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Enhanced visible-light photocatalytic degradation
of organic pollutants using fibrous silica titania
and TizAlC, catalysts for sustainable wastewater
treatmenty

Samia,” Muhammad Usman,”® Ahmed I. Osman, &2 *¢ Khurram Imran Khan, (29
Faiq Saeed,® Yilan Zeng," Martin Motola (2 " and Haitao Dai*®

Visible light photocatalysis offers a green and sustainable approach to wastewater treatment and
environmental remediation. This study focuses on the synthesis of fibrous silica titania (FST) via a green
method and comprehensively evaluates its photocatalytic performance compared with TizAlC, powder.
X-ray diffraction (XRD) and scanning electron microscopy (SEM) revealed superior crystallinity and
unique lamellar structures in FST, contributing to its enhanced photocatalytic activity. The FST catalyst
achieved remarkable degradation efficiencies of 93% for MB and 96% for rhodamine B (RB) under visible
light, outperforming the bare TizAlC, powder. This promising performance is attributed to FST's narrow
band gap (~2.98 eV), high surface area, and minimal photogenerated charge carrier recombination.
Kinetic studies showed excellent agreement with pseudo-first-order kinetics, with R? values of 0.9801
and 0.988 for MB and RB, respectively. Reusability tests demonstrated sustained efficiency, with
degradation rates remaining above 80% after four cycles. GC-MS analysis identified intermediates
formed during photocatalytic degradation, ultimately converting them into harmless products, i.e., CO,
and H,O. These findings highlight FST as an economical, sustainable, and efficient photocatalyst for
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1. Introduction

Water pollution and the availability of fresh and clean water
are among the global concerns of this era. The rapid and
largely uncontrolled growth of industries and urbanization
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organic pollutant degradation compared to TizAlC,.

has exacerbated these issues, leading to significant challenges
in maintaining water quality and accessibility." Several indus-
tries, including the textile industry, release large volumes of
organic pollutants into water bodies, which may have detri-
mental effects on various forms of living organisms.*” These
discharges often contain large volumes of dyes, many of which
are non-biodegradable and detrimental to the environment.®’
These wastewaters are often treated with varying degrees of
success, using a variety of cutting-edge processes like adsorp-
tion, biodegradation, coagulation, flocculation, electrocoagula-
tion, etc.®*® The chromophore components of dyes may be
destroyed to different extents in these physio-chemical pro-
cesses, resulting in their partial or total mineralization.”
However, several biological, physical, and chemical methods
have all been employed in the past to remove impurities like
textile colors from water.'> Among the physical and chemical
techniques used in the many advanced treatment strategies are
nanofiltration, ultrasonic decomposition, electrocoagulation,
adsorption, chemical coagulation, enhanced chemical oxida-
tion, and sedimentation.®'*'* However, most of these systems
produce expensive secondary pollutants and consume large
amounts of energy.’® Over the past decade, researchers have
focused much on the photocatalytic degradation of organic
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pollutants as a potentially effective method for removing
hazardous materials and textile dyes from untreated
sewage.'®

Currently, the most efficient way for breaking down and
mineralizing organic wastewater in the environment is through
heterogeneous photocatalysis by semiconductors.'””'® Tita-
nium dioxide (TiO,) is a well-known semiconductor that offers
strong chemical and physical stability together with excellent
photocatalytic activity. However, TiO, has certain drawbacks,
such as a low surface area that may result in pore size limits."
To address this issue, extensive research has been conducted
on developing TiO, nanostructures, including nanoparticles,
nanotubes, nanorods, nanofibers, and nanoflowers. It has been
demonstrated that the formation of nanostructures in TiO, can
overcome the reaction’s diffusion restriction.?® Lately, a novel
method using soft templating employing a surfactant that
enables the formation of mesopores and micropores with a
dendrimer-like silica fiber architecture®! enhances the accessi-
bility of active sites, thereby improving the photocatalytic
activity through the addition of dendrimer-like silica fibers.?*

Many studies have been conducted recently to prepare more
selective and efficient structured photocatalysts.>®> Within this
framework, Ti3AlC, has been studied as a two-dimensional (2D)
layered ternary carbide material belonging to the MAX phase,
where M represents early transition elements, A is an A group
element, and X is either C or N.>* These materials exhibit
remarkable potential for enhancing the efficiency of less effi-
cient photocatalysts. The values of n can be 1, 2, or 3, denoting
the MAX phases 211, 312, and 413, correspondingly.”® Two-
dimensional close-packed Al planes with three Ti layers stacked
by each Al plane and alternate stacking of edge-shared TisC
octahedra make up their crystal structure. MAX phases com-
bine the desirable properties of metals and ceramics, display-
ing traits that make them both appealing and useful,>® offering
heat shock resistance, corrosion resistance, excellent machin-
ability, high electrical conductivity, and extremely low friction.
Ti3AlC, exhibits a remarkable electrical structure and a greater
exposed surface area within the MAX phase, making it suitable
for energy, electronic, and photocatalytic applications.>” With
their metallic qualities, stability at high temperatures, and
outstanding mechanical capabilities, MAX phase solids may
be used in a variety of applications beyond energy and
electronics.”® While a considerable amount of research has
been carried out on the photocatalytic use of etching Tiz;AlC,
into Ti;C,, less attention has been paid to the use of TizAIC,-
MAX phase solids in photocatalysis.”® Research on CO,
reduction by methane bio-reforming using just the MAX phase
has been reported.®® Due to its layered structure and effective
charge separation, TizAlIC, shows great potential for photoca-
talytic H, generation.*’ Comparative studies between fibrous
silica-titania and the Ti;AlC,-MAX phase are expected to iden-
tify strategies for reducing charge carrier recombination and
enhancing dye degradation.®

Thus, employing a microemulsion technique, we have suc-
cessfully produced fibrous silica loaded with titania (FST)
under microwave irradiation. This FST demonstrated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

View Article Online

NJC

outstanding activity in the photodegradation of methylene blue
(MB) and rhodamine B (RB) when exposed to visible light. The
FST catalyst offers a high fiber density and high active site
availability; the photogenerated charge carrier recombination
rate in FST is also low as compared to that in Ti;AlC, powder.
As far as we are aware, no studies have been published on the
comparative analysis between fibrous silica-titania and the
Ti;AlC, Max-phase for the degradation of MB and RB. The
catalysts were characterized using XRD, FE-SEM, TEM, UV-Vis
DRS, FTIR, XPS, and PL. The narrow band gap of FST provides
better photocatalytic activity under the irradiation of visible
light. The FST photocatalyst provided a significant degradation
efficiency of 93% and 96%, respectively.

In recent years, the development of advanced photocatalysts
has garnered significant attention due to their potential in
environmental remediation. Among the photocatalysts, fibrous
silica loaded with titania (FST) has emerged as a promising
candidate. Utilizing a microemulsion technique under micro-
wave irradiation, we successfully synthesized FST, which
demonstrated remarkable efficiency in the photodegradation
of organic dyes such as MB and RB under visible light. This
high-performance catalyst benefits from its high fiber density
and abundant active sites, leading to a lower recombination
rate of photogenerated charge carriers compared to conven-
tional TizAlC, powder. Despite the promising results, there is a
notable gap in the literature regarding comparative studies of
FST and Ti;AlC, MAX-phase materials for dye degradation. This
article aims to provide a comprehensive understanding of their
structural and functional properties, highlighting their
potential as an efficient and cost-effective solution for waste-
water treatment.

2. Materials and methods

All materials used in this study were of analytical grade with the
highest purity. Deionized water was utilized as the solvent.
Tetraethyl orthosilicate (TEOS), butyl alcohol, toluene, and
cetyltrimethylammonium bromide (CTAB) were purchased
from Merck Sdn., Tianjin, China. CO (NH,), and Na,SO, are
from Tianjin, China. Pure commercial titania (JRC TiO,) 99%,
titanium (metal basis powder —325 mesh, 99.99%), titanium
carbide (TiC 99.5%), and aluminum (mesh size —40 + 325,
99.8%) were purchased from Tianjin, China. Methylene blue,
and rhodamine B 99% were acquired from Tianjin, China.

2.1. Synthesis of fibrous silica titania (FST)

Catalyst FST was produced utilizing a microemulsion process,
as previously reported in the literature®*** and depicted in
Fig. 1. A homogenous mixture containing 5.8271 g of cetyltri-
methylammonium bromide (CTAB), 173 mL of deionized water,
and 3.4819 g of urea was thoroughly mixed in a 500 mL beaker
for 20 min at room temperature while stirring at a speed of 800
to 900 rpm. In addition, 10 mL of butanol and 200 mL of
toluene were added, and the mixture was rapidly agitated for
15 min. TiO, seeds (1.44 g) were added to the above mixture
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nj03277b

Open Access Article. Published on 13 September 2024. Downloaded on 1/23/2026 2:32:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

NJC

View Article Online

Paper

10 mL Butanol
—
200 mL Toluene

TiO, seeds

Maguetic stirrer

400 W, 4 b, 120°C

Fig. 1 Schematic diagram of the synthesis route of fibrous silica titania (FST).

and were vigorously stirred for another 30 min. Subsequently,
13.15 mL of tetraethyl orthosilicate was added to the mixture
and aggressively agitated for the next 2 h to improve the
composition. The obtained solution was subjected to hydro-
thermal treatment for the next 4 h at 120 °C under 400 W
microwave irradiation. The resulting solution was centrifuged,
washed with distilled water and acetone several times, and then
dried at 80 °C overnight to form a white precipitate. The as-
prepared material was calcined at 550 °C for 3 h to obtain FST.

2.2. Synthesis of Ti;AIC,

Titanium (metal basis powder —325 mesh, 99.99%), titanium
carbide (TiC 99.5%), and aluminum (mesh size —40 + 325,
99.8%) were purchased from Tianjin, China. 3 moles of tita-
nium, 1 mole of aluminum, and 2 moles of carbon were stirred
for 30 minutes. Powders were mechanically mixed in a ball mill
to obtain a homogenous mixture without any agglomerates.
This mixture was then vacuum-packed into a glass container.
Afterwards, TizAlC, synthesis occurred through sintering under
an argon atmosphere at 1450 °C for 2 hours in a furnace,
effectively yielding the desired powders.

2.3. Characterization

XRD (Bruker AXS, D8-S4) was employed to determine the
crystalline structure of the synthesized samples. A field-
emission scanning electron microscope (FSEM; Hitachi, S-
8100) and a transmission electron microscope (TEM, JEM-
2100F) were utilized to investigate the morphological aspects
and microstructures. FTIR spectroscopy using a PerkinElmer
spectrum (GX FT) Spectrometer was used to investigate the
functional groups. X-ray photoelectron spectroscopy (XPS) was
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used to measure the chemical oxidation and electron mobility
of the as-synthesized FST and Tiz;AlC, photocatalyst and was
conducted on a Shimadzu Axis Ultra DIld spectrometer outfitted
through an Al X-ray source with binding energies ranging from
0 to 800 eV. PL spectra were obtained using a Jonin-Yvon-
Fluorolog spectrofluorimeter to measure the rate of recombina-
tion of photogenerated charge separation carriers. UV-vis DRS
in the range of 200-800 nm (PerkinElmer, L750) was used to
measure the absorbance spectra and band gap of FST and
TizAlC, powder catalyst. The surface area was examined using
the BET instrument 3H-2000 PS2. ESR signals were noted using
an electron spin resonance (ESR) spectrometer (JEOL, JES-
FA200) to examine the paramagnetic species.

2.4. Photocatalytic activity evaluation

Photocatalytic performance for the degradation of MB and RB
was examined using the as-synthesized FST and Ti;AlC, powder
samples under irradiation of a 300 W xenon lamp, with a
wavelength of >400 nm. 100 mg of the sample was uniformly
spread into a beaker containing 20 ppm MB solution and kept
on stirring in the dark for 30 min to obtain the adsorption-
desorption equilibrium. There was no noticeable decrease in
the concentration of MB and RB observed under the dark
conditions. Once the equilibrium is obtained, the light is
turned on, and a sample of 3 mL is collected for every 30 min
interval to separate the precipitates from the MB and RB
solution. A UV-vis spectrophotometer Shimadzu UV-2200 was
used to measure the absorption peak intensity of MB and RB
occurring at 664 nm and 567 nm under visible light irradiation.
The acuity of the MB and RB absorption peaks gradually and
slowly reduces with increasing degradation time. Precipitates

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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collected were washed several times with distilled water and
specifically collected for the recyclability test. The UV-vis
absorption peaks showed that the maximum MB and RB
absorption wavelength moved with an accumulative dye degra-
dation time from 0 to 120 min. The degradation efficiency was
calculated using eqn (1).

G, -C

o

R (%) = % 100 )

3. Results and discussion

3.1. Characterization of photocatalysts

The purity of phase and crystalline structure of synthesized FST
and Ti;AlC, powder were investigated, and their XRD patterns
are presented in Fig. 2. Diffractions of FST were observed at
25.6° 37.9° 48.4° 55.45° and 62.8° 20, which are attributed to
the (101), (004), (200), (105), and (204) planes, respectively
(JCPDS file no. 00-004-0477).>*> A small distinct diffraction
was observed at 20° of 54.32°, which reflects the presence of
SiO, in FST, and hence the successful fabrication of the FST
catalyst was confirmed.*® FST diffractions are slightly noisy and
low in intensity, which might be due to the minor loss in their
structure while maintaining the main diffractions of the TiO,
anatase/rutile phase and due to the formation of dendrimeric
silica fibers surrounding the TiO,.*” For the pristine Ti;AIC,
powder, the diffractions were observed at 34.2°, 36.9°, 39.1°,
41.9°, 48.5° 56.4°, 60.27°, 70.43° and 73.91°, which corre-
sponded with the planes (101), (103), (104), (105), (107), (109),
(110), (1012) and (118), respectively.”® Consequently, this high
crystalline structure of Ti;AlC, powder confirms the presence of
small TiO, nanoparticles on the surface of Ti3AlC,, which is due
to the presence of the rutile and anatase phase of TiO,
formation in the crystal structure of TizAlC,.>® Fig. S1 (ESIT)
presents the FT-IR spectra of the synthesized FST and TizAlC,
powder samples. For the FST sample, sharp absorption peaks
shown at 465.17 cm ™" and 1098.69 cm ' are typically asso-
ciated with metal-oxygen bending vibrations and Si-O-Si
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=
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Fig. 2 XRD patterns of FST and TizAlC, powder catalysts.
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Fig. 3 Surface morphology of FST (a) and TizAlC, powder (b) along with
the EDX spectra of FST and TizAlC, powder catalysts (c) and (d).

asymmetric stretching vibrations, respectively. These character-
istics suggest a well-structured silica matrix with embedded
metal oxides, which are critical for catalytic activity due to their
role in facilitating electron transfer and enhancing adsorption
sites for reactants. Such a structure is essential for applications
requiring high chemical stability and mechanical strength. The
broad peak at 2165.40 cm ™' in the FST spectrum suggests the
presence of C-H stretching vibrations, likely from organic
residuals or surface modifications, which indicates that the
surface chemistry has been engineered to include organic
functionalities that can improve interaction with organic pol-
lutants in environmental remediation. In contrast, the spec-
trum of Ti;AlC, shows fewer distinct peaks, suggesting a
simpler surface chemistry with fewer active sites for chemical

Fig. 4 TEM images of FST (a) and TizAlC, powder (b), HR TEM images FST
and TizAlC, powder (c and d) along with the elemental mapping of the
TizAlC, powder catalyst (e—h).
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Fig. 5 XPS spectra of (a) FST and TizAlC, powder, (b) and (c) Ti 2p spectra, (d) and (e) C 1s spectra, (f) and (g) O 1s spectra, and (h) and (i) Si 2p spectrum

and Al 2p spectrum of FST and TisAlC, powder, respectively.

reactions, which may result in different catalytic reactivities
and efficiencies. This contrast highlights that variations in the
presence and intensity of specific vibrational modes directly
relate to how each material interacts with chemical species,
affecting their suitability and performance in catalysis and
environmental remediation applications.

The surface morphology and microstructure were examined
for the synthesized FST and Ti;AlC, powder catalysts utilizing
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), as depicted in Fig. (3) and (4), respectively.
Fig. 3(a) presents the SEM image of FST, which clearly shows
the cocks-comb like structure of the FST nanospheres with their
size ranging between 300 and 600 nm, which is attributed to
the formation of dendrimeric fibrous FST with SiO, and the
anatase phase of TiO,.>**° Fig. S2 (ESIt) presents the elemental
mapping of the FST catalyst. Fig. 3(b) shows the morphology of
TizAlC, as spherical particles, densely packed and compressed
thin sheets, confirming the significant interlayer spacing of
particles and the successful formation of Ti;AlC, powder.** The

17504 | New J. Chem., 2024, 48,17500-17515

light absorption of TizAIC, in the visible range is due to its dark
color, but the layered structure has hole defects caused by some
Ti and Al layers being etched away, providing vacant spaces to
aid in photocatalytic degradation of MB and RB.*" Fig. 3(c) and
(d) shows energy dispersive X-ray analysis, confirming the
uniform dispersion of all the elements in both FST and Ti;AlC,
without any impurity. Fig. S3 (ESIT) represents the elemental
mapping of the Ti;AlC, catalyst.

Fig. 4(a) shows the TEM image of FST, revealing spherical
shapes and dendrimer fibers, which can provide more access to
the active sites, and a d-spacing of 0.386 nm aligned with the
(101) plane of anatase phase TiO, Fig. 4(c).*> Moreover, the
dendrimer fiber structure of FST is produced from amorphous
SiO, and the anatase phase of TiO,, which is also confirmed by
the SEM results of FST depicted in Fig. 3(a).** Fig. 4(b) presents
the microstructure of Tiz;AlC, with the multilayer sheets com-
pact with each other and with a d-spacing of 0.23 nm see
Fig. 4(d), which can be helpful in the photocatalytic degrada-
tion of MB and RB, consistent with the literature.** The

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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elemental mapping results of TizAlC, shown in Fig. 4(e-h)
confirm the uniform dispersion of Ti, Al, C, and O elements
in the sheet-like structure of Ti;AlIC,.

XPS was employed to further analyze the chemical oxidation
state and electron migration of FST and Ti;AlC, powder. As
depicted in Fig. 5(a), the survey scan of deconvoluted O 1s
spectra of FST exhibited three peaks at 527.6, 530, and 531.4 eV,
corresponding to lattice oxygen, surface hydroxyl groups (-OH),
and adsorbed oxygen, respectively.** Additionally, the composi-
tion of TizAlC,, comprising Ti, Al, C, and O elements, was
confirmed by a single survey spectrum shown in Fig. 5(a). A red
shift in the binding energies of FST suggests photogenerated
electron transfer from SiO, to TiO,, leading to a strong inter-
action between Si and Ti in FST.** Fig. 5(b) and (c) illustrates
the high-resolution spectrum of Ti 2p for FST and TizAlC,,
respectively. The Ti 2p spectra of FST were deconvoluted into
four peaks, as illustrated in Fig. 5(b). The peaks at 456.1
and 458.7 eV are attributed to Ti*" 2p*? and Ti*" 2p*?
respectively.** The high-resolution Ti 2p XPS spectra of Ti;AlC,
powders shown in Fig. 5c exhibit three characteristic peaks,
corresponding to the Ti-C 2p*?, Ti-C 2p"/?, and Ti-O orbitals,
respectively, and are well consistent with the existing
literature.*® From the analysis of XPS data, Fig. 5(d) and (e)
displays the high-resolution XPS spectral peaks of C 1s. The
peaks at 286.0 and 288.7 eV correspond to the C-O and C—0
bonds. A distinct peak was observed in the TizAIC, powder
sample at 281.3 eV, which was attributed to the C-Ti bonding
orbitals.*" Fig. 5(f) and (g) represents the O 1s for both FST and
TizAlC, powder materials. A distinct peak was observed at
531.5 eV, which was due to Al,03, hence confirming the
successful synthesis of TizAlC, powder, as reported in the
previous research.>® The Si 2p spectra of FST are depicted in
Fig. 5(h). The deconvoluted peaks of FST at 104.3 and 103.4 eV
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Al 2p*?, and Al-O orbitals, with binding energies of 74.1, 74.9
and 72.0 eV, respectively.*® Typically, a shift in binding energy
in the XPS spectra indicates a significant interfacial interaction
between the various components. Fig. S5 (ESIt) displays the
valence band spectra of both FST and Ti;AlC,, offering insights
into the density of electronic states and energy distribution.
From the graph, it’s clear that Ti;AlC, has a pronounced peak at
around 0.32 eV, indicative of a higher electronic density at this
energy, whereas the FST spectrum starts to increase signifi-
cantly only after 4.81 eV, suggesting a lower density of states
near the Fermi level. This difference in electronic structure, as
evident from the valence band spectra (Fig. S5, ESIT), correlates
with the shifts observed in the binding energies of the XPS
spectra (Fig. 5). The presence of Ti** 2p*?* and Ti*" 2p*? states
in FST and the various chemical environments of C and Al in
Ti3AlC, as deduced from the high-resolution C 1s and Al 2p
spectra support the interpretation that TizAlC, has a more
complex electronic environment. These spectral differences
are likely due to the different elemental compositions and
chemical bonding environments in FST and Ti;AlIC,, reinforc-
ing the findings of substantial interfacial interactions and
electron transfer phenomena observed in the XPS analysis.
The nitrogen adsorption/desorption isotherms (Fig. 6) for
both FST and Ti;AIC, materials revealed significant insights
into their surface properties, exhibiting typical characteristics
of mesoporous structures. The FST material demonstrated a
type IV isotherm, indicative of mesoporous materials. The
Brunauer-Emmett-Teller surface area, pore volume and aver-
age pore size of FST and Ti;AIC, are shown in Table 1. These
values indicate the distinct differences in the pore structures

Table 1 BET analysis of FST and TizAlC,

both correspond to Si-O-Si,*” which are highly correlated to the Pore volume Average pore Surface
results of the FTIR spectra (Fig. S1, ESIT). Conversely, the high- (em® g™ size (nm) area (m? g™ )
resolution Al 2p XPS spectra of TizAlC, powders exhibit three ggp 0.3363 3.9760 338.2070
distinct characteristic peaks, corresponding to the Al-2p*?, Ti;AlC, 0.0120 24.7627 1.9384
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Fig. 6 N, adsorption—desorption isotherms of (a) FST and (b) TizAlC,.
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Fig. 7 Electron spin resonance spectra of FST under various light
conditions.
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and surface areas of FST and Ti;AlC, materials, underscoring
their potential applications. The FST material, with its high
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surface area and uniform mesoporous structure, is ideal for
applications requiring extensive surface interactions, such as
in catalysis and gas adsorption. The moderate BET constant
(C = 102.3) also indicated balanced adsorption energy, bene-
ficial for dynamic adsorption processes.

On the other hand, the TizAIC, material, with its lower
surface area and larger pore size, may be more suited for
applications where the diffusion of larger molecules is
required, such as in certain types of catalysis or filtration
processes; the higher BET constant (C = 126.0) suggested
stronger interactions between the adsorbate and the surface,
which can be advantageous in applications where stronger
adsorption bonds are desired.

3.1.1. ESR analysis. The ESR spectrum (Fig. 7) exhibits the
strongest response with 5-minute light exposure, displaying
prominent peaks that likely indicate the formation of stable
free radicals or paramagnetic centers under illumination. The
diminished signal intensity after 2 minutes and the nearly
absent signal under dark conditions suggest dynamic changes
in photogenerated free radicals or charge carriers. Such behav-
ior is crucial for photocatalytic materials, as the activity and
stability of the catalysts directly depend on their ability to
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(a) UV-vis DRS spectrum and (b) and (c) corresponding band gap alignment and PL emission spectra of FST and TizAlC, powder.
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Fig. 9 UV-vis absorption spectra of (a) and (c) FST and (b) and (d) TizAlC, powder catalysts for MB.
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generate and maintain reactive species under light exposure.
This dynamic behavior, indicated by ESR, underscores the
potential in applications such as pollutant degradation or
energy conversion, where controlled radical generation is the
key factor.

3.2. Optical properties

Light absorption properties and characteristics were analyzed
via UV-vis DRS for pristine FST and Ti;AlC, powder samples to
calculate the variation in the optical properties. As depicted in
Fig. 8(a), the results reveal distinct patterns. Pristine FST
exhibits absorbance spectra peaking at approximately
420 nm, suggesting an inclination towards absorbing light in
the visible spectrum. In contrast, Ti;AlC, shows no discernible
absorbance spectra within the wavelength range of 200 to
800 nm, consistent with its metallic nature. However, its dark
color signifies its ability to absorb visible light irradiation.*®

The band gap energy was determined for both FST and
Ti;AlC, using eqn (2) via the Tauc plot method:

(2)

Here, o represents the absorption coefficient, Av is Planck’s
energy, E; denotes the band gap energy, and A is a proportion-
ality constant. The type of transition is denoted by n, with

ahv = A(hv — Eg)n/2
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values typically being 1 for direct transitions and 2 for indirect
transitions. The band gap energies were calculated to be 2.98 eV
for FST and 1.15 eV for Ti;AlC, (Fig. 8(b)),”* suggesting that
FST, with its narrow band gap, is well-suited for visible light
illumination. Conversely, Ti3AlC, displayed a linear trend in the
UV-vis plot, indicating its dark color and its efficient absorption
of visible light.”® Fig. S4 (ESIT) presents the Tauc plot of both
FST and Ti;AlC, powder catalysts, respectively.

PL spectroscopy was utilized to analyze the rate of charge
carrier recombination in the synthesized samples using an
excitation wavelength of 325 nm. Ti;AIC, exhibited strong
emission intensity (Fig. 8(c)), signifying the swift recombina-
tion of photogenerated charge carriers, which aligns with its
UV-vis spectrum and the linear relation for the band gap
(merely 1.15 eV), suggesting the material’s dark color is the
primary reason for its sole absorption in the visible light
region.’" In general, typical lower peak emission in PL spectra
suggests significant charge separation, leading to a decreased
rate of electron-hole pair recombination. The PL intensity peak
of FST was particularly low because of the minimal recombina-
tion rate of photogenerated charge carriers, finely tuned, opti-
mized electronic properties, and narrower band gap.>” These
characteristics collectively contribute to its enhanced photoca-
talytic degradation activity for MB.
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(a) Photocatalytic activities, (b) degradation efficiency and (c) reaction kinetics of the as-synthesized FST and TizAlC, powder catalysts for MB.
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3.3. Photocatalytic performance

Fig. 9(a), (b) and 10(a), (b) display the UV-visible spectra
illustrating the photocatalytic degradation efficiency of FST
and Ti;AlC,. Methylene blue (MB) and rhodamine B (RB) were
utilized as model pollutants, with their peak absorption inten-
sity occurring at 664 nm and 567 nm under visible light
irradiation. These peak intensities are attributed to the
presence of the azo functional group (-N=N-) in the chemical
structure of MB and RB. The reaction proceeded for 120
minutes, during which MB and RB degraded photocatalytically,
leading to a gradual decline in absorption intensity. The
degradation ratio was calculated by comparing the reduction
in peak absorption intensity with the initial concentration of
MB and RB. The photocatalytic degradation ratios were
approximately 93% for FST and 56% for Ti;AlC, powder, and
in the case of RB, the degradation efficiency of FST reached a
maximum value of 97% indicating that FST serves as a stable
and effective photocatalyst for the degradation of MB and RB.

The results shown in Fig. 11 and 12(a) further specify the
photocatalytic removal efficiencies of the FST and TizAlC,
powder samples. A graph was constructed showing the decrease
in concentration (C/C,) over time. It is evident from Fig. 11 and
12(a) that the decrease in concentration was more pronounced
in the presence of light compared to darkness. This can be
attributed to the adsorption-assisted photodegradation of both
samples. Furthermore, during the initial 30 minutes in the
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absence of light, there was no discernible degradation perfor-
mance. However, once reaching equilibrium and subsequently
switching on the light, the performance improved significantly.
55% increase in the degradation efficiency of FST for MB and
only 18% increase for the Ti;AlC, powder sample were
achieved. For RB, 45% improvement in degradation efficiency
was achieved for FST and only 7% for the Ti;AlC, powder
sample. Fig. 11 and 12(b) illustrate that after 90 min of light
irradiation, the maximum degradation efficiency reached 93%
for FST and 56% for TizAlC, and maximum degradation
efficiencies of 96% for FST and 74% for Ti;AlC, are achieved
and depicted in the bar graph. These results confirm that the
photocatalytic activity of FST is way better than that of Ti;AlC,.
This superiority can be attributed to FST’s lower recombination
rate of photogenerated charge carriers and narrower band gap.
These factors result in fewer obstacles to trapping electrons,
ultimately leading to superior photocatalytic degradation per-
formance. Furthermore, the UV-vis absorbance data were sub-
jected to further analysis to determine the rate constant and to
fit pseudo-order kinetics linearly, as illustrated in Fig. 11 and
12(c). The FST and Ti;AlC, powder samples exhibited well-fitted
first-order kinetics (plotting between —In C,/C and time), with
the highest values of R> being 0.9814 and 0.8021 for FST and
TizAlC,, respectively which further confirms the superior
photocatalytic degradation efficiency of FST compared to
TizAlC,.
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Furthermore, FST exhibits a band gap of approximately
2.98 eV, which aligns well with the visible light spectrum,
enhancing its ability to generate electron-hole pairs upon light
absorption. This narrower band gap facilitates the efficient
utilization of visible light, thereby increasing the generation
of reactive oxygen species crucial for the degradation of organic
pollutants. The high reactivity and lower recombination rate
observed in the photoluminescence spectra corroborate with
the high degradation efficiencies of 93% for MB and 96% for
RB under visible light conditions.

In contrast, Ti;AlC,, with a significantly smaller band gap of
1.15 eV, exhibits different photophysical properties. Despite its
ability to absorb a broader range of visible light, the rapid
recombination of photogenerated charge carriers, as indicated
by its photoluminescence emission intensity, suggests less
efficient photocatalytic activity. This is evidenced by its lower
degradation efficiencies of 56% for MB and 74% for RB. The
relationship between the band gap and the photocatalytic
activity highlights the crucial role of engineered electronic
properties in optimizing the photocatalytic performance. These
insights are fundamental in guiding the design and synthesis
of more effective photocatalysts for environmental remediation
applications.
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Fig. 13
XRD spectrum of FST for MB degradation.

17510 | New J. Chem., 2024, 48, 17500-17515

View Article Online

Paper

3.4. Role of scavengers and reusability studies

Considering the above results, we opted for FST as our model
photocatalyst due to its superior photocatalytic performance.
Tests were conducted to identify the radical species produced
during photocatalyst activation (i.e., O,”*, *OH, and h"), as
these species play a crucial role in the photocatalytic process.>®
Three radical scavengers were adopted (BQ, IPA, and TEOA)
with the optimized FST sample to investigate the contribution
of active radicals to the photocatalytic degradation of MB into
smaller products.>® Fig. 13(a) shows the degradation percen-
tage decreased from 93% (blank) to 42.3% upon addition of BQ
as a (O, ) scavenger. This demonstrates the significant role of
O, radicals in the degradation of organic pollutants. The
introduction of IPA also influenced the photocatalytic degrada-
tion of MB as an (OH ™) scavenger, resulting in a degradation
rate of up to 58.5%. This notably contributed to the degradation
of MB, consistent with the findings reported in the literature.’®
Furthermore, the inclusion of TEOA, acting as a (h") hole
scavenger, led to a slight reduction in efficiency, down to
86.2%. However, it did not notably diminish the activity
of the photocatalyst compared to the blank photocatalyst,
indicating that holes (h") have the least impact on the
degradation of MB.
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Fig. 13(b) shows the reusability test that was conducted to
assess the stability, effectiveness, and economic viability of FST
as a photocatalyst. The reusability of the FST photocatalyst was
tested over four cycles, and the photocatalytic activity was
monitored accordingly. The photocatalytic activity of FST
experienced a slight reduction, potentially due to the break-
down of MB into intermediates and the agglomeration of FST
particles. This aggregation, in turn, could hinder visible light
irradiation. However, even after four cycles, FST maintained
over 80% of its photocatalytic activity, suggesting that it can be
effectively reused multiple times for MB dye photodegradation,
offering an economically feasible, stable, and efficient perfor-
mance. A key benefit of the FST photocatalyst is its lightweight
nature, allowing for easy recovery post-use through a simple
drying process. Fig. 13(c and d) depicts the SEM image and XRD
spectra of the FST photocatalyst after four regeneration cycles,
which remained comparable to its initial state. This highlights
the high stability and reusability of the FST photocatalyst for
photocatalytic applications.

3.5. GC-MS analysis

GC-MS analysis was performed to examine the intermediate
products generated during the photocatalytic degradation of
MB. Fig. 14 illustrates the degradation pathway of MB
under visible light irradiation. Initially, the (*OH) radicals
primarily target the N-S heterocyclic group structure.’® The
degradation proceeds with the formation of 2-amino-5-dimethyl-
amino-benzenesulfonic acid anion and dimethyl-(4-nitro-phenyl)-
amine. Subsequently, the dimethyl-(4-nitro-phenyl)-amine
was captured by hydroxyl radicals, resulting in the forma-
tion of p-dihydroxy benzene. Furthermore, the 2-amino-5-
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dimethylamino-benzenesulfonic acid anion continued to be
broken into 4-amino-benzenesulfonic acid and 2-amino-5-
dimethylamino-benzenesulfonic acid. Ultimately, the 4-nitro-
benzenesulfonic acid anion undergoes direct attack and
subsequent degradation, yielding CO, and H,O through a
sequence of reactions. This process bears a resemblance to
the degradation mechanism observed in methylene blue when
subjected to atmospheric pressure dielectric barrier discharge
plasma.’”

3.6. Electrochemical characteristics

To further confirm the reduction in recombination of photo-
generated electron-hole pairs, electrochemical impedance
spectroscopy was carried out for the FST and Ti;AlC, powder
samples as depicted in Fig. 15(a), and it was observed that the
arc radius in the case of FST was quite smaller than that of the
Ti;AlC, powder sample which contributes to the more efficient
way of conducting electrons. This shows that the FST catalyst
has better stability for electron transfer and can transfer more
rapidly. Fig. 15(b) presents the transient photocurrent
responses and the relative intensities of FST and TizAlC,
powder samples. It can be seen from Fig. 15(b) that the
photocurrent intensity of FST is relatively higher compared to
that of the Ti;AlC, powder sample. The lower emission peak,
smaller arc radius and high current intensity confirm that FST
can be used as an effective photocatalyst for the degradation of
MB and RB. Fig. 15(c) shows the chrono-potentiometric stabi-
lity curves of FST and TizAlC, powder samples, indicating
minimal voltage loss and greater stability for FST. This further
reinforces the superior stability and efficiency of FST as a
photocatalyst.
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Fig. 14 Proposed degradation route of the as-synthesized FST catalyst for MB.
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3.7. Proposed photocatalytic mechanism

The degradation of organic pollutants such as MB and RB
through photocatalysis relies on robust redox reactions invol-
ving highly reactive species like hydroxyl radicals (OH®) and
superoxide radicals (O, *). In this study, the photogenerated
charge carriers from the FST photocatalyst facilitate the pro-
duction of O, * and °*OH, which actively participate in the
degradation of MB and RB. On exposure to the light, electron—
hole pairs are generated on the surface of the FST photocata-
lyst, eqn (3). These photogenerated electrons, present in the
conduction band of FST, interact with adsorbed O, molecules,
resulting in the formation of O, * radicals.”® These radicals
serve as a conductive pathway for electrons, effectively reducing
the recombination process as outlined in eqn (4). The holes
present in the valence band of FST can react with the hydroxyl
ions (OH ") present in the solution of MB and RB and form the
hydroxyl radicals eqn (5).°>°° Both *OH and O, * radicals
exhibit high reactivity towards the MB and RB dyes, facilitating
their degradation into less toxic compounds such as H,O and
CO, (eqn (6) and (7)). This proves that the generation of O, *
and °*OH radicals serves as the main driving force in the
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photocatalytic degradation of MB and RB. The proposed
mechanism for MB and RB degradation is illustrated in
Fig. 16.

FST + hv = ecg” + hyg' (3)
O, +ecg — O° (4)
FST(hys') + OH™ — OH® (5)

MB/RB + OH®* — CO, + H,0 + degradation products  (6)

MB/RB + 0,°~ — CO; + H,0 + degradation products (7)

4. Conclusion

In conclusion, this study provided a comprehensive compar-
ison of synthesized fibrous silica titania and Ti;AlC, through
detailed characterization and photocatalytic performance eva-
luation. Comprehensive characterization techniques, including
XRD, SEM, TEM, XPS, UV-vis, PL spectroscopy, BET, FTIR and
ESR, revealed the superior properties of FST. The FST catalyst
exhibited remarkable photocatalytic activity, achieving degra-
dation efficiencies of 93% for methylene blue and 96% for
rhodamine B under visible light, significantly outperforming
TizAlC,, which showed lower efficiencies of 56% for MB and
74% for RB. The enhanced performance of FST is attributed to
its lower recombination rate of photogenerated charge carriers
and a narrower band gap of approximately 2.98 eV.

Reusability and radical scavenger tests confirmed the stabi-
lity and efficiency of FST as a photocatalyst. Additionally, GC-
MS analysis provided insights into the degradation intermedi-
ates, showing that they are ultimately converted into harmless
products. Due to its reusability and stability, and harmlessness
of its degradation intermediates, FST is considered to be able to
provide a cost-effective and eco-friendly photocatalytic pathway
of pollutants. These findings establish FST as a promising and
efficient photocatalyst for sustainable wastewater treatment
and organic pollutant degradation.
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