenerated electron-hole pair
combinations in semiconductor assembly is known to increase
the net charge transfer in solar cells and photocatalysis reac-
tions.?® To achieve this, two semiconductor nanoparticles should
be paired using acyl group materials. Accordingly, TiO,-SnO, has
been the subject of various researches as it consists of two
semiconductor oxides.*”*®* When two semiconductor particles are
attached to the SnO, band, they degenerate the photogenerated
electrons. Meanwhile, the TiO, particles are concentrated on the
valence band as the electron-hole pairs start to flow via their
interaction with the light. Sn metal increases the charging rate of
TiO, as a result of a light-induction effect.”** In addition, boron
nitride (BN) is often used as a support material in optoelectronic
and nanoelectronic device applications owing to its different
chemical and physical properties.*” Indeed, the photocatalytic
activity of the BN-TiO, nanocomposite structure is a major
research topic.**** This is mainly owing to the electrostatic
interaction of the positively charged TiO, metal accelerating the
flow of the negatively charged BN nanomaterial in the composite
state, thereby improving the photocatalytic activity. In this study,
boron nitride/titanium dioxide composite nanofibers (BTFs) ob-
tained via the electrospinning method were used for photo-
catalytic dye removal and antibacterial applications.

2. Experimental section
2.1. Materials

Commercial boron nitride (Aldrich, 95%) (BN), titanium tet-
raisopropoxide (Merck, 98%) (TIPOD), polyvinylpyrrolidone
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(PVP) (Sigma Aldrich, Mw = 1 300 000), methylene blue (Sigma,
97%) (MB), rhodamine B (Sigma, 95%) (RhB) and absolute
ethanol (Isolab, 99.9%) were purchased and used without
further purification.

2.2. BTF nanofibers production

BTF nanofibers were obtained using the electrospinning method.
First, 1.6 g PVP, 0.239 g TiO,, 0.150 g BN and 5 mL TIPOD were
added to 15 mL ethanol for synthesizing the BTF nanofibers. The
solution was stirred overnight at room temperature. The homo-
geneous solution obtained was taken into a syringe and the fibers
were collected on an aluminum foil layer using 25 kv DC voltage
at a flow rate of 1 mL h™" in an electrospinning device. The fibers
collected on the aluminum foil were calcined at 500 °C for 1 h at
a temperature ramp rate of 5 °C.*>3¢

2.3. Physical and chemical characterizations

The morphological, structural and elemental analyses of the
BTF nanofiber structure were characterized using SEM. To
elucidate the crystal structure of the samples, a Rigaku MiniFlex
model XRD device was used. Spectral analysis of the synthesized
material was performed using a Perkin Elmer-Lambda 750
model UV-vis spectrometer. In addition, FTIR characterization
was performed with a Perkin Elmer-Spectrum II device.

2.4. Photocatalytic activity measurements

Methylene blue (MB) and rhodamine B (RhB) dyes were
considered as reference organic pollutants to evaluate the
photocatalytic activity of the BTF nanofibers. The photo-
catalytic performance of the obtained nanomaterials was
evaluated based on the decrease in the concentration of MB
and RhB dye during exposure to visible-light irradiation
(400 W halogen lamp). First, the solution mixture was soni-
cated for 30 min without irradiation to reach adsorption-
desorption equilibrium for MB and RhB. The solution was
then irradiated with visible light for 180 min. At intervals of 5,
10, 15 and 30 min, 3 mL of sample solution was removed from
the resulting solution and centrifuged to separate the catalyst.
The centrifuged solution was analyzed with a UV-vis spec-
trometer. The absorbance spectra of MB were recorded to
measure the main absorption band around 2 = 660 nm and
the change in its concentration. On the other hand, the
absorbance spectra of RhB were obtained and compared with
the changes in the main absorption band and concentration at
A ~ 550 nm. After irradiation, the photocatalytic degradation
efficiency was calculated according to the following degrada-
tion efficiency equation:

Degradation efficiency (%) = [(Cy x C)/Cp] x 100

2.5. Determination of the antibacterial activity by
a microdilution method

Antibacterial activity studies of the obtained BTF nanofibers
were tested against human pathogenic bacteria. Four bacterial

RSC Adv, 2025, 15, 18648-18656 | 18649


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra09118c

Open Access Article. Published on 03 June 2025. Downloaded on 3/14/2026 7:44:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

species, two Gram positive and two Gram negative, were
selected. These were taken from Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis) and
Klebsiella pneumoniae (K. pneumoniae) stock bacterial cultures
transferred to nutrient broth and placed in an oven for 24 h
incubation.’” At the end of 24 h, absorbance values were
measured separately for the bacterial species and the concen-
trations of BTF nanofibers for the antibacterial test trials were
determined according to the reference method, and were
determined as 500, 250, 100, and 50 pg mL~". Antibacterial
assays were prepared on a 96-well plate as 3 replicate controls.
To observe the growth of bacterial culture containing BTF
nanofibers and the effects of the nanoparticles, they were
incubated for 24 h in a 37 °C incubator on a shaker setup. After
24 h, the absorbance values of the culture containing the BTF
nanofibers were determined at 600 nm using a spectrophotom-
eter. Cell viability and bacterial inhibition were evaluated
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according to the absorbance values of the bacterial cultures at
different concentrations.*®**

3. Results and discussion

3.1. Characterizations of the BTF nanofibers

XRD of the BTF nanofibers obtained via electrospinning was used
to analyze the crystal structure of the fibers. The sharp peaks at 26
values of 25.81°, 38.29°, 48.4°, 54.45°, 55.29°, 63.16°, 69.18°,
70.62°, 75.33° and 83.07° in Fig. 1a were related to the (101), (004),
(200), (105), (211), (204), (116), (220), (215) and (224) planes of the
pure TiO, anatase form, respectively. Also, the weak peak at 20 =
27.97° was due to hexagonal boron nitride. Crystal structure
analysis showed that BTF nanofibers had been successfully ob-
tained in accordance with the literature.**** In addition, the
structural compositions of the BTF nanofibers obtained by the
electrospinning method before and after calcination were also
characterized by FTIR analysis, as shown in Fig. 1b. The FTIR
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Fig.1 XRD diffraction pattern (a), FTIR spectrum (b), UV-vis spectrum (c), and Tauc plot (d) of the BTF nanofibers annealed at 500 °C in air for 1 h.
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results of the non-calcined BTF nanofibers displayed peaks at
3393 ecm™! for O-H, 2928 cm ! for C-H, 1649 cm™ ' for C=0,
1426 cm™* for C=C bonds, and at 1282 cm™* due to C-N vibra-
tions.® After calcination, there was a peak at 1375 cm ™" showing
the counter phase within the BN layers and corresponding to the
B-N E,, vibration mode.* At the same time, due to the formation
of TiO, nanoparticles, peaks for Ti-O stretching and Ti-O-Ti
bridging stretching modes were observed at 500-900 cm™".*>* The
disappearance of the peaks belonging to PVP after calcination
confirmed that the calcination process was successful.>* The UV-vis
absorption spectrum of the synthesized BTF nanofibers is shown
in Fig. 1c, showing that the BTFs absorbed light at approximately
240 and 440 nm. In addition, the band gap energy of the BTF
nanofibers was calculated from the UV-vis spectrum using eqn (1)
with the Tauc relation.****

(ahv)'"™ = A(hv — Ey) (1)

As can be seen in Fig. 1d, the calculated band energy (E,) of
BTF nanofibers was 2.81 eV. This E, value was lower than the E,
value of the pure TiO, nanofibers (3.20 eV). This suggests that
the addition of boron nitride contributed to photocatalytic dye
removal by reorganizing the energy levels of TiO,.***

Next, SEM was used to investigate the surface morphology of
the BTF nanofibers. Fig. 2 shows the SEM images of the BTF
nanofibers calcined in air at 500 °C for 1 h, showing the
nanofibrous morphology was maintained even after the heat-
treatment process.*> As can also be seen in the SEM images
(Fig. 2a-d), the fiber structures were formed randomly, far from
each other, in the form of a network, and also the fiber
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structures were preserved after heat treatment. Also, it could be
seen that BTF nanofibers with similar diameters were formed
after calcination. Comparison of the images with the literature
showed that BTF nanofibers had been successfully formed after
calcination.**%*

3.2. Photocatalytic activity experiments with the BTF
nanofibers

After successful synthesis and extensive characterization, pho-
tocatalytic dye removal studies of MB and RhB dyes were carried
out using the BTF nanofibers. The adsorption-desorption
relationship between 40 mL of MB (5 mg L") and 40 mL of RhB
(5 mg L") solutions containing 40 mg BTF nanofibers as the
initial solution was investigated. First, both solutions were
stirred in the dark for 30 min in order to disperse the BTF
nanofibers completely. Then, the dye removal studies in the
presence of BTF nanofiber were carried out under light illumi-
nation using a metal halide lamp (400 W) at a distance of 15 cm
for 180 min. The reactions of the BTF nanofibers for the pho-
todegradation of MB and RhB dyes are briefly described below

(eqn (2)-(4).
BTF nanofibers + visible light — hyg" + ecg™ (2)
hVB+ + H20 — OH + H+ (3)

O, (or) -OH™ + (RhB or MB) — CO,
+ H,0 (degraded products) (4)

The direct transition of electrons from the valence band to the
conduction band on the surface of the catalysts after the

Fig.2 SEM images of the BTF nanofibers annealed at 500 °C in air for 1 h at different magnifications of 1.0 KX (a), 2.0 KX (b), 20.0 KX and (c and d),

in different regions.
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absorption of light rays can lead to the production of electron
(e”)/hole pairs (h"). Electrons pass from the valence band (VB)
of the BTF nanofibers to the conduction band (CB) and leave
gaps in the valence band in the BTF nanofibers. Electrons form

(@)

MB
104 —T0
—T5
—T15
—T30
084 — 760
- —T90
3 —T120
So6-
(]
Q
j =
©
L2044
o
[7]
2
Loz
0.0

(b)

1.0 RhB

—T0
— TS
—T15
—T30
—T60
—T90
—T120
—T150
—T180

o o
o =)
A '8

Absorbance (a.u)
o
Y

L] L} L] 1 L] { )
300 400 500 600 700 800

Wavelength (nm)

2] ~ =2
=1 o o
1 1 1

Dye Degradation (%)
o
o

40 4
—as—MB

30 4 —e—RhB

T T T T r T 1
0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 3 UV-vis spectra for the photocatalytic degradation of MB (a),
UV-vis spectra for the photocatalytic degradation of RhB (b), and
percentage degradation curves for MB and RhB (c).
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‘O, and -OH" free radicals. The free radicals then react with
organic dyes and cause their photodegradation.*>*

Fig. 3a and b show the absorbance spectra of MB and RhB.
The time-dependent decrease of the characteristic peaks of both
dyes indicated that the chromophore responsible for the char-
acteristic color of the dyes was degraded in the presence of the
BTF nanofiber. As shown in Fig. 3b, a shift in wavelength
occurred as RhB degraded. In the photocatalytic degradation of
RhB, there are two pathways, namely cleavage of the conjugated
chromophore structure and N-deethylation. In the first
pathway, it could be seen that the peak intensity decreased in
the UV-vis spectrum, while in the second pathway, the adsorp-
tion peaks shifted toward blue wavelength.**** The time-
dependent % degradation plots of MB and RhB dyes are given
in Fig. 3c. The decrease in the absorbance intensity of MB and
RhB dyes as a function of the light exposure time shows the
decrease in dye concentrations.*® It was determined that MB
and RhB dyes caused degradation of the dyes at rates of 83.68%
and 84.31%, respectively, as a result of 180 min light
illumination.

Following the adsorption studies, the degradation kinetics of
MB and RhB dyes were calculated using first-order kinetics (eqn
(5)), as shown in Fig. 4. Fig. 4a presents the photodegradation
curves for the MB and RhB dyes, while Fig. 4b and c show the
first-order kinetics experimental linear-fitting graphs for MB
and RhB, respectively. Using the following eqn (5) for Fig. 4b, R
for MB was determined to be 0.921 and for Fig. 4c, R* for RhB
was determined to be 0.897. The constant values (K) for MB and
RHB were calculated as —0.00881 and —0.00882 min ?,
respectively, indicating the good agreement between the model
and the experimental data.

In(C/IC,) = —Kt (5)

BTF nanofibers obtained by the electrospinning method
exhibited effective catalytic performance in photodegradation
processes thanks to their beneficial properties, including large
surface area and high porosity. Boron doping modified the
electronic structure of the titanium oxide structure, increased
the light absorption and improved the photocatalytic efficiency
by reducing the recombination of charge carriers. Thus, BTF
nanofibers offer an important advantage in environmental
applications by enabling the fast and efficient photo-
degradation of organic pollutants. In conclusion, the results in
Table 1 show that the performance of the BTF nanofibers
produced by the electrospinning method is comparable with
other materials reported in the literature, and even superior to
many.

3.3. Antibacterial activity experiments of the BTF nanofibers

The microdilution method was selected to determine the anti-
bacterial activity of BTF nanofibers. Different concentrations of
BTF nanofibers solution were prepared to perform in vitro
antibacterial tests. For the antibacterial activity evaluations of
the BTF nanofibers, the BTF nanofibers were tested by adding
BTF nanofibers at concentrations ranging from 500 pug mL ™"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photodegradation curves of MB and RhB dyes under simulated sunlight (a) and pseudo-first-order kinetic plots for MB (b) and RhB (c).

down to 50 pg mL . Bacterial cultures grown at 37 °C for 24 h
were determined according to 0.5 McFarland standard and
added to plates containing different the concentrations of BTF
nanofibers.> The bacterial cultures containing the BTF nano-
fibers were incubated at 37 °C for 24 h and quantified after 24 h
using a multi-plate reader (Berthold TriStar2 LB 942). The
absorbance values obtained were calculated as percentage
units. According to these results, it was observed that the BTF
nanofibers had a killing effect against both Gram-positive and
Gram-negative bacteria. As can be seen in Fig. 5, the results of
this study showed that at 500 ug mL ", the BTF nanofibers had
a very high antibacterial effect against E. coli, S. aureus, B. sub-
tilis and K. pneumoniae bacteria; while the bacterial culture
containing 250 pg mL~' BTF nanofibers was found to have
60.68%, 57.51%, 60.31% and 59.86% Kkilling effects, respec-
tively. Similarly, the bacterial culture containing 100 pg mL ™"
BTFs showed 35.35%, 42.41%, 34.78% and 27.96% killing

© 2025 The Author(s). Published by the Royal Society of Chemistry

effects, respectively. Finally, even at the lowest concentration of
50 ug mL ™", the lethal effect was 28.99%, 39.96%, 27.95%, and
16.94%, respectively.

In addition, the antibacterial activities of BTF nanofibers
against E. coli, S. aureus, B. subtilis and K. pneumoniae bacteria
are presented in detail in Table S1,} together with the relative
standard deviation (RSD) depending on the
concentration.

In previous literature, boron nanosheets made by P. Aruna
et al. exhibited selective toxicity against B. subtilis, showing
a more sensitive effect on Gram-positive bacteria; however,
Gram-negative bacteria (E. coli and K. pneumonia) showed
resistance due to the lipopolysaccharide outer membrane, while
no inhibition effect was observed against multidrug-resistant
clinical isolates of S. aureus.®** When similar studies were
examined, it could be noted that the BTF nanofibers differed
from other studies by showing a broad spectrum and potent

values

RSC Adv, 2025, 15, 18648-18656 | 18653
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Table 1 Comparison of BTF nanofibers with other materials in the literature for dye photodegradation
Photocatalyst Type of dye Photodegradation efficiency (%) Degradation time (min) References
Pure TiO, MB 71 150 57
TiO, NPs MB 97 180 58
Pani/BN nanocomposite MB 65.7 90 59
RhB 71.1
h-BN/ZnO MB 60 20 60
RhB 82
Non-porous BN/TiO, hybrid RhB 67 360 61
h-BN/TiO, MB 36.3 20 62
RhB 64
BTF nanofibers MB ~83.7 180 This work
RhB ~84.3
B E col positive and Gram-negative bacteria. High concentrations of
100 1 [ S.aureus BTF nanofibers showed strong antibacterial effects against E.
9 1 B.subtilis coli, S. aureus, B. subtilis and K. pneumoniae. Especially at
= 80 B K.preumoniae a concentration of 500 ug mL ™, the bacterial killing rates were
:.g quite high. As a result, the BTF nanofiber nanocomposite is
% 60 4 considered a promising material for water treatment and
E | bacterial control applications, exhibiting effective photo-
£ 404 catalytic properties and strong antibacterial activity. With their
% superior properties, BTF nanofibers offer potential application
0 20- in environmentally friendly water treatment methods and
health applications.
0-

100 50

250
Concentration (ng/ml)

Fig. 5 Bacterial inhibition of BTF nanofibers at different

concentrations.

antibacterial effect against both Gram positive and Gram-
negative bacteria.

4. Conclusion

BTF nanofibers obtained via electrospinning technique were
characterized in detail using FTIR, XRD, UV-vis and SEM anal-
yses. FTIR analysis confirmed the disappearance of PVP peaks
after calcination and the existence of sp> hybrid B-N band of
BN. Additionally, XRD analysis revealed that the BTF nanofibers
showed sharp patterns belonging to pure TiO, and hexagonal
boron nitride phases. Furthermore, the UV-vis spectra showed
that the BTF nanofibers absorbed light at 240 nm and 440 nm
and exhibited a band energy of 2.81 eV. SEM images confirmed
that the fibers were successfully formed and were dispersed in
the form of a network after calcination. As for the performance
studies, the photocatalytic activity tests showed that the BTF
nanofibers offered 83.68% and 84.31% of photocatalytic
degradation rate for methylene blue (MB) and rhodamine B
(RhB) dyes, respectively. These results indicated that the BTF
nanofibers are effective materials for the photocatalytic degra-
dation of organic pollutants. Furthermore, antibacterial tests
revealed that the BTF nanofibers were effective against Gram-
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