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Abstract

The hydrothermal synthesis of an eco-friendly photocatalyst using turmeric leaves biochar (TLB) and titanium dioxide nanoparti-
cle composite has been reported for the degradation of Congo Red (CR) dye. The synthesized composite was characterized using
various analytical techniques, including X-ray diffraction (XRD), scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET)
analysis, Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), confirming its structural and
morphological attributes that ensured the uniform dispersion and intimate contact between TLB and TiO, particles. The degradation
performance of the TLB/TiO, composite was examined by using UV light irradiation as a catalyst. The results demonstrated that the
TLB/TiO, composite exhibited superior photocatalytic activity compared to pristine TiO,, attributed to the enhanced light absorption,
improved charge separation, and increased surface area provided by the biochar. The degradation kinetics followed a pseudo-first-
order model, with a significant reduction in the dye concentration within a short time frame. The eco-friendly nature, cost-effectiveness,

and high photocatalytic efficiency of the TLB/TiO, composite highlight its potential application in wastewater treatment, thus providing

a novel approach to valorize agricultural waste into functional materials for sustainable environmental technologies.
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1 Introduction

Water is a vital natural resource essential for the func-
tioning of the planet. Ensuring the availability of clean
and safe drinking water is crucial for maintaining opti-
mal health and wellness. The accelerated pace of indus-
trialization in recent decades has had a profound nega-
tive impact on the environment, particularly with respect
to water quality. Industrial processes generate a diverse
array of pollutants, including microbes, pesticides, heavy
metals, pharmaceutical residues, and dyes, which are
often released into water bodies, posing significant risks
to both land and aquatic ecosystems [1—4]. The increas-
ing contamination of water bodies by synthetic dyes, such
as Congo Red (CR), a diazo dye possesses a characteris-
tic azo group (-N=N-) within their molecular structure,
contributing to their notable stability and poses a crucial
environmental and health hazard due to their pathogenic,
carcinogenic and non-biodegradable nature. Traditional
methods for dye removal, including coagulation, adsorp-

tion, and biochemical treatments, result in low efficiency
and possess high operating costs [5].

In this context, advanced oxidation processes (AOPs)
have transformed as a superior method for eliminating
organic pollutants in wastewater. These processes gener-
ate highly reactive oxidant radicals, primarily hydroxyl
radicals, owing to its potential for complete mineraliza-
tion under mild conditions [6, 7]. Photocatalysis stands
out among AOPs due to its exceptional performance.
This method relies on the activation of semiconduc-
tor catalysts through irradiation with UV or solar light.
Among these semiconductors, TiO, is widely recognized
as the most effective and cost-efficient photocatalyst for
its exceptional photo reactivity, chemical stability, abun-
dant availability, enviro-friendly, low cost, and strong oxi-
dative power [8—10]. However, its practical application is
constrained by low quantum efficiency, short-wavelength
excitation, a wide bandgap, and the rapid recombination
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of photoinduced electron-hole pairs, all of which dimin-
ish its photocatalytic efficiency under visible light [11-13].
Various strategies have been investigated to overcome the
limitations of TiO, photocatalysis, including the assimi-
lation of metal or non-metal ions into the TiO, lattice,
dye sensitization, and the application of noble metals on
the TiO, surface. However, doping TiO, with metal ions
frequently results in increased costs, reduced thermal sta-
bility, and higher toxicity. On the other hand, non-metal
doping can introduce structural defects and involve com-
plex synthesis processes. Both doping methods can poten-
tially compromise photocatalytic efficiency and reduce the
longevity of the material [14-16].

Recent research has focused on the development of
TiO,-based composites to enhance photocatalytic perfor-
mance. Biochar, a carbon-rich material derived from the
thermal conversion of waste biomass, offers a sustainable
and eco-friendly additive for photocatalysts. The incorpora-
tion of biochar into TiO, not only improves light absorption
and charge separation but also increases the surface area,
and has rich oxygen-contained surface functional groups
that provide additional active sites for photocatalytic reac-
tions [17]. Consequently, a variety of plant-based biomass
residues have been transformed into biochar, which subse-
quently served as a support material for TiO,. For instance,
Caietal. [18] explored the adsorptive and photocatalytic effi-
ciencies were assessed for the removal of Safranine T (ST)
from an aqueous medium, under both UV-light irradi-
ation and dark conditions by TiO, coated ramie bars bio-
char. Zhang and Lu [19] used coconut shell biochar as pre-
cursor to bound with TiO, via sol-gel method to remove
Brilliant Blue dye. Li et al. [11] examined a catalyst based
on N-doped chicken feather biochar coupled with TiO, for
the visible-light-driven degradation of Rhodamine B [20].
Silvestri et al. [21] investigated the use of Salvinia molesta
biochar coated with TiO, as a heterogeneous photocatalyst
for the Acid Orange 7 dye decomposition. Lu et al. [22]
decomposed methyl orange by sequence of TiO,/wal-
nut shell biochar synthesized via hydrolysis method. Shan
et al. [23] degraded Methyl Orange by using biochar-cou-
pled Ag and TiO, composites fabricated by photodeposition
method. Brombilla et al. [24] investigated the detoriation of
Rhodamine-B (RhB) dye using tea waste biochar that was
enhanced with TiO, to function as a photocatalyst. Song
et al. [25] studied the CR and Methylene Blue dye degra-
dation using biochar integrated with H,PO,-TiO, nanopar-
ticles. Kumar and Luxmi [26] reported agro-waste turmeric
leaves as eco-friendly photo-catalyst. Although several

biomasses have been used to create biochar for catalytic pur-
poses, there has been no research on using turmeric leaves to
create biochar for TiO, supports in photocatalysis.

Curcuma domestica (turmeric), a tropical crop grown
vegetatively in Southeast Asia, has sparked attention in the
medical, scientific, and culinary communities. Curcumin,
the primary yellow pigment in turmeric (Curcuma
longa L.), is widely utilized as a food ingredient, known
for its medicinal properties in treating cancer, neurode-
generative diseases, rheumatoid arthritis, and cardiovas-
cular conditions. However, after harvesting the turmeric
roots, the foliage and stems are typically disposed of as
waste. Further research is necessary to explore potential
alternative uses for these residual plant materials. It exhib-
its strong absorption in the 420-580 nm visible light
range due to its chemical and thermal stability, enhanc-
ing light absorption and inhibiting electron-hole recombi-
nation. Curcumin's molecular structure, characterized by
two phenolic groups and two a, f-unsaturated carbonyl
groups, allows for effective bonding to TiO, surfaces,
making it ideal for photocatalytic degradation.

In this framework, the hydrothermal synthesis of tur-
meric leaves biochar (TLB)/TiO, nanocomposite and its
utilization in the photo-oxidation of CR dye from aque-
ous medium is reported. The synthesized nanocomposite
was characterized and operating parameters such as solu-
tion pH, UV irradiation period and catalyst concentration
was studied for assessing its efficiency in degrading CR dye
under UV light irradiation. Reusability evaluation of the
catalyst was also carried out for its photocatalytic activity.

2 Materials and methods

2.1 Preparation of photo-catalyst

Biochar was synthesized through the thermal conversion
of turmeric leaves procured from the campus of Vignan's
Foundation for Science, Technology & Research (VFSTR),
Guntur, India following the method described by Karimi
et al. [27]. The turmeric leaves were washed with dou-
ble-distilled water, air-dried, and ground using a ball mill
to achieve particle size < 150 mesh. The crushed material
was then pyrolyzed at 500 °C for 2 h in the presence of N,
with a heating rate of 10 °C/min, producing the TLB sample.
To engineer the biochar-TiO, composite (TLB/TiO,), a sim-
ple hydrothermal method was employed using TiCl, as the
precursor, to ensure uniform dispersion and intimate contact
between biochar and TiO, nanoparticles. A dropwise addi-
tion of 10 mL TiCl, into 100 mL ultrapure water was per-
formed, followed by the addition of biochar with constant



stirring maintaining the TLB/TiO, ratio as 2:1. The mixture
was then enclosed in a Teflon-sealed autoclave at 200 °C for
2 h with a heating rate of 10 °C/min. The mixture was then
cooled and centrifuged and the precipitate was collected.
The obtained sample was oven dried, and calcined at 500 °C
in a programmable muffle furnace for 2 h. The calcined sam-
ples were thoroughly pulverized using a mortar and pestle
for further characterization. The resultant TLB/TiO, com-
posite later used in photocatalytic assessment.

2.2 Characterization of photo-catalyst

The surface morphological analysis of TLB/TiO, compos-
ites was analyzed by scanning electron microscope (SEM)
with an energy dispersive X-ray spectrometer (EDAX)
(VEGA 3, SBH, TESCAN Brno S.R.O, Czech Republic)
at magnification of 4.00 k. The X-ray diffraction (XRD)
patterns of nano composites were recorded on X-ray dif-
fractometer (Rigaku Miniflex 600, Rigaku Corporation,
Japan) with Cu Ko radiation (4 = 0.1548 nm) at 40 kV and
80 mA in the region of 26 from 10° to 80°. Infrared spec-
tra of all samples were recorded using Fourier transform
infrared spectrometer with diamond attenuated total reflec-
tion (FTIR-ATR) (Cary 630, Agilent Technologies, USA).
The porous nature of the composite was determined by
Brunauer-Emmett-Teller (BET) analysis using Belsorp Mini
X Surface Area Analyzer (Microtrac MRB, Japan). X-ray
photoelectron spectroscopy (XPS) was utilized to analyze
the elemental composition and chemical states of the mate-
rials (K-Alpha, Thermo Scientific, UK). Diffuse reflectance
spectra (DRS) were recorded using a UV-visible (UV-Vis)
spectrometer (Cary 5000, Shimadzu, Japan) to determine
the bandgap energy (Eg, eV). The optical absorption mea-
surements were recorded by UV-Vis spectrophotometer
(UV-2600, Shimadzu, Japan) in the range of 1200200 nm.

2.3 Photodegradation essays

The photocatalytic activity of the TLB/TiO, compos-
ite was assessed for CR dye degradation under UV irra-
diation (16 W UV lamp, 353 nm) with magnetic stirring
in a photoreactor. For the experiments, an appropriate
amount of TLB/TiO, composite (0.1 to 0.5 g) was added to
the dye solution (50 mL), followed by continuous stirring
for 1 h in a dark environment to achieve adsorption-de-
sorption equilibrium between the CR solution and the
composite. The TLB/TiO, composite was able to adsorb
18% of CR dye [28, 29]. The suspension was then exposed
to UV light in the reactor. To monitor the degradation pro-
cess, 3 mL of dye-photocatalyst suspension were extracted
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at regular intervals during irradiation. These samples were
centrifuged and analyzed by using a UV-visible spectro-
photometer to measure absorbance at the CR dye's maxi-
=497 nm). The extent of degrada-
tion was determined by comparing the dye concentration

mum wavelength (4
before and after UV exposure. To optimize the degrada-
tion conditions, variables such as the amount of TLB/TiO,
catalyst, irradiation time, initial CR concentration, and
solution pH were systematically varied. The degradation
ratio was obtained by the Eq. (1):

DR (%)= %xloo, 1)

t
where C; is the initial concentration of CR, and C, is
the instant concentration in the sample with irradiation
time () of CR dye solution, expressed in mg/L.
The kinetics of the photoinduced degradation process is
assessed using Eq. (2):

C
In—=2 = kt, 2
C )
where £ is the rate constant.

2.4 Scavenger study

Scavenger studies are integral for elucidating the mech-
anistic pathways of photocatalytic degradation, partic-
ularly in advanced materials like TLB/TiO, composites.
In this study, the roles of reactive oxygen species (ROS)
in the degradation process were probed using selective
scavengers: tricthanolamine (TEA) for photo- generated
holes (h*), 1,4-benzoquinone (BQ) for superoxide radicals
('O;), isopropanol (IPA) for hydroxyl radicals (*OH) and
potassium persulphate (K,S,0,) for photo-generated elec-
trons (e7). Each scavenger was precisely dosed into the
CR solution prior to catalyst introduction, enabling tar-
geted quenching of the corresponding reactive species.
All experiments were conducted under ambient condi-
tions, providing insights into the relative contributions of
these species to the overall photocatalytic activity.

3 Results and discussions

3.1 XRD analysis of TLB, TiO, and TLB/TiO,

The XRD analysis of TLB, TiO,, and the TLB/TiO, com-
posite reveals key insights into their crystalline structures
and phase compositions as shown in Fig. 1. The XRD pat-
tern of TLB displays broad peaks, indicative of its predom-
inantly amorphous structure, typical of TLB produced via
pyrolysis. In contrast, TiO, and TLB/TiO, show sharp and
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Fig. 1 XRD patterns of TLB, TiO, and TLB/TiO,

well-defined peaks, at 26 0f 25.3°, 37.8°, 48.0°, 54.0°, 62.8°,
68.7°,75.0°, and 82.5°, corresponding mainly to the anatase
phase (JCPDS card no. 84-1286) confirming its high crystal-
linity [30, 31]. For the TLB/TiO, composite, the XRD pat-
tern reflects the presence of both TLB and TiO,. The charac-
teristic TiO, peaks, particularly those of the anatase phase,
are observed with reduced intensity, signifying successful
incorporation of TiO, into the TLB matrix. This suggests that
while the composite retains the amorphous nature of TLB,
it also maintains the crystalline phases of TiO,, indicating
an effective interaction between the two components, which
is critical for photocatalytic applications [21]. The Scherrer
equation (Eq. (3)) yielded nanometer-sized crystallites,
which optimize the rate of CR dye oxidation:

D=KA/BcosO, 3

where K is the Scherrer constant (taken as 0.89), 4 is the
incident wavelength of X-ray (0.154 nm), and f§ denotes
the full width at half maximum of the peak. The typi-
cal size of the crystallite in the pure TiO, was found to
be 25.58 nm, while the TLB/TiO, composite was found
to be 35.47 nm, which leads to potential modifications in
crystallinity. The interaction with TLB has contributed
to controlled crystal growth, leading to enhanced surface
properties and increased photocatalytic efficiency.

3.2 SEM-EDAX analysis of TLB, TiO, and TLB/TiO,

The integrated SEM and EDAX provide detailed mor-
phological and compositional analysis of TLB, TiO,, and
their composites. SEM imaging of TLB reveals its char-
acteristic highly porous and irregular surface structure,
which resulted from the pyrolysis of biomass. This poros-
ity is critical to TLB's adsorption properties [21]. EDAX
analysis of TLB primarily detects carbon, with possible
traces of oxygen, potassium, and other elements that may

vary depending on the source of biomass and pyrolysis
conditions, as shown in Fig. 2. In contrast, SEM analy-
sis of TiO, typically shows a fine, crystalline morphology
with relatively uniform particle distribution, which can
vary depending on its synthesis method and crystalline
phase (anatase) [24]. EDAX of TiO, confirms its compo-
sition by identifying strong titanium and oxygen peaks,
reflecting the material's high purity and concentration as
shown in Fig. 3. When TLB is combined with TiO, to form
a composite material, SEM images of TLB/TiO, compos-
ite illustrates that TiO, particles are dispersed across the
TLB surface and are integrated within its pores. This dis-
persion is crucial, as it can influence the composite's func-
tional properties, such as photocatalytic efficiency [26].
EDAX analysis of the composite shows a mix of elements
from both the TLB and TiO, specifically carbon, titanium,
and oxygen as shown in the Fig. 4. This compositional
data provides insight into the distribution and interaction
between the TiO, and the TLB matrix, which are critical
factors in determining the composite's performance in
applications like photocatalysis.
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Fig. 4 EDAX analysis of TLB/TiO,



3.3 FTIR analysis of TLB, TiO,, TLB/TiO,

The FTIR analysis of the TLB, TiO,, and TLB/TiO, com-
posite provides insight into the functional groups and
interactions within these materials as shown in Fig. 5.
The broad peak around 3400 1/cm in the TLB and TLB/TiO,
spectra corresponds to O—H stretching, indicating the
presence of hydroxyl groups, whereas TiO, alone shows
a weaker signal, suggesting fewer hydroxyl functionalities.
In TLB, CH, and CH, groups are identified by their char-
acteristic stretching vibrations around 2929 1/cm indicat-
ing the presence of alkyl functional groups. Peaks around
2900-1700 1/cm in TLB and TLB/TiO, represent C—-OH
and C-O stretching, confirming the presence of organic
functional groups [19, 32]. The peak near 1600 1/cm
corresponds to C=C stretching, likely from aromatic rings
or unsaturated hydrocarbons, and is prominent in TLB and
TLB/TiO, [33, 34]. Additionally, a distinct C=0 stretching
vibration at approximately 1700 1/cm suggests the presence
of carbonyl groups, such as ketones, esters, or carboxylic
acids, primarily in TLB and TLB/TiO,. The characteristic
Ti—O stretching vibration appears in TiO, and TLB/TiO,
at 600-800 1/cm [24], confirming the presence of TiO,.
Moreover, C—O—C and Si—O-Si stretching vibrations,
observed around 1200 1/cm and 1100 1/cm respectively,
indicate ether and siloxane functional groups in TLB.
The peaks at 900-1000 1/cm correspond to C—C stretch-
ing, mainly seen in the TLB spectrum [24, 35]. These
shifts and the combination of functional groups suggest
strong interactions between the TLB matrix and TiO,,
reflecting the formation of a stable composite material.
This composite structure could lead to improved proper-
ties, making it suitable for various applications, such as

photocatalysis or pollutant adsorption [36, 37].
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Fig. 5 FTIR of TLB, TiO, and TLB/TiO,
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3.4 XPS analysis of TLB, TiO,, TLB/TiO,

The XPS survey spectrum of the samples TLB, TLB/TiO,
composite is depicted in Fig. 6 (a) and (b) revealed key
insights into its oxidation states, coupling constant of
energy levels, and chemical composition of the elements
involved in the preparation of nano composites. Peaks cor-
responding to binding energies of core electrons indicate
the presence of elements such as carbon, oxygen, and tita-
nium without any additional noticeable peaks, suggesting
the high purity of the composite. The XPS spectrum of
Ti 2p shows strong peaks around 458—464 eV which are
attributed to Ti 2p,,, and Ti 2p, , energy levels, confirming
the presence of TiO, in the composite. The binding ener-
gies and peak shapes provided information on the oxida-
tion state of titanium, which are likely Ti* in TiO, [38].
The core-level XPS spectrum of Ti 2p is shown in Fig. 6 (c).
The core-level C 1s XPS spectrum of the TLB/TiO,
composite depicted in Fig. 6 (d) shows a prominent peak
at 284.8 eV, indicating sp?-hybridized carbon (C—C, C-H
bonds) typical of aromatic structures, likely representing
the biochar's carbon backbone. The broad, asymmetric peak
suggests additional carbon groups like C—O, C=0, or O—
C=0, implying that the biochar retains some of its origi-
nal structure, potentially influencing the composite's sur-
face chemistry and functionality. The core-level Ols XPS
spectrum for the TLB/TiO, composite depicted in Fig. 6 (¢)
primarily shows a dominant peak centered around 530 eV,
which corresponds to oxygen atoms in the TiO, lattice, indi-
cating Ti—O bonds typical of TiO, [39]. A secondary peak
around 532-534 eV is present, which suggests contributions
from oxygen species not from the part of TiO, lattice, such
as surface hydroxyl groups, adsorbed water, or carbon-oxy-
gen bonds (C—0O, C=0) from the biochar component. These
higher binding energies of oxygen species point to the pres-
ence of surface oxidation and adsorption of oxygen-con-
taining groups on both biochar and TiO,. The composite's
surface appears to have a mix of TiO, lattice oxygen and
biochar-derived oxygen functionalities [40]. Thus, the spec-
trum indicates that the composite retains the distinct char-
acteristics of TiO, alongside oxygenated functional groups
from biochar, which enhances the composite's surface prop-
erties and reactivity. Overall, the XPS spectrum confirms
the successful integration of biochar with TiO,, suggesting
potential applications in areas like photocatalysis.

3.5 Morphology of the surface of TLB, TiO, and
TLB/TiO,

The BET analysis of TLB/TiO, composites reveals critical
surface characteristics, including distinct surface area, pore
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Fig. 6 (a) XPS survey spectrum of TLB; (b) XPS survey spectrum of TLB/TiO, composite; (c) Core level XPS spectrum of Ti 2p; (d) Core level XPS
spectrum of O 1s; (e) Core level XPS spectrum of C 1s

volume, and pore size distribution, through N, adsorption
measurements at varying pressures (Fig. 7). Table 1 presents
the specific surface area, pore size distribution, and aver-
age pore diameter for TLB, TiO, and TLB/TiO, composite.
The adsorption-desorption isotherm of TLB/TiO, exhibits

a Type IV and H, hysteresis loop according to the IUPAC
classification [41]. It is apparent that the composite's spe-
cific surface area is significantly greater than that of pure
TiO, [42]. This growth in surface area and porous nature
in the composite is attributed to the inherent structure of
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Table 1 Pore properties of TLB, TiO, and TLB/TiO, composite

Surface area Pore volume

Sample Pore size (A)

(m*/g) (em/g)
TLB 73 0.0085 155
TiO, 52 0.356 28
TLB/TiO, 66 0.075 450

TLB and the nanoscale dispersion of TiO, particles, which
enhance the contact area within catalytic systems [24, 43].
These properties are pivotal for applications that require
enhanced photocatalytic efficiency, such as in water treat-
ment. The BET analysis thus provides essential data for
optimizing the TLB/TiO, ratio to achieve the desired per-
formance characteristics.

3.6 UV-DRS analysis of TLB, TiO,, TLB/TiO,

The emission spectra of the UV source is shown in the
Fig. 8 (a). The UV-DRS graph compares the optical prop-
erties of TiO , TLB, and the TLB/TiO, composite as shown
in the Fig. 8 to calculate the bandgap energy (Eg, eV) using
the Kubelka-Munk function:

F(R)=(1-R) /2R, @)

where R is the reflectance.

Equation (4) being defined by extending the linear part
of a curve until it intersects the x-axis. The black curve from
the graph representing pristine TiO, exhibited a band gap of
3.2 eV, consistent with its typical behavior as a wide band
gap semiconductor, primarily absorbing in the UV region.
The TLB showed a significantly lower band gap of 3.15 eV,
indicating it can absorb light, likely due to the existence
of carbonaceous structures and functional groups in the
biochar. The TLB/TiO, composite presents an intermedi-
ate band gap of 2.86 eV, showing that the combination of
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Fig. 8 (a) Emission spectra of the UV source; (b) UV-DRS graph of
TLB, TiO, and TLB/TiO, with band gaps

TLB with TiO, shifts the absorption edge into the visible
region. The reduction in band gap for the TLB/TiO, com-
posite suggests that the integration of biochar with TiO,
leads to improved charge transfer processes and enhanced
electronic interaction between the two materials [21, 24].
This could reduce the recombination rate of charge car-
riers, thereby increasing the photocatalytic efficiency.
Additionally, the modified electronic structure may enhance
the material's response to a wider range of energies, making
it potentially useful in applications such as water splitting,
pollutant degradation, or other catalytic processes where
efficient light absorption and charge separation are critical.

3.7 Wetting properties of TLB, TiO,, TLB/TiO,

The wetting properties and aqueous stability of TL biochar,
TiO,, and the TLB/TiO, composite were evaluated using
a goniometer for contact angle measurements and dispersion
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stability tests (Lb-10CAG, Labotronics Scientific, USA).
TL biochar, being carbonaceous, exhibited moderate hydro-
phobicity, while TiO, demonstrated superhydrophilicity.
The TLB/TiO, composite showed improved hydrophilicity
compared to TLB due to the incorporation of TiO,, enhanc-
ing water interaction. Dispersion stability tests in deionized
water revealed that TL biochar settled over time, while TiO,
exhibited some agglomeration. However, the TLB/TiO,
composite remained well-dispersed, indicating better aque-
ous stability as shown in the Fig. 9. These findings suggest
that TLB/TiO, has superior wetting properties and disper-
sion, making it highly suitable for photocatalytic applications
in water treatment. The enhanced hydrophilicity of the com-
posite ensures better interaction with waterborne pollutants,
facilitating efficient photocatalytic degradation. Additionally,
the improved dispersion stability minimizes the catalyst loss
and enhances reusability, further contributing to its practical
applicability in environmental remediation [44].

3.8 Photocatalytic performance of TLB/TiO,

The photocatalytic degradation process of organic impu-
rities, such as azo dyes, by nanocomposites can be sum-
marized in Egs. (5) to (13), where CB is the conduction
band, and VB is the valence band. Upon photo irradia-
tion, nano-photocatalysts become excited, generating elec-
trons and holes. These electrons ionize the adsorbed oxy-
gen, forming superoxide free radical anions. Concurrently,
water ionizes into hydroxide anions and hydrogen cat-
ions. The hydroxide ions are oxidized by holes (h*) to form
hydroxyl radicals, while superoxide radical anions are
propagated by the formed hydrogen cations to create per-
oxide radicals [27]. Peroxide radicals co-scavenge electrons
to produce hydroperoxide anions, which subsequently pro-
tonate to form hydrogen peroxide. This hydrogen peroxide
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Fig. 9 Dispersion stability of TLB, TiO,, TLB/TiO,

further reacts with electrons to generate hydroxyl radicals
and hydroxide anions as shown in Fig. 10. These active
species participated in degrading the CR dye. Additionally,
the effects of irradiation time, pH, catalyst dosage, and dye
concentration were examined to observe the optimal con-
ditions for the degradation of CR dye [31].

TLB/TiO, +hv — ey +hyy, &)
0,+e —°0; (©)
H,0 >HO +H* (7
HO +h" — *HO ®)
*0, +H' — *HO, (©)
*HO, +e — °HO; (10)
*HO, +H' - H,0, (11)
H,0,+e — *HO+HO" (12)

CR dye +active species( *HO,h" e, 'O;) —CO,+H,0
(13)

The photocatalytic degradation of CR dye is anticipated
to follow two primary pathways: the chromophore deg-
radation pathway and the auxochrome degradation path-
way. In the chromophore degradation pathway, ROS such
as superoxide radicals ('O;) and hydroxyl radicals (*OH)
attack the chromophore, initiating the cleavage of azo
bonds (-N=N-) and disrupting the aromatic rings, which
breaks the conjugated system. In the auxochrome degra-
dation pathway, hydroxyl radicals (*OH) oxidize the sul-
fonic acid (-SO,H) and amine (-NH,) groups, leading to
their detachment from the dye molecule and conversion
to sulfate ions (SOZ’) and ammonia (NH,), respectively.
The simultaneous degradation of both chromophore and
auxochrome groups ensures the comprehensive breakdown
of CR dye [15, 31]. By disrupting both the color-imparting
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Fig. 10 Photocatalytic mechanism of CR dye degradation (NHE: normal
hydrogen electrode, CB: conduction band, VB: valence band)



structures and the functional groups that influence dye
properties, the TLB/TiO, composite efficiently degrades
CR into harmless end-products such as CO,, H,O, and
other small organic molecules. This dual-pathway degra-
dation is critical for the effective photocatalytic treatment
of dye-contaminated water.

3.8.1 Effect of irradiation time

The graph demonstrates the impact of contact time on
the photodegradation efficiency of CR dye using TLB,
TiO2, and TLB/TiO, composite as shown in Fig. 11.
The TLB alone exhibits a moderate degradation rate,
reaching about 65% after 120 min, reflecting its limited
photocatalytic activity. In contrast, TiO, shows a higher
degradation efficiency of approximately 85% over the
same period, consistent with its established photocata-
lytic properties. Notably, TLB/TiO, composite achieves
the highest degradation efficiency, reaching around 95%
within the first 60 min and maintaining this level there-
after. This superior performance is attributed to the syn-
ergistic interaction between TLB's adsorption capacity
and TiO,'s photocatalytic activity, which likely enhances
charge separation and light absorption [24, 27]. These
results highlight the effectiveness of the TLB/TiO, com-
posite in environmental remediation, particularly in the
efficient degradation of azo dyes like CR.

3.8.2 Effect of pH

The graph demonstrates the contribution of pH on the
degradation of CR dye using TLB, TiO,, and TLB/TiO,
composite as shown in Fig. 12. All materials show opti-
mal degradation in acidic conditions, with the highest effi-
ciency occurring at pH 4. TLB alone reaches around 60%
degradation at this pH, while TiO, achieves approximately
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Fig. 11 Effect of irradiation time in case of TLB, TiO,, and TLB/TiO,
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75%. The TLB/TiO, composite outperforms both, reach-
ing nearly 95% degradation at pH 4 and maintaining supe-
rior efficiency across the entire pH range. The enhanced
conduct of the composite can be associated to the syn-
ergistic effects of TLB's adsorption capacity and TiO,'s
photocatalytic activity, which are particularly effective
in acidic environments. The decline in degradation effi-
ciency at higher pH levels is likely due to reduced proton
availability and changes in the surface electrostatic charge
of the materials, which negatively impact dye adsorption
and subsequent photodegradation [21, 27]. These results
underscore the significance of pH in optimizing the photo-
catalytic degradation of organic pollutants using compos-
ite materials like TLB/TiO,.

3.8.3 Effect of catalyst concentration

The graph depicts the impact of various catalyst concentra-
tion on the photocatalytic degradation of CR dye by using
TLB, TiO,, and TLB/TiO, as shown in Fig. 13. The com-
posite exhibits the highest activity, nearing 95% degrada-
tion at 50 mg and above, likely due to the enhanced charge
separation and increased active sites from the combination
of TLB and TiO,. TiO, also shows strong performance,
consistently achieving over 80% degradation, in line with
its known photocatalytic properties. TLB, with the lowest
efficiency, improves with increasing catalyst concentration,
reaching around 70% at higher levels. Photocatalysis relies
on light activation, and at optimal dosages, the catalyst's
surface is efficiently exposed to light. However, as the dos-
age increases beyond the optimal level, the catalyst parti-
cles can scatter and absorb more light, leading to a shielding
effect with increase in the turbidity of the solution, which in
turn reduces the infusion of light into the solution [34, 35].
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This limits the activation of catalyst particles throughout the
solution, concentrating the photocatalytic activity near the
surface and decreasing overall efficiency. TLB/TiO, com-
posite significantly outperforms the other catalysts, making
it the most effective for CR dye oxidation.

3.8.4 Effect of dye concentration

The graph illustrates that the photoinduced degradation
efficiency of CR dye decreases as the initial dye con-
centration increases for all three catalysts: TLB, TiO,,
and TLB/TiO, as shown in Fig. 14. Among these, TLB/TiO,
composite demonstrates the highest performance, achieving
over 95% degradation at low concentrations (10 ppm) and
maintaining around 75% efficiency at 60 ppm. TiO, follows
a similar trend but with slightly lower efficiency, starting at
85% and stabilizing around 70%. TLB, primarily function-
ing as an adsorbent, shows the lowest degradation rates,
dropping below 60% at higher concentrations. The decline
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Fig. 14 Effect of dye concentration in case of TLB, TiO, and TLB/TiO,

in photocatalytic degradation efficiency beyond the opti-
mal dye concentration is due to several interconnected fac-
tors. First, the catalyst's active sites become saturated, lim-
iting further adsorption and degradation. The increased
dye concentration also leads to greater opacity in the solu-
tion, reducing light penetration and diminishing catalyst
activation. Additionally, the higher concentration intensi-
fies competition for the limited reactive species generated
by the catalyst. The formation of intermediate by-products
at elevated dye concentrations may further complicate the
degradation process by competing for active sites. Lastly,
mass transfer limitations arise as the concentration gra-
dient increases, hindering the diffusion of dye molecules
to the catalyst surface, which reduces overall contact and
efficiency [21, 27, 34]. Overall, TLB/TiO, outperforms the
other catalysts due to its superior photocatalytic properties,
even at higher dye concentrations.

3.8.5 Degradation kinetics

The kinetic models, such as the pseudo-first-order and
pseudo-second-order models, were used to analyze the
degradation kinetics of CR dye by the TLB/TiO, compos-
ite, as shown in Fig. 15 (a) and (b), respectively. These mod-
els are typically employed to describe adsorption and deg-
radation kinetics, where the concentration of CR over time
is assessed. The first graph, which fits the data to the pseu-
do-first-order model, shows a strong linear relationship,
indicating that the degradation of CR by the TLB/TiO,
composite closely follows pseudo-first-order kinetics.
The linearity suggests that the degradation rate primarily
depends on the dye concentration. The second graph, fit-
ting the pseudo-second-order model, shows some degree
of linearity but with more noticeable deviations from the
ideal trend. This implies that, while the pseudo-second-or-
der model could also illustrate the kinetics, it is not as
accurate as the pseudo-first-order model for this partic-
ular degradation process. The regression coefficient val-
ues support the conclusion that pseudo-first-order kinet-
ics (with an R? value of 0.988) provides a much better fit
for the degradation of CR by the TLB/TiO, composite
than pseudo-second-order kinetics (with an R? value of
0.856) [24, 35]. The near-perfect fit suggests that the deg-
radation of CR predominantly follows first- order kinet-
ics, indicating that the degradation rate is directly propor-
tional to the dye concentration. This further reinforces the
idea that the reaction mechanism likely involves direct
photolysis and simple catalytic breakdown without com-
plex surface interactions.
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3.9 Effect of scavengers on degradation

The rate of photocatalytic degradation performance is
directly impacted by the amount of photoinduced active
radical species by ROS. Various radical species are engaged
in the photodegradation of organic dyes, such as ¢, h’,
*OH, and °O,. During tests, scavengers' sacrificial agents
can be used to trap these radicals. The specific function
of every radical is ascertained by means of a meticulous
evaluation and refinement of reaction parameters. To tar-
get e, h', *OH, and °O,, respectively, scavengers such
as K.S O,, TEA, IPA, and p-BQ were used. Compared to
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effect was more noticeable with IPA and BQ. Fig. 16 depicts
the decrease in CR dye degradation efficiency as a result
of scavenging. K.,S O, and TEA, the other two scavengers,
had a less noticeable impact on the photodegradation of CR
dye. Thus, the scavenger study indicates that superoxide
anions ('O;) and hydroxyl radicals (*OH) are important,
but electrons (¢7) and holes (h") have little effect, as shown
by the hydrogen peroxide's involvement in the photocata-
lytic destruction of CR dye [34, 35, 42].

3.10 Reusability and stability

To assess the stability and potential for reuse of the produced
photocatalyst, its recyclability was evaluated. The catalyst
was isolated by centrifugation and cleaned three times with
ethyl alcohol and distilled water. Then it was dried for 6 h at
60 °C to prepare it for another cycle. As shown in Fig. 17 (a),
the photocatalyst can be reused up to five cycles not having
any substantial reduction in photocatalytic activity. However,
nanocomposite degradation efficiency may decrease due to
surface site blockage and changes in the porous structure.
The stability of the TLB/TiO, photocatalyst is primarily
attributed to the TLB component and effective charge sep-
aration. The photocatalyst exhibited an exemplary reusabil-
ity by achieving a photodegradation effectiveness of 92.48%
even after the five runs. Additionally, XRD analysis was car-
ried out to confirm the material's stability after the first and
fifth runs, as illustrated in Fig. 17 (b). The firmness of the
TLB/TiO, photocatalyst was validated by the absence of cru-
cial changes in the positions or intensities of the XRD peaks
and retains same crystalline phase. To validate the adsorp-
tion of CR dye into the composite, functional groups of the
photocatalyst were analyzed by using FTIR and the corre-
sponding graph was depicted in Fig. 17 (c). When compare
to the IR results of the composite before adsorption (as in
Fig. 5) changes were observed around 1500-1600 1/cm
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and 1000—-1750 1/cm regions attributes to degradation prod-
ucts, while the stable Ti—O band (600—-800 1/cm) confirms
TiO,'s structural integrity.

4 Conclusions

The hydrothermal method effectively integrated the TLB
with TiO, by creating a composite with enhanced pho-
tocatalytic properties. This composite demonstrates sig-
nificant efficiency in the photooxidation of CR dye under
UV light, showing a high degradation rate and excellent
stability with lower bandgap energy of 2.86 e¢V. The pho-
tocatalytic performance of the TLB/TiO, composite is
attributed to the synergistic effects of TLB's high sur-
face area (66 m?/g) and TiO,'s photocatalytic activ-
ity. The TLB enhances the adsorption of the dye, while
TiO, generates ROS under UV irradiation, leading to the
effective breakdown of CR dye into simpler molecules.

The composite was balanced and effective after five cycles
of reuse. The results highlight the potential of using natu-
ral, low-cost materials in AOPs for wastewater treatment.
The composite demonstrates a sustainable and efficient
solution for environmental remediation.
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