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PVP-derived TiO,/C and TiO,/C/N Nanofibers by SBS with High Adsorption/Photocatalytic Capacity
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A solution blow spinning (SBS) process was utilized to create nanofibers of TiO,/C and TiO,/C/N
with potential applications in photocatalysis and dye adsorption. Polyvinylpyrrolidone was used as a
carbon and nitrogen source. Their content in the TiO, structure decreased as the temperature increased
from 350 to 550 °C. Physical-chemical, morphological, and structural features were investigated.
Adsorption and photodegradation experiments revealed that the material calcined at 400 °C had
higher dye removal (98%) under dark settings, whereas the greater photodegradation efficiency under
visible and UV light was 56% and 98%, respectively, for the sample calcined at 550 °C. The results
suggest that the SBS has the potential to develop an efficient adsorbent and photocatalyst for use in

treatments of contaminated water.
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1. Introduction

In recent years, wastewater remediation has emerged
as one of the most innovative environmental applications.
This is crucial for safeguarding the environment, promoting
public health and the sustainable use of water resources, and
contributing to a healthier, more balanced future'. Photocatalysis
and adsorption stand out among the methods used for this
objective. In a photocatalytic process, adsorption and reaction
occur simultaneously, converting pollutant molecules into
harmless products**. They can effectively remove dyes
and other organic contaminants from aqueous solutions>®.

Titanium dioxide (TiO,) is the most employed semiconductor
in photocatalysis. Due to its unique properties, chemical
stability, and low cost’, is a versatile and extremely effective
photocatalyst. TiO, can generate electron-hole pairs when
exposed to light energy, which can participate in a variety
of photochemical reactions. These reactions may entail the
decomposition of organic pollutants, the production of reactive
oxygen species, or the reduction of molecules®. However, TiO,
has a wide bandgap (3.2 eV), consequently, its photocatalytic
activity is particularly effective in the ultraviolet (UV) region
of the electromagnetic spectrum, in addition to exhibiting
rapid electron/hole recombination’. Because of this, several
researchers have investigated and developed TiO, in combination
with other substances forming various binary and ternary
compounds to extend the light absorption range in the visible
light spectrum'®!". TiO,/carbon (TiO,/C) and TiO,/carbon/
nitrogen (TiO,/C/N) nanocomposite has been extensively
studied due to its potential for advanced applications such
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as dye-sensitized solar cells'?, anode material for sodium-ion
batteries'*!*, an electrode for supercapacitors'®!”, electrochemical
sensor'®, electrocatalysis and photocatalysis'**. When TiO,
is combined with carbon, it can manifest several improved
properties compared to pure TiO,*.

Carbon acts as a sensitizer by narrowing the bandgap of
TiO,, allowing the composite material to capture a broader
range of light energy, including visible light*”*°, This is an
essential strategy, as it becomes possible to utilize a larger
portion of solar radiation, which is more abundant and accessible
compared to UV light*"*2. TiO, photo-excited generates pair
electron holes that can be accepted by the carbon, resulting
in an efficient charge separation®. In addition, carbon and
N-carbon-based materials can be excellent adsorbents for
dyes and other organic compounds®. These materials have
a high surface area, porosity, and chemical reactivity, which
also make them effective for adsorption processes®’.

Most nanocomposites consist of TiO, nanoparticles
embedded'*** or decorated into carbon nanofibers'***#°, This
heterostructure can reduce the active sites of the particles by
the probability of self-agglomeration. However, 1D nanofibers
have attracted special interest in recent years because this
morphology increases the specific surface area and improves
the contact with molecules and ions of interest. Studies**?
developed 1D TiO,/C composites using electrospinning,
but no study used solution blow spinning (SBS) to produce
TiO,/C composites, despite the advantages of SBS®. In the
last five years, SBS has shown remarkable performance in
the production of nanofibers as the process is readily scalable
for large-scale production, and a wide variety of polymers,
solvents, and ceramics precursors can be employed*.
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Moreover, studies®-** depicted the feasibility and success of
SBS in the production of ceramic nanofibers using non-toxic
or low-toxic solvents, such as water and ethanol improving
its capability to produce nanofibrous structures.

Polyvinylpyrrolidone (PVP) is widely used as a precursor
polymer in ceramic spinning due to its solubility in environmentally
friendly solvents (such as water and ethanol), spinnability,
and ability to produce stable nanofibers®-¢. Typically, PVP
functions as a sacrificial polymer during spinning, providing
a temporary support structure. PVP is also considered a
source of carbon and nitrogen®’’, however, its use for this
purpose is still scarce. In addition, there were no reports of
PVP-based TiO,/C and TiO,/C/N nanofibers produced by
the SBS technique. Thus, in this study, we reported for the
first time the synthesis of TiO,-PVP nanofibers to obtain
TiO,/C and TiO,/C/N nanofibers by SBS followed by a
calcination process at temperatures varying from 350 °C
to 550 °C, where PVP have the function of viscosity aid
but also, and the most, to be used as precursor of C and N,
what make possible the use of more green solvent. The
influence of temperature calcination on the composition,
physical-chemical, morphological, and structural properties
of provided nanofibers was evaluated. The photocatalytic
(under UV and visible light) and adsorptive performances
were also evaluated using crystal violet (CV) dye as a
contaminant model.

2. Experimental

Titanium(IV) isopropoxide (TTIP - Aldrich, 99%) was
used as the precursor of TiO, content. Acetic Acid (Quimica
Moderna) and ethanol (Cinética, 99.5%) as the solvent.
Polyvinylpyrrolidone, PVP (Aldrich, average Mw ~1,300,000)
was used as an assistant spinning solution and as a carbon
source. The cationic dye, crystal violet (CV) (P.A., Synth,
Mw 408.0 g mol-1), was used in the adsorption experiments.

An SBS apparatus was used to produce the TiO,-PVP
nanofibers. It consists of a syringe pump, a concentric nozzle
array, a pressurized air source, a pressure regulator, a heat
source, and a collector. The SBS was set up based on the
methodology described previously to produce nanofibers®”,
Briefly, PVP (0.8 g) was dissolved in ethanol, while TTIP
was dissolved in a mixture of ethanol/acetic acid. The
solutions were combined and agitated for 60 minutes. The
final solution consisted of 8% PVP (w/v), resulting in a
viscous mixture that was used for SBS. Pressured air and
the injection rate solution were adjusted to 6.9 kPa and
6.6 ml h'!, respectively. Fiber formation was carried out
at a temperature of approximately 60 °C and the working
distance (tip to collector distance) was set at 450 mm. After
spinning, the fibers with a cotton-wool-like structure were
placed in a laboratory oven for five days. Then, the fibers
were calcinated in air condition at 350, 400, 450, 500, and
550 °C for 1 h with a heating rate of 10 °C min™'. The samples
were denoted based on the temperature calcination Ti-350°C,
Ti-400°C, Ti-450°C, Ti-500°C and Ti-550°C.

2.1. Characterization

The thermogravimetric (TG) and differential thermal (DTA)
analysis of the nanofibers was carried out simultaneously
(SHIMADZU, DTG-60H under an atmosphere of synthetic
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air, and a constant heating rate of 5 °C/min. Sample
morphology was conducted using a scanning electron
microscope (TESCAN, VEGA4). Image] software evaluated
diameter size (version 1.48, National Institutes of Health,
Bethesda, MD, USA). Tuket test statistical analysis was
performed at a 0.05 level of significance. Fourier transform
infrared spectroscopy (FTIR) (IR Prestige-21 Affinity-1
FTIR 8400S) was recorded in the spectral range from
4000 to 400 cm™', with 32 scanning and 4 cm resolutions.
A LECO elemental analyzer, CHN268, with EDTA standard,
operating at 950 °C was used to estimate the amount of
carbon, hydrogen, and nitrogen. X-ray diffraction (Shimadzu,
XRD 6000) with Cu Ko radiation (A = 0.154 nm) was
obtained with a scanning speed of 5°/min. Raman spectrum
(RENISHAW, MS30 ENCODED STAGE) was used to
investigate the crystallinity of nanofibers using a laser of
532 nm. UV-Vis spectroscopy (Shimadzu, UV-2600i) was
used to obtain the diffuse reflectance spectroscopy (DRS)
spectra in the UV—Vis region to estimate the band gap.
The Kubelka-Munk function was used by the Tauc plot to
determine the band gap. Brunauer-Emmett-Teller (BET)
surface area model was calculated from data from the
Nitrogen adsorption/desorption experiment for nanofibers
performed at 77 K (Autosorb iQ-C, NOVA 3200 model);
Barrett-Joyner-Halenda (BJH) model was used to calculate
the pore volume and the pore size.

2.2. Adsorption and degradation tests

Adsorption and degradation experiments were carried out
for dye removal of 10 mg L' CV aqueous solution (pH 7)
with a shaker incubator (NT 735, Nova Técnica, Brazil)
operated at 25 °C at a speed of 100 rpm. The dosage of
the nanofibers was fixed at 5 mg and the volume of the CV
solution was 10 ml for both adsorption and photocatalytic
tests. The concentrations of the CV solutions were analyzed
by UV-vis spectroscopy (Shimadzu, UV-1800) in the range
0f 400 to 800 nm. The adsorption reaction was carried out
in the absence of light. To achieve adsorption equilibrium,
the nanofibers/CV solutions were stirred at 100 rpm in the
dark for 360 minutes. The concentrations of the solutions
were evaluated over time. After 180 minutes the adsorption/
desorption reached equilibrium, then, solutions/fibers were
exposed for 240 minutes to visible light using 4 incandescent
lamps (total irradiation power of 160 W) and to ultraviolet
light using a blue UV lamp (9 W). The distance between
the lamps and the solution was fixed at 15 cm. Every
30 minutes, aliquots of the solutions were collected, and
centrifuged and their concentrations were analyzed by
UV-vis spectroscopy (Shimadzu, UV-1800). Photolysis tests
for the dye solution were performed under UV and visible
light without catalyst/adsorbent. All tests were carried out
in triplicates. To calculate the removal percentage, the CV
concentration was measured by UV-vis spectrophotometer
at X 580 nm for samples calcined at 350 °C and 400 °C.
For samples calcined at 450, 500, and 550 °C, A 555 nm
was used due to the hypsochromic shift. Equation 1 was used
to calculate the percentage removal, where C, and Care the
initial and final dye concentrations, respectively.

% Removal | Degradation = (CO - Cf /CO)IOO (1)
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The kinetic study was based on the experimental
degradation data of CV under UV and Visible lights for the
samples calcined at 450, 500, and 550 °C. The rate constant
(K) for reaction degradation was calculated using Equation 2,
where C, is the concentration at a specific irradiation time and
K is the reaction rate constant, which represents the slope of
the curve plotted as -In(C, C,") versus t (time).

—In & =Kt
Co

3. Results

The thermogravimetric analysis (TG/DTG) and differential
thermal analysis (DTA) curves of the as-spun PVP-TiO,
nanofibers are shown in Figure 1a, b. The first stage of mass
loss occurred between room temperature and 117 °C with
approximately 13.2% loss, associated with the evaporation
of residual ethanol and/or moisture. The mass of the sample
gradually reduced while the temperature increased until
around 230 °C, when the second mass loss event began,
marked by a more intense reduction, about 36.7% up to
377 °C. It refers to the beginning of the degradation of
the PVP polymer, related to the degradation of its side
chain. The third loss stage occurs up to approximately
500 °C with about 23% loss and can be attributed to the
removal of the PVP chains closest to the TiO, surface and
subsequent evaporation of the volatile by-products of
polymer decomposition®”. In the end, there was a further
gradual loss of mass up to 700 °C, resulting in a residual
mass of 25.6%.

The DTA thermogram (Figure 2b) shows an endothermic
peak up to 100 °C with a maximum of 47 °C, resulting
from the evaporation of free water and water molecules
physically adsorbed on the TiO, surface by hydrogen
bonds. The exothermic peak at 330 °C refers to the thermal
degradation of PVP and the elimination of by-products of this
process. The exothermic peak at 436 °C is indicative of the
beginning of a structural reorganization, through the phase
transformation from anatase to rutile TiO,. These results
are consistent with other authors that employ PVP-TiO, to
generate TiO, nanofibers by electrospinning®**.

@

Figure 2a-e shows SEM images and the diameter
distribution graphics of fibrous systems calcined from 350 °C
to 550 °C. All samples present fibers elongated and randomly
oriented. The lowest mean diameter value is that of the sample
Ti-550 °C (264 + 132 nm). This result was expected due to
the greater shrinkage of the fiber due to the higher calcination
temperature and lower amount of carbon residues in the titania
structure. The average diameter of the other samples ranged
from 305 £ 155 nm to 352 + 150 nm. These results are in
agreement with TiO, nanofibers spun by SBS reported in the
literature, with smaller or similar diameters. For example,
Costa et al.>' and Santos et al.” obtained TiO, nanofibers by
SBS with average diameters ranging from 334 nm to 594 nm
and 206 + 85 nm to 270 + 55 nm, respectively. They used
different polymers as spinning aids, including PVP. Furthermore,
the difference between the average fiber diameter after each
calcination temperature is only statistically significant when
the comparison is between the highest temperature and the
other temperatures, as confirmed by the Tukey test at a level
of 0.05 (Figure 2f). On the other hand, the mean diameter
of the other fibers did not present statistical significance
difference. This indicates that, for most samples, the results
showed that neither spinning process factors (such as PVP
concentration, injection rate, air pressure, and temperature
of the spinning environment) nor calcination temperatures
affected the diameter and the formation of nanofibers.

Figure 3 illustrates the FTIR spectra of the Ti-(350-550°C)
nanofibers. In all samples, a characteristic broad band of the
OH group can be identified in the region of axial stretching
around 3420 cm™. This vibration can be attributed to the
presence of physisorbed water and/or residual ethanol.
The discrete peak observed at 2237 cm™ for Ti nanofibers
calcined at lower temperatures (350 and 400 °C) is assigned
to the stretching of the C=N. Nitrogen residue is common
after partial thermal degradation of PVP. This result can
improve the adsorption capacity of the material’’. Peaks
corresponding to the C-H stretching of the methyl group
(CH,) and the methylene group (CH,) were observed in
2857 cm! and 2927 cm™, respectively®. Despite these peaks
being evident only in the Ti-550 °C nanofiber, all samples
showed a peak referring to the asymmetric stretching of the
C-H vibration in both CH, and CH, groups at 1394 cm™.
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Ti-O, Ti-O-Ti, and Ti-O-C stretching modes vibrations were
identified on the broad band between 400 — 800 cm'*%. The
Ti-O-C bonds reflect the connection between the components,
which might influence photocatalytic performance by
facilitating photoinduced electron transport and minimizing
charge carrier recombination®'. The weak band at 1601 cm™
stretching vibration of C=C slightly shifts to 1645 cm™' as
calcination temperature increases from 350 to 550 °C®,
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suggesting carbon graphitization due to PVP degradation.
According to the elemental analysis, the amount of carbon
decreased with increasing calcination temperature from
350 to 450 °C. However, between 450 and 550 °C, only a
slight variation in carbon content was observed (Figure 3b).
The results also confirmed the coexistence of C and N, mainly
in fibers calcined at a lower temperature, corroborating
the vibration peak of the C=N stretching in the FTIR.
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In this regard, the generation of TiO,/C and TiO,/C/N was
temperature-dependent under the heat treatment conditions
used. Furthermore, the results confirmed the efficiency of
using PVP as a source of carbon and nitrogen.

The sample calcined at 350 °C exhibited an XRD pattern
(Figure 4) of an amorphous material, with only one wide
band with 26 varying between 15° and 35°, indicating an
amorphous structure. On the other hand, samples calcined at
a temperature from 400 °C onwards exhibited well-defined
peaks on diffractograms. The anatase was the major phase,
which is desirable in photocatalytic degradation processes
since it proves to be the most photoactive phase. Peaks
of the anatase phase (JCPDS card no. 21-1272) at 25.4°,
36.1°, 38°, 48.1°, 54.0°, 55.0° and 62.9° corresponding
to the planes (101), (103), (004), (200), (105), (211) were
observed. The appearance of peaks referring to the rutile
phase becomes more evident in the sample calcined at
500 °C with peaks 26 at 27.6° (110) and 26 = 56.5° (002)
(JCPDS card N° 086-0148). The peaks increase in intensity
according to the increase in the calcination temperature.
A similar effect was observed on the crystallite size (XS)
and the crystallinity (Xc) results. The XS increased from
6.4 to 11.9 nm and the Xc increased from 48.6 to 84.8%
(Figure 4b), when the calcination temperature increased
from 400 to 550 °C.

Raman spectra of all TiO,/C calcined nanofibers are exhibited
in Figure 4c, d. The samples calcined at 350 °C and 400 °C

exhibited the D band (1365 cm™) and the G band (1585 cm™)
characteristic of carbon materials, corroborating with other
researchers'**%, This means that the PVP was degraded into
disordered and graphitic carbon at a lower temperature'®. The
degree of defects in these carbon samples was evaluated by the
ratio of the relative intensity of the D and G bands (ID/IG)".
The results were 0.95 and 1.02 for TiO,/C 350 °C and TiO,/C
400 °C, respectively. It indicates that the degree of defects
increased with the increase in calcination temperature. The
spectra also show characteristic peaks of vibration modes of
anatase TiO,. The peaks at 147 cm™', 197 cm’, and 638 cm!
are attrlbuted to the E, (symmetnc stretchmg vibration of
O-Ti-O), while the peaks at400 cm™ and 519 cm! are attributed
to B, (anti-symmetric bending vibration of O-Ti-O). The
peak at 519 cm™ also is assigned to A]g (symmetric bending
vibration of O-Ti-O)%¢. As expected, the intensity of these
peaks increased as the calcination temperature rose and
no evidence of bands referring to carbon was observed at
calcination temperatures above 400 °C.

Figure Sa exhibits the N, adsorption-desorption isotherms
of the Ti nanofibers. According to TUPAC®, the isotherms
of all samples were classified as type IV characteristics of
mesoporous material (range of 2 - 50 nm). The Ti-350 °C and
Ti-400 °C isotherms presented the typical H4 hysteresis loop,
while the other samples showed type H3. These results reveal
slit-shaped pores in samples with type H3 hysteresis and in
samples with type H4 hysteresis the pores have narrower slits.
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Figure 4. X-ray diffractograms (a) crystallinity and crystallite size (b) and Raman shift (c) and (d) of the nanofibers Ti prepared at

different temperatures.
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The pores size distributions and the pore data based on the BJH
model are displayed in Figure 5b and Table 1, respectively.
BET surface areas of the nanofibers are also summarized in
Table 1. When the calcination temperature increased from
350 to 400 °C, the surface area and the BJH pore volume
increased from 63.10 to 108.44 m?> g ' and 0.04 t0 0.07 cm* g,
respectively, due to the partial decomposition of the PVP
and the formation of the porous structure. The average pore
diameter for these samples was 4.50 and 3.96 nm, respectively.
High specific surface areas increase the number of active
sites, improving adsorption/photocatalytic performance?.
For samples calcined at higher temperatures, the surface area
decreases with increasing temperature from 450 to 550°C,
which was from 53.49 to 24.78 m? g'. In these temperatures,

Materials Research

the sample calcined at 500 °C exhibited the highest average
pore diameter of 15.30 nm and those calcined at 450 and
550 °C were 9.95 and 12.8 nm, respectively. This suggested
that the relatively higher average pore size decreased the
surface area of those samples. The results demonstrate that
PVP can be successfully used not only as a source of carbon
and nitrogen but also as a pore-forming agent in ceramic
nanofibers*. The pore characteristics were dependent on
the calcination temperature.

Figures 6a and 6b depict the Tauc plot by the Kubelka-
Munk method analyzed with the diffuse reflectance data
of all samples. The results show that the content of carbon
influenced the band energy of the fibers obtained. All samples
presented gap energies lower than those of pure TiO, (3.2 eV)™.
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Figure 5. (a) N, adsorption-desorption isothermal curves, and (b) pore diameter distribution of nanofibers prepared at different temperatures.
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Figure 6. Tauc plots of Ti nanofibers prepared at different temperatures.

Table 1. Physical parameters of Ti nanofibers at different temperatures.

BET [m? g'] BJH pore volume [cm® g'] BJH average Pore Diameter [nm] BJH Pore area [m” g']
Ti-350 °C 63.10 0.04 4.50 26.35
Ti-400 °C 108.44 0.07 3.96 38.70
Ti-450 °C 53.49 0.13 9.95 54.62
Ti-500 °C 34.60 0.13 15.30 38.44
Ti-550 °C 24.78 0.08 12.80 28.58
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The lowest band gap values were for the samples calcined
at 350 and 400 °C with energy gaps of 1.48 and 1.37 eV,
respectively (Figure 6a). However, these results may also
have been affected by the disordered and non-crystalline
nature of these samples since the Ti-350 °C is amorphous
and the Ti-400 °C has only 50% crystallinity (see Figure 4b).
For samples calcined at higher temperatures (450, 500, and
550 °C), the gap energies were closer to those reported
for pure TiO, (Figure 6b). However, it is also notable that
the values were influenced by the amount of carbon in
contact with the TiO,, corroborating the elemental analysis
data. For these samples, the greater the amount of carbon,

the smaller the band gap. Thus, the band gap values
were 3.00, 3.05, and 2.98 eV for Ti-450 °C, Ti-500 °C,
and Ti-550°C nanofibers, respectively. In addition, the
lowest value of Ti-550°C nanofiber can also be influenced
by its higher crystallinity (Xc = 88%). Martins et al.”
prepared N-doped carbon quantum dots/TiO, composite
by a hydrothermal method with similar band gap value
to improve its photocatalytic activity under visible light
irradiation.

Figure 7 shows the comparison of the adsorption test
(dark condition) (Figure 7a) and the photocatalytic tests
using both UV light (Figure 7b) and visible light (Figure 7c).
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Figure 7. Adsorption test (a), photocatalysis test under UV light (b), and visible light (c), removal percentage in dark condition (0 to 360 min,
adsorption) (d), adsorption (-180 to 0 min)/degradation (0 to 240 min) of the CV using the Ti nanofibers prepared at different temperatures:
under UV light conditions (e) and Visible light conditions (f). All tests were carried out at pH 7.
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The curves were obtained after 180 min of reaction without
no equilibrium adsorption/desorption time. The photolysis
test showed no significant degradation effect in any of
the lights. Comparing the curves of the adsorption tests,
it is possible to note that the samples calcined at 350 and
400 °C showed greater dye removal. This can be due to
their higher surface area and the higher amount of carbon in
these samples associated with the nitrogen content, leaving
the surface negatively charged. It means that the cationic
dye can electrostatically interact with the negative surface
charge of the samples. Figure 7d shows that adsorption/
desorption equilibrium occurs in approximately 180 minutes
for all samples. Furthermore, it is also observed that these
samples did not show sensitivity to light, since no change
in dye removal values was observed when the UV light
(Figure 7e) and Visible light (Figure 7f) were turned on. This
may be related to the lack of order in the structure of these
samples or because the interaction between photons and
samples is inhibited by the active sites completely covered
with dye molecules®.

On the other hand, samples calcined at higher
temperatures showed both adsorptive and degradation
characteristics. For these samples, it is notable to observe
the degradation of the dye, since there was a hypsochromic
shift in the maximum absorbance to shorter wavelengths
(from 580 to 555 nm) due to their interaction with light
energy. This could be due to photochemical reactions
caused in the chromophore groups of the CV, leading to the
breaking of chemical bonds and changes in the electronic
structure, similar results were obtained by Zhang et al.®.
There was a change in the color of the CV to light pink
and, consequently, its spectral properties. Although these
samples have a smaller surface area than the Ti-350 °C
and Ti-400 °C samples, the photocatalytic activity may be
enhanced due to the easy penetration of the dye molecules
by the higher pores.

Figure 8 shows the percentage of dye removal in
the absence of light (before turning on the light) and the
percentage of degradation after turning on the light. For
samples calcined at 350 °C and 400 °C, the removal efficiency
was 67% and 98% in dark conditions, respectively. On the
other hand, Ti-450 °C, Ti-500 °C, and Ti-550 °C nanofibers
degraded approximately 3-fold more dye from the solution
in the presence of UV light than in the dark. The highest
degradation efficiency was achieved for the Ti-550 °C
sample, 98% when using using UV light. For this sample,
approximately 2.5-fold more dye was removed from the
solution in the presence of visible light than in the dark. This
result is consistent with the lower band gap value attributed
to this sample (Ti-550 °C), probably due to the better
interaction of carbon in contact with TiO, leading to greater

Materials Research

electron photoexcitation and enhancing the photocatalytic
activity®. Furthermore, Martins et al.> observed that the
occurrence of the Ti-O-C bond in TiO,/carbon promotes
charge transfer and effectively extends light absorption to
longer wavelengths It may justify the reactions that occur
under visible light, which reached approximately 50% dye
degradation for these samples.

Table 2 shows the kinetic data of the samples that
showed good photodegradation efficiency (i.e., Ti-450 °C,
Ti-500 °C, and Ti-550 °C). According to Equation 2, the
results followed the pseudo-first-order kinetic model,
which can be confirmed by the correlation coefficient
(R?) for those samples**¢’. The rate constant (K) for CV
photodegradation estimated was greater for the reaction
under UV light than visible light for all samples analyzed.
Ti-450 °C, Ti-500 °C, and Ti-550 °C showed good efficiency
of 95%, 97%, and 98% (under UV light) within 240 min
with a photodegradation rate constant (K) of 0.0133 min™',
0.01833 min! and 0.01974 min’!, respectively. At the
same time and under visible light, the efficiency of those
samples was 52%, 56%, and 50% with a photodegradation
rate constant (K) of 0.00232 min', 0.00373 min"' and
0.00249 min’!, respectively. These results may be due to
the band gap energies of the samples, where their values
followed the order Ti-500 °C > Ti-450 °C > Ti-550 °C.
The same order is attributed to the amount of carbon in the
TiO, structure. As is known, pure TiO, does not absorb in
the visible region®', however, in this work, it is suggested
that the interaction between carbon and TiO, reduced the
band gap of the samples, making them photosensitive to
visible light.

[ I oark I UV Light Jllf Visible Light

100

Removal/Degradation (%)
S 3 3

[
o
1

04

Ti-350°C  Ti-400 °C  Ti-450 °C
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Figure 8. Adsorption percentage (-180 to 0 min) and degradation
percentage (0 to 240 min) under UV and Visible light conditions.

Table 2. Kinetic data of Ti nanofibers using crystal violet (CV) 10mgL™".

K [min'] K [min'] R?
UV light Visible light
Ti-450 °C 0.01333 0.981 0.00232 0.815
Ti-500 °C 0.01833 0.931 0.00373 0.963
Ti-550 °C 0.01974 0.951 0.00249 0.934
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4. Conclusion

In summary, TiO,/C and TiO,/C/N nanofibers were
successfully designed via a facile solution blow spinning
method using non-toxic polymer and solvent under controlled
synthesis and heat treatment conditions. The findings verified
the effectiveness of employing PVP as a source of carbon
and nitrogen since the results confirmed the coexistence of
C and N. Their content in the TiO, structure decreased as
the temperature increased from 350 to 550 °C, making it
practically insignificant. The physicochemical, morphological,
and structural properties were also temperature-dependent.
Concerning the diameters and formation of nanofibers, they
were practically unaffected by the process parameters, as
well as by the calcination temperatures. The results provided
evidence that adsorption and photodegradation reactivity
were highly correlated with the characteristics of the fibers
and the content of associated carbon and nitrogen atoms.
Samples calcined at lower temperatures (350 and 400 °C)
showed adsorptive properties, while samples calcined at
higher temperatures (450-550 °C) showed adsorptive and
photocatalytic properties, with photocatalysis predominating.
The highest CV removal by adsorption was 98% for Ti-400 °C
nanofibers within 360 min and the highest removal by
photocatalysis was 98% for Ti-400 °C nanofibers within
240 min under UV light. This good affinity with cationic dyes
and dye degradation efficiency in both visible and UV light
encourages more detailed future work to better understand
the potential of these samples in water treatment.
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