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Synergistic efficiency of modified banana leaf
derived cellulose-g-Cz;N4 hybrid composite:

a sustainable approach for visible-light-driven
photodegradation of dyes
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The adverse effects on human health and water supplies due to widespread use of dyes including
methylene blue (MB) and rhodamine B necessitate their removal. Photocatalytic decontamination offers
an alternative method which is cost effective and ecofriendly compared to other costly dye removal
processes. The combination of graphitic carbon nitride (g-C3N4) and cellulose from readily available
modified banana leaves (MBLC) has not been explored for color degradation. The present work
investigates the application of a promising g-C3N4—MBLC composite for the photocatalytic removal of
methylene blue and rhodamine B dyes. The two-component hybrid composite was synthesized utilizing
the one-pot in situ thermal polymerization techniques. Furthermore, multiple analytical methods were
exploited to comprehensively assess the structural and morphological characteristics of the synthesized
g-C3Ny—cellulose hybrid composite. The composites exhibited photocatalytic activity, successfully
degrading 93.35% of RhB and 92.06% (30 mg LY of MB dyes within 120 minutes under visible
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oxygen species (ROS) responsible for the photodegradation of the dyes. Additionally, the synthesized

DOI: 10.1035/d5ra01156f composite showed excellent reusability, maintaining 81% efficiency after five consecutive cycles,
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1. Introduction

The current era's substantial industrial expansion and pop-
ulation surge have triggered a worrisome escalation in envi-
ronmental contamination, posing significant risks to human
well-being and ecological systems.® Global catastrophes have
been sparked by the accumulation of extensive waste from
textile and dyeing sectors, encompassing organic dyes, heavy
metals, and other hazardous compounds.”> Contemporary
investigations reveal that textile industries release an estimated
40 000-50 000 tons of diverse dyes into aquatic ecosystems.**
The chemical structure of these dye structures can transform
the chemical and physical attributes of water bodies, thus
jeopardizing human health and environmental integrity.
Rhodamine B (RhB), an artificial dye classified under the
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highlighting its potential for practical applications, particularly in pollutant removal.

xanthene category, is extensively employed across various
sectors. It is regularly utilized in biotechnology applications,
incorporated into cosmetic formulations, and employed as
a coloring agent in food products, notably in spices like curry
and chili powder. The European Food Safety Authority (EFSA)
later prohibited the use of this substance due to its resistance to
degradation and its harmful effects on both humans and
animals, including neurotoxicity, chronic toxicity, and carci-
nogenicity.>® This necessitates the treatment of wastewater
containing this dye before its discharge into aquatic ecosys-
tems. In a similar vein, methylene blue (MB), a highly carcino-
genic cationic thiazine dye, finds widespread application in
various industries, such as textile dyeing, paper coloring, hair
dyeing, and as a redox indicator in space. MB consumption can
lead to severe health complications, including nervous system

HOMO-LUMO gaps, HOMO and LUMO of MBLC, Fig. S3(a) Nitrogen
adsorption-desorption isotherms and (b) pore size distribution curves of
g-C3N,, g-C3N,/C-MBLC, Fig. S4(a) Linear plot of Freundlich isotherm model,
and (b and c) Linear plots of pseudo-second-order kinetic models respectively
at different initial dye concentrations, Fig. S5: Zeta potential graph of
g-C3N,/C-MBLC composite. Fig. S6: FTIR assessment using g-C3N,/C-MBLC
composite. See DOI: https://doi.org/10.1039/d5ra01156f
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and ocular damage, nausea, diarrhea, vomiting, respiratory
issues, and gastric inflammation.” Consequently, there is
a pressing need for advanced techniques to remove these
hazardous contaminants from water sources.

In the realm of wastewater purification, adsorption has
emerged as a prominent method, surpassing other techniques
due to its high efficiency, cost-effectiveness, and economic
advantages.®® Nevertheless, conventional adsorbents frequently
encounter obstacles such as constrained surface areas, insuffi-
cient absorption capacities, weak chemical stability, and recy-
cling issues. Standard approaches have exhibited limited
efficacy in eliminating ionic dyes.'® Consequently, a tenacious
need exists for an environmentally sustainable and energy-
efficient wastewater treatment solution. Recently, the
advanced oxidation process (AOP) (photocatalysis) has garnered
significant attention for its potential in organic dye removal.'*
This eco-friendly innovative technique has found application in
wastewater treatment owing to its capacity to fully degrade
organic pollutants through the action of superoxide radicals
(‘O,7) and hydroxyl radicals ("OH)."* The utilization of active
oxygen species and the lack of harmful by-product formation
during the degradation process establishes this method as
a formidable approach to wastewater treatment.

Photocatalysts are classified into two main types: metal-
based and nonmetal-based. Metal-based photocatalysts offer
advantages such as exceptional durability and swift reaction
rates.'»'* However, they face challenges in utilizing natural light
effectively for photocatalytic processes and may contribute to
secondary pollution through heavy metal release.* In contrast,
non-metallic photocatalysts, including graphitic carbon nitride
(g-C3N,) and graphene oxide, are economical and environ-
mentally benign."” g-C;N, has attracted considerable attention
due to its narrow band gap (>2.8 eV), visible light responsive-
ness, and uncomplicated synthesis methods.*® Nevertheless, its
catalytic properties are hindered by poor dispersion and
agglomeration of the nanoscale powder on surfaces. To over-
come the limitations of individual photocatalysts, researchers
are incorporating g-C;N, into metal-based oxides or biomass
materials to enhance their dispersal and improve photocatalytic
efficiency.

Biomass materials, such as chitin, chitosan, cellulose, bio-
char, activated carbon, charcoal, and waste chitin flasks, are
increasingly utilized in catalytic applications.”””** Chen et al.,
synthesized g-C;N,-cellulose aerogel for photocatalytic degra-
dation of Cr(vi) and antibiotics.?® Similarly, He et al. also fabri-
cated chitin-modified carbon/g-C;N, for the photodegradation
of Rhodamine B dye.”* We opted to derive cellulose from
modified banana leaves (MBLC) due to its compatibility with
biological systems, eco-friendly characteristics, and capacity to
create porous structures. Banana leaves are widely sourced from
banana plantations, where they are discarded as byproducts,
making them a sustainable and readily available raw material
for cellulose extraction. By synthesizing a hybrid composite that
includes cellulose, we seek to boost photocatalytic performance
by enhancing catalyst distribution, minimizing agglomeration,
and simplifying recycling processes. MBLC plays a crucial role
in the g-C3;N, photocatalytic system by modifying the surface,
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facilitating charge separation, and enhancing mass transport.
The process of electron charge transfer involves photoexcited
electrons from g-C;N, to cellulose, where cellulose acts as an
electron mediator that improves the breakdown of pollutants.
This collaborative effect minimizes recombination and
enhances the photocatalytic performance of the composite.
This makes it an excellent support material for use in waste-
water treatment applications.*®* The hydroxyl group on the
cellulose surface establishes strong interfacial bonds with g-
C;3N, via hydrogen bonding, which improves the charge
migration efficacy and supports the photocatalytic degradation
of dyes under visible light, thereby improving the dye removal
performance.”®*** Additionally, minor chemical or physical
modifications to cellulose moieties can further increase the
number of surface-active sites. Among the various modifica-
tions, the carbon derived from cellulose is a viable approach. In
this context, Kumar et al. also derived carbon from the chitin for
the modification of g-CN nanosheets for the effective removal of
pollutants.”® Similarly, Chen et al. also utilized the cellulose-
derived carbon/g-C;N, complex for the H, production and the
degradation of tetracycline.”> However, the disordered move-
ment of the cellulose-derived carbon species in the g-CN
nanosheets also bridges a gap for the improvement in the g-
CN composite.

In this work, g-C;N,/C-MBLC composite has been utilized for
the photodegradation of Rhodamine B and methylene blue
dyes, where the cellulose was isolated from the modified
banana leaves. Due to the abundance of hydroxyl (-OH) groups
in the MBLC, they easily interact with the amino (-NH,) groups
in melamine, resulting in the formation of hydrogen bonds.
This bonding makes it difficult for the MBLC to detach from the
nanosheets during the calcination process. The g-C3N, aggre-
gation is anticipated to be surmounted by using cellulosic
carbon species (MBLC) as a photocatalytic carrier, as it
improves the migration of charge carriers, which offers
numerous potential for the eradication of dyes in the aquatic
environment.

2. Materials and methodology

2.1. Materials and chemicals required

Modified banana leaves were obtained from the Utkal Univer-
sity campus, in Bhubaneswar, India. Chemicals like toluene
(CAS no. 108-88-3, SRL, India), ethanol (CAS no. 64-17-5, Merck,
India), KOH (CAS no. 1310-58-3, Finar, India), acetic acid (CAS
no. 64-19-07, Finar, India), rhodamine B (MG, CAS no. 81-88-9,
Sigma-Aldrich, India) and methylene blue (MB, CAS no. 122965-
43-9) were procured.

2.2. Synthesis of extracted cellulose

The extraction of pure cellulose from modified banana leaves
followed a multi-step process (Fig. 1(a)). Initially, the red-
colored modified banana leaves (MBL), naturally present in
the banana plant, were thoroughly cleansed with deionized
water and dried at 50 °C. The dried material was then ground
into a powder and sorted using Tyler screens to obtain various
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MBL powder fractions. Subsequently, the powder underwent
treatment with a 150 mL toluene-ethanol mixture (2:1 v/v) to
eliminate pigment, wax, and oil, followed by oven drying at 50 °©
C. The de-waxed powder was then subjected to an 8 hours
treatment in a solution of 4 wt KOH and 2 wt% H,0, at 40 °C,
followed by 4 hours of heating at 90 °C. After cooling to room
temperature, the mixture was filtered and extensively washed
with deionized water to remove dissolved substances. The
resulting solid sample, dried overnight at 80 °C, was then
immersed in 250 mL of acetic acid solution (pH 3-4) at 50 °C for
5 hours. Finally, the mixture underwent centrifugation, air-
drying, and repeated rinsing with deionized water until the
filtrate achieved a neutral pH. The extracted cellulose was
denoted as MBLC (Fig. 1(a)).
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2.3. Synthesis of g-C;N,/C-MBLC composite

A g-C;3N, catalyst was synthesized from melamine by adopting
the thermal polymerization method. 10 grams of melamine
were heated to 550 °C in a muffle furnace for 2 hours and stored
in a closed crucible. After reaching ambient temperature, the
bulk product was subjected to rigorous grinding in a mortar.
This grinding technique culminated in successfully synthe-
sizing a vivid, yellow-colored substance. The synthesis of the
binary composite involves the following procedure.”*>** To
synthesize the composite, a homogeneous mixture with 30 mL
of deionized water, 0.5 g of extracted cellulose (MBLC), and 1 g
of melamine was mixed and swirled in a magnetic stirrer for 3
hours. Then the synthesized precipitate was rinsed several
times using distilled water and ethanol and dried overnight at
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(a) Extraction of cellulose, (b) synthesis of binary g-C3sN4/C-MBLC composite.
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80 °C. A g-C3N,/C-MBLC sample was obtained by calcination for
2 hours at 520 °C (Fig. 1(b)).

2.4. Adsorption and photocatalytic measurement

To evaluate the adsorption capacity of the synthesized nano-
composites, experiments were performed using RhB and MB in
aqueous solutions. Dye stock solutions were prepared by dis-
solving 500 mg of the dye in 1 L of deionized water. Adsorption
experiments were conducted in Erlenmeyer flasks with dye
concentrations ranging from 10 to 70 mg L™, while maintain-
ing a constant adsorbent dosage of 100 mg. A measured quan-
tity of adsorbent was added to 100 mL of dye solution, and the
mixture was agitated at 320 rpm in a temperature-controlled
water bath. At regular intervals, 5 mL samples of the dye solu-
tion were extracted and centrifuged. The spectral characteristics
of these aliquots were analysed using a PerkinElmer UV-visible
spectrometer.

o= Ay )
where 4, and A, refer to dye concentrations (mg L™") at times
0 and ¢, respectively, g. is the optimum sorption capacity (mg
g~ 1); V(ml) and W (g) are the whole volume of the solution is the
mass of sorbent.

To assess the photocatalytic efficacy of the experimental-
synthesized material, rhodamine B and methylene blue were
applied as water pollutants. Using a 125 W mercury lamp (2.60
mW cm ™ ?) as a source of illumination, a predetermined quan-
tity of g-C;N,/C-MBLC was added to 150 mL of dye solution in
a photocatalytic reactor to examine the photocatalytic degra-
dation of cationic dyes over the prepared catalytic materials.* To
prevent the minor UV radiation from the lamp source, a 0.1 M
NaNO, aqueous solution was circulated in the reactor's outer
jacket. The experiment was carried out by varying the concen-
tration of dyes from 10-70 mg L™ " at a photocatalytic dosage of
100 mg. Then, the dye solution and catalytic material were
subjected to mechanical stirring, and 5 mL of the sample
solution was collected and centrifuged at regular intervals,
spanning from 0 to 120 minutes. A magnetic stirrer was posi-
tioned in the center throughout the experiment to ensure
a uniform solution. Utilizing a PerkinElmer UV-visible spec-
trometer, the residual concentration of the mixture was ascer-
tained at A,.x = 543 nm for rhodamine B and 664 nm for
methylene blue, respectively. The removal percentage of dyes
was calculated using the formula as follows:

Degradation (%) = (A();iA’)
0

x 100 (2)
Herein, 4, and A; are the initial and optimum concentrations of
dyes w.r.t time ¢.

2.5. Characterisation

The structural properties of the pure and synthesized samples
were examined using X-ray diffraction (XRD) patterns, obtained
with a Philips-PW 1800 diffractometer employing Cu Ka radia-
tion (A = 1.54186 A). Functional analysis was carried out using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a Shimadzu IRAffinity-1S instrument in KBr medium. A Zeiss
EVO microscope, operating at 25 kV acceleration voltage, was
used for scanning electron microscopy (SEM) to analyze
elemental compositions, surface morphology, and detect
elements. The optical energy band gap was determined through
UV-visible diffuse reflectance (UV-Vis-DR) spectroscopy, with
spectra recorded using a Shimadzu UV-2400 UV spectropho-
tometer. The analysis of photocatalytic degradation products
was performed using gas chromatography-mass spectrometry
(GC-MS) measurements on an Agilent 5977B instrument with
electrospray ionization mass spectrometry, providing informa-
tion about the configuration and transformation of the degra-
dation products.

2.6. Theoretical analysis using density functional theory
(DFT)

Using the ORCA 5.0 program, DFT calculations were conducted
with the hybrid B3LYP/g function and a def2/], def2/SVP basis
set. This method optimized the molecular geometry of MBLC, g-
C;3;N,, and the g-C3N,/C-MBLC composite. The HOMO and
LUMO interactions were visualized using Avogadro 1.2.0 soft-
ware. To calculate the adsorption energies (E,q) of optimized
samples, the same basis set and theory level were applied, as
shown in eqn (3).>”

E.q = Egc,ngo-mBLe — (Ego,N, T EMBLC) (3)

Here, Eg.c n,/cMBLey Egc,n,, and Eyprc denote the adsorption
energies of the g-C;N,/C-MBLC composite, g-C3N,, and MBLC
composite units, respectively.

3. Results and discussion

3.1. Structural analysis

Using XRD analysis, the crystalline arrangements of g-C;N,,
extracted cellulose (MBLC), and g-C3N,/C-MBLC were investi-
gated between 10° and 80°, as shown in Fig. 2(a). The (100) and
(002) crystal planes of g-C3N, are responsible for the peak
intensity for 26 values of 12.95° and 27.25°, respectively.?® This
further supports the presence of aromatic delocalization of g-
C3N,. The (110), (200), and (004) crystal planes of extracted
cellulose (MBLC) are attributed to the major diffraction peaks at
16.3°, 22.6°, and 34.8°. The MBLC crystalline phase is verified
by the 100% peak intensity at 22.6°.>* Comparable diffraction
peaks of cellulose and g-C3;N, were seen in the composite,
further confirming the successful formation of the material.
The lack of a distinctive cellulose peak in the g-C3N,/C-MBLC
composite is likely due to the minimal presence of cellulose
within the composite structure. Additionally, the enhanced
crystallinity observed in the (002) plane of the composite
suggests that the cellulose component's interaction with g-C;N,
leads to an increase in the crystalline nature of g-C3N,**

Fig. 2(b) illustrates the FTIR spectra of the pristine samples
and the synthesized composite. In the case of g-C;N,, the
aromatic ring and the stretching vibrations of C-N and C=N
heterocycles are represented by multiple peaks ranging between
1230 and 1610 cm ™', while the sharp band at 808 cm™ " denotes

RSC Adv, 2025, 15, 13712-13727 | 13715
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the triazine rings.***" A distinctive infrared band was seen in the
extracted cellulose at 3300-3500 cm ™, which was ascribed to -
OH stretching vibrations. On the other hand, C-H bending, C-
OH stretching, and -OH bending vibrations were represented
by the peaks at 1370, 1428, and 1645 cm ™', respectively. Also,
the C-O and C-O-C linkage-based backbone of the cellulose
moiety was ascribed by the peaks at 1162, 1124, and
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1055 cm ™ '.3>% The synthesized composites exhibit preserved
characteristic bands of g-C;N,, suggesting that the addition of
extracted cellulose minimally impacted the chemical structure
and configuration of g-C;N,. Notably, the introduction of
pyrolytic cellulose resulted in new transmittance peak at
2890 cm ™', corresponding to symmetric C-H vibrations. This
observation further supports the formation of a heterojunction
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and the influence of melamine and cellulose interaction on g-
C;N, formation. The successful synthesis of the composite is
evidenced by the presence of similar characteristic bands from
both pure components in the final product, confirming the
integration of the materials.

Fig. 3 presents the results of X-ray photoelectron spectros-
copy (XPS) analysis, which was utilized to explore the chemical
composition and states of both the pristine and fabricated
composite materials. The N 1s XPS spectral scan exhibited
peaks at 398.5 and 399.0 eV, which can be assigned to the
C-N=C units of the triazine series and C(N—(C);) of the
aromatic Nitrogen, respectively.>® The peak at 400.7 eV corre-
sponds to the C-N-H units of amino groups.* It is noteworthy
that a subtle shift was observed in the composite, indicating
potential modifications to the g-C;N, skeleton due to the effect
of extracted cellulose. Furthermore, Fig. 3(b) presents the
spectral analysis of C 1s of the neat and synthesized composite.
The 284.8 and 288.1 peaks are attributed to sp>-carbon and C-N
in the typical aromatic C;N, unit.*® Interestingly, additional
peaks located at 286.6 and 289.1 eV, associated with C-O and
O=C-0, were detected in the synthesized composite (g-C;N,/C-
MBLC), providing additional evidence of the influence of the
extracted cellulose on the g-C3;N, skeleton.**** The formation of
the O=C-O bond also suggests cellulose may impact the
alteration of the terminal group of the g-C;N, during the poly-
merization process.”*” The C 1s spectral scan of MBLC, also
provided in Fig. S1, confirmed the two peaks at 286.6 and
289.1 eV can be ascribed to C-O and O-C=O0 groups. Further-
more, the O 1s spectral scan (Fig. 3(c)) of the synthesized
composite exhibited peaks at 531.8 and 533.3 eV, which corre-
spond to the insertion of O from MBLC during the synthesis
process (C-O and O-C-O moieties) of the composite.>

(a)
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3.2. Theoretical analysis

DFT and TD-DFT methods were employed on the g-C;N, and the
synthesized g-C3;N,/C-MBLC composite to estimate electronic
distributions and their impact on the photocatalytic perfor-
mance.”” The optimized molecular structure, variation in the
lowest unoccupied molecular orbitals (LUMO) and highest occu-
pied molecular orbitals (HOMO), and energy gap of the pristine
and synthesized composite are depicted in Fig. 4 and Table 1. The
HOMO and LUMO structure of cellulose was provided in Fig. S2.7
HOMO and LUMO energies are determined for g-C;N, and g-C3N,/
C-MBLC composite prior to and following complexation. The C-N
bond in aromatic rings exhibits a length of 1.328 A, while the same
bond between the aromatic ring measures approximately 1.40 A.
Within the central ring of g-C;N,, the N-C-N bond angle is 122°,
and the dihedral angle between the C-N-C-N bond is 168.8°.
These calculated bond and angle characteristics for pure g-C3N,
were consistent with existing literature.* In the composite struc-
ture, the bond lengths and angles of the g-C;N, portion remained
intact. From the Table 1 parameter, the adsorption energy was
calculated to be —7.54 eV, suggesting robust interactions between
the pristine components. This high interaction contributes to
enhanced stability within the synthesized composite material.*®

Table 1 Parameters Including the HOMO-LUMO energies, energy
gap of g-C3Ny4, MBLC, and g-C3N4/C-MBLC composite

Parameters 2-C3N, (eV) MBLC (eV) 2-C3N,/C-MBLC (eV)
Enomo —6.6461 —6.2096 —6.1971

Erumo —4.1723 1.2383 —3.8232

E, 2.47 7.44 2.37

Fig. 4 Optimized geometry of (a) g-C3zN4 and (b) g-CsN4/C-MBLC composite and (c) interaction between g-CsN4 and MBLC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The HOMO and LUMO energies for g-C3N, are —6.6461 and
—4.1723 €V, respectively, while those for the g-C3N,/C-MBLC
composite are —6.1971 and —3.8232 eV, respectively. g-C3N,
exhibits a direct band gap of 2.47 eV, which reduces to 2.37 eV in
the g-C3N,/C-MBLC composite.”” Studies indicate that appro-
priate complexation can effectively decrease E,, thus enhancing
material reactivity (Fig. 5). The observed reduction in energy gap
implies substantial intramolecular charge transfer within the
molecule, contributing to enhanced photocatalytic perfor-
mance.*® Moreover, the E, decrease post-composite synthesis
suggests the interaction between the neat materials leads to the
formation of new molecular orbitals distant from the Fermi
level.*®** This finding also indicates that the g-C3;N,/C-MBLC
composite demonstrates superior photocatalytic stability
compared to g-C3N,. Fig. 5 illustrates the dispersion of HOMO
and LUMO, in Prior to complexation, both HOMO and LUMO
are dispersed across the entire g-C3;N, surface. Following
complexation, in the synthesized composite, the HOMO e~
density delocalized between the g-C3;N, and the cellulose
surface, while in the LUMO the relocation of e~ density is more
on the g-C;N, matrix than the cellulose moiety. The E, variation
and orbital redistribution facilitate charge migration between
interacting moieties. Ultimately, the post-complexation charge
transfer results from electron reorganization in g-C;N, and g-
C;3N,/C-MBLC composite, which is crucial for minimizing the
recombination of photoinduced charge entities.

3.3. Morphological and elemental analysis

The microstructure and morphology of prepared g-C3N,, MBLC,
and g-C;N,/C-MBLC composite are shown by SEM analysis in
Fig. 6. The SEM image of g-C;N, illustrates the ruffled mono-
layer structure (Fig. 6(a)).** The surface morphology of the
composite preserves both the fibrillar cellulose structure and

13718 | RSC Adv,, 2025, 15, 13712-13727

the uniformly dispersed layer structure of g-C;N, nanosheets, as
shown by the SEM images in Fig. 6(c). Hence, the morphology of
the synthesized composite confirms the development of a het-
erojunction interface between the g-C;N, with extracted cellu-
lose moiety.” The EDAX analysis (Fig. 6(d)) confirms the
presence of all the elements in the synthesized composite.

3.4. BET studies

As the surface area plays a pivotal role in the photodegradation
activity, Fig. S31 presents the nitrogen adsorption-desorption
isotherms, illustrating the materials' surface area and porosity.
The isotherm analysis revealed that the g-C;N,/C-MBLC
composite exhibited a considerably larger surface area (37.87
m? g~ 1) than pure g-C;N, (14.022 m? g~ %), as demonstrated by
the greater adsorption quantity and pore size distribution.
Analysis of the pore-size distribution reveals that the synthe-
sized composite has a pore diameter of approximately
19.842 nm, while the pristine g-C;N, exhibits a pore diameter of
about 3.677 nm (Fig. S3(b)}). Both the pure and synthesized
materials display hysteresis loops ranging from 0.7 to 1.0,
indicating that they possess mesoporous properties. These
assessments are crucial for comprehending the formation and
effectiveness of heterojunctions, as outlined in the mechanism
section. The heterojunction merges the advantages of different
materials, improving charge separation and transfer. The
composite's high surface area, as indicated by the isotherms
and huge porosity, offers more active sites for photocatalytic
reactions. This combination likely leads to enhanced photo-
catalytic performance of the synthesized catalyst.

3.5. UV-DRS spectral analysis and PL spectroscopy

Fig. 7(a) demonstrates the application of UV-visible diffuse
reflectance spectroscopy (DRS) in assessing the band gap width

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and light absorption characteristics of g-C3N, and g-C;N,/C-
MBLC composite catalysts. The findings reveal that incorpo-
rating a small amount of g-C;N, into Cellulose substantially
improves visible light absorption. Pure g-C3N, shows strong
absorption between ~200-460 nm wavelengths. In the synthe-

and MBLC. This shift is beneficial for enhancing the efficiency
of light utilization in the degradation of MB and RhB dyes. The
band gap energy was calculated using the standard Tauc's
method, represented by eqn (4).

sized composite, the absorption edge experiences a red shift ahv = A(hy — Ey), (4)
relative to g-C3;N,, highlighting the interaction between g-C3N,
—¢CN ’
(a) Ll (b)—g-Cs.\_‘
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3N
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= 7]
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(a) UV-vis-DRS, and (b) PL of the as-synthesized g-CsN4 and g-C3N4/C-MBLC composite.
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For the pure samples, g-C;N, displayed a band gap of 2.7 eV,
while the composite exhibited 2.54 eV.**** The narrower band
gap of the synthesized catalyst compared to its neat component
suggests enhanced visible light response and improved trans-
ferability of photogenerated carriers.

The efficiency of the photodegradation process is significantly
affected by the decrease in recombination of photogenerated
charge carriers. To confirm the visible light responsiveness of the
synthesized catalyst, a photoluminescence (PL) spectral analysis
was conducted at an excitation wavelength of 460 nm (Fig. 7(b)).
The PL graph results showed that the g-C;N,/C-MBLC catalyst
exhibited a lower PL intensity compared to the pure g-C;N,
sample. This observation was attributed to the well-distributed
and extensive surface areas of g-C;N, in the hybrid composite.
The integration of finely dispersed g-C;N, within the cellulose
moiety produces numerous active sites, which aids in reducing
charge carrier recombination and effectively enhances the pho-
tocatalytic performance of the composite.

3.6. Photodegradation activity

To better understand the overall photocatalytic process, the
adsorption of RhB and MB dyes on the catalyst was evaluated
prior to visible light exposure. The adsorption study was con-
ducted using dye concentrations ranging from 10 to 70 mg L™,
as shown in Fig. 8(a and b) Adsorption reached its peak within
60 minutes and plateaued at 120 minutes. As illustrated in
Fig. 8(c-e), the adsorption data aligned well with both the

View Article Online
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Langmuir isotherm and pseudo-first-order kinetic models. The
Langmuir isotherm model suggested a monolayer adsorption
mechanism. The Freundlich adsorption isotherm and pseudo-
second-order kinetics model were provided in Fig. S4.1 Tables
S1 and S27 provide the linear kinetic relationship between the
experimental and calculated analysis. Zeta potential measure-
ments further supported the adsorption data through surface
charge evaluation. The isoelectric point was determined to be at
pH = 5.34, indicating a negatively charged surface potential,
which explained the minimal adsorption of cationic dyes at the
working pH of 5.56 (Fig. S51). Moreover, the process of photo-
catalytic degradation mainly takes place through the formation
of reactive radicals. Consequently, the photocatalytic activity is
not constrained by the negative zeta potential, as the reaction is
primarily driven by radicals rather than direct electrostatic
attraction.

Under visible light illumination, the photocatalytic degra-
dation of RhB and MB dye was studied using the synthesized
materials, g-C3Ny, cellulose, and g-C3N,/Cellulose (Fig. 9). The
suspension was agitated for 60 minutes in the dark before being
exposed to light illumination to achieve adsorption-desorption
equilibria. The efficiency of the materials in both light and dark
circumstances was not notable without the catalyst which
indicates the stability of the dye towards degradation, whereas
upon irradiation of light in the addition of catalyst, the photo-
degradation occurs swiftly. The photodegradation efficacy of
synthesized composite and neat samples in degrading organic
dyes at different concentrations is shown in Fig. 9(a and b).
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(a and b) Adsorption of RhB and MB dyes onto g-CzN4/C-MBLC, (c) Linear plot of Langmuir isotherm model, and (d and e) Linear plots of

pseudo-first-order kinetic models respectively at different initial dye concentrations.
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d) Effect of illumination time and at different initial dye concentrations by g-CsN4/C-MBLC respectively.

According to the experimental study, for both dyes (RhB and
MB), the synthesized composite exhibited up to 30% higher
photocatalytic activity than the bare samples. Further, the
photocatalytic efficacy of the composite has been analyzed by
taking various concentrations of dye solutions (10-70 ppm) in
different time intervals (Fig. 9(c and d)). Based on the analysis,
within 120 minutes of light exposure to radiation, the as-
synthesized material could completely degrade 30 mg L™ " of
cationic dyes. With the rise in the concentration of dye solution,
more aggregation of molecules occurs at the photocatalytic
active sites. This aggregation of molecules perturbs the visible
light transmission efficacy, ultimately reducing the generation
of charge carriers, thus the photodegradation rate also
decreases.

Fig. 10(a and b) displays the UV-vis spectrum of the RhB and
MB dyes and the photocatalytic degradation performance of the
synthesized catalyst under visible light irradiation. The graph
shows that upon visible light illumination, the absorption peak
intensity reduces gradually with time. This reveals that with
exposure to visible light, the oxidative degradation occurred.
However, a subtle shift in the UV-vis spectra of RhB dye was
detected within the initial 60 minutes, suggesting a cleavage in
the dye molecule's conjugated chromophore structure. Beyond
this timeframe, the shift becomes more evident, likely due to
the N-de-ethylation of the RhB molecule by oxidizing agents

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

formed during the photodegradation process. This observed
shift in the absorption maxima for RhB dye aligns with findings
from previous photocatalytic studies.”** The inset in Fig. 10(a)
clearly illustrates the color change of the RhB solution over the
120 minutes degradation period.

Graphing the relationship between the light irradiation
period and In(C,/C) (Fig. 10(c and d)) specifies that the oxida-
tion of dyes follows the first-order reaction, and its kinetic
equation is shown below.

Co\

Here ¢ is the duration of light illumination, k is the first-order
rate of reaction constant, and C, and C are the dye's
maximum and preliminary dosages, respectively. The deter-
mined rate constants (k) were 0.015, 0.010, 0.007, and
0.005 min~* for Rhodamine B (RhB) concentrations of 10, 30,
50, and 70 mg L™, respectively. A comparable declining pattern
was noted for Methylene Blue (MB) dyes, with k values of 0.014,
0.009, 0.006, and 0.004 min " respectively.

(5)

3.7. GC-MS analysis

The catalytic disintegration of organic contaminants like
Rhodamine B (RhB) and Methylene blue (MB) through photo-
catalysis produces various oxidizing agents that effectively break
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Fig. 10

down complex organic structures into smaller, less perilous
molecules, such as CO,, H,0, and other aliphatic acids. The
process involves analyzing different degraded products with their
corresponding m/z values: 287, 181, 166, 156, 145, 134, 113, 97,
85, 71, 57, and 43 for RhB, and 270, 251, 177, 165, 149, 109, 99, 85,
71, 57, and 43 for MB dye (Fig. 11(a and b)). The initial inter-
mediates formed, 6-amino-9-phenyl-3H-xanthen-3-iminium in
RhB and (3-(dimethylamino)-7-(methylamino)phenothiazin-5-
ium) in MB dye, undergo further degradation into smaller
aromatic compounds (Fig. 11(c and d)). Ring-opening reactions
then lead to the formation of smaller aliphatic acids and carbon
dioxide as end products. Active species trapping experiments
reveal that both superoxide radicals and h" radicals play crucial
roles in breaking down both pollutants into various intermediate
products and subsequently into smaller products. Specifically,
the superoxide radical produced in the photocatalyst's conduc-
tion band targets dye molecules, breaking them down into
aromatic intermediates and then into aliphatic acids and harm-
less substances. Likewise, the h' generated in the catalyst's
valence band assists in fragmenting the dyes into non-hazardous
products and minor organic components.

3.8. Scavenging activity

To gain deeper insights into the photocatalysis mechanism and
the active species involved, a trapping experiment was

13722 | RSC Adv, 2025, 15, 13712-13727
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(a and b) UV-vis spectra along with the inset image (c and d) kinetics profile graph of RhB and MB dyes using g-CsN4/C-MBLC.

performed using BQ, EDTA, and IPA. Under visible light expo-
sure, these trapping agents demonstrated an inhibitory effect
on the degradation of both dyes, as illustrated in Fig. 12(a). The
introduction of BQ and EDTA into the MB dye solution mark-
edly decreased the catalyst's photodegradation efficiency, with
a comparable reduction observed for RhB dye in the presence of
these agents. Consequently, the impact of active species on dye
degradation follows the sequence ‘OH < h* < *0,”. This indi-
cates that '0,” and h" are essential in transforming harmful
organic dyes into less dangerous compounds. Additionally, the
presence of IPA caused a minor decrease in photodegradation
efficiency, suggesting that the "OH radical plays a minimal role
in the degradation process.”

3.9. Plausible mechanism

Based on the outcomes of the scavenging data, a plausible pho-
todegradation mechanism for the synthesized composite is
depicted in Fig. 12(b). When a semiconductor photocatalyst is
exposed to light energy equal to or surpassing its bandgap energy,
electrons (e") transition from the valence band to the conduction
band, concurrently creating holes in the valence band.**** These
photoinduced charge carriers can initiate redox reactions with
organic substances. In the synthesized, g-C;N,/C-MBLC catalyst,
the addition of MBLC increases the surface area and minimizes
the aggregation of the g-C;N, component, thereby enhancing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 GC-MS analysis of photodegradation of (a and b) RhB and (c and d) MB by g-C3sN4/C-MBLC.

light absorption efficiency and charge migration capability.
Modifying the surface aids in capturing photogenerated elec-
trons, significantly decreasing the recombination of photoin-
duced charge carriers. Additionally, the hydrogen bonding and
synergistic interaction between g-C;N, and MBLC prevent the
recombination of electron and hole pairs. This recombination
inhibition is also attributed to electron transfer via hydrogen
bonds, as confirmed by DFT analysis. This occurs because the
numerous hydroxyl groups in MBLC form stronger hydrogen
bonds with the amino groups of g-C;N,, which boost electron
transfer and the conduction of photo-generated electrons, further
encouraging the production of photo-generated superoxide radi-
cals ("O,7), thus aiding in dye degradation.***” Consequently,
employing g-C;N, photocatalysts under visible light, a plausible
mechanism for the photodegradation of RhB and MB dyes was

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

explored (Fig. 12(b)). Visible light stimulates the g-C;N, photo-
catalyst, causing electron excitation from its conduction band to
the valence band. Subsequently, conduction band electrons can
interact with molecular O, to produce superoxide radicals
(—1.13 eV vs. NHE) as the potential of the conduction band is
more negative than the standard reduction potential (E (0,/ 0,")
= —0.33 V).”® In contrast, the generated holes in the VB band
(+1.57 eV) directly oxidize the pollutants to a greater extent as the
catalyst did not possess the required potential for the oxidation of
H,O to generate "OH radicals. The following eqn (6)(8) explains
the formation of the superoxide radical on the surface of the
synthesized composite followed by the degradation of the organic
dyes.

g-C3Ny/C-MBLC + /w — ecg™ + hyg" (6)

RSC Adv, 2025, 15, 13712-13727 | 13723
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These radicals, possessing unpaired electrons, exhibit high
reactivity and instability, attacking organic impurities and
breaking them down into less hazardous byproducts. Addi-
tionally, as the photoexcited charge carriers migrate in the
opposite direction, that also leads to an increase in the photo-
degradation efficacy.

3.10. Recyclability

The durability of the synthesized g-C3;N,/C-MBLC photocatalyst
was explored by conducting degradation experiments with the
same photocatalyst five times under the exact experimental
circumstances, as illustrated in Fig. 12(c). The degradation
percentage of both dyes did not significantly vary after five
consecutive cycles. A slight decrease in the degradation
percentage observed may be attributed to the formation of
a hydroxide layer on the photocatalyst's surface and the loss of
catalyst during stirring. The degradation rate of RhB dye drop-
ped from 93.29% to 82.92% and MB dye from 92.06% to 83.19%

13724 | RSC Adv, 2025, 15, 13712-13727

(a) Scavenging activity (b) plausible mechanism (c) recyclability (d) PXRD assessment using g-CzN4/C-MBLC composite.

throughout the recyclability test. Furthermore, XRD assess-
ments (Fig. 10(d)) and FTIR (Fig. S6t) were also analyzed,
indicating no discernible pattern changes indicating stability of
the catalyst. It confirmed that the synthesized composite is
stable and can be reused up to 4th cycle. Thus, the catalyst
exhibited virtuous steadiness, recyclability, and reusability for
RhB and MB dye degradation. A comparative photocatalytic
activity of synthesized composite along with other reported
literature is given in Table S3.7

4. Conclusion

This work involved the utilization of the beneficial and
economically viable catalyst g-C;N,/C-MBLC in photocatalytic
degradation investigations to eliminate the dyes RhB and MB.
Based on the outcomes, it was found that the materials act as
superior catalysts for removing organic dyes. The characteriza-
tion also revealed an enhanced surface area of the synthesized
composite than the pristine g-C;N, components. Furthermore,
the degradation percentage of the catalytic material was
observed up to 93.35% and 92.06%. The proposed mechanism
of biomass catalysts also confirmed the pivotal role of ‘O,
radical for the disintegration of organic pollutants. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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synthetic composite's capacity for recycling was assessed
throughout five cycles, and after that, the percentage of disin-
tegration decreased substantially, showing that the photo-
catalyst remained stable. Furthermore, investigating actual
sewage treatment will benefit from the use of cellulose as
a biomass precursor in the synthesized composite.
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