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Bandgap-engineered nitrogen plasma
functionalized biochar-TiO, composite for

enhanced antibiotic photodegradation
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A nitrogen plasma-functionalized biochar-TiO, composite was engineered to enhance ciprofloxacin

photodegradation by synergistically overcoming the inherent limitations of the wide bandgap and rapid

charge recombination of TiO,. Textile sludge-derived biochar, synthesized via pyrolysis, was integrated

with sol—gel-prepared TiO, using the wet precipitation method. Subsequent AC plasma treatment

achieved controlled nitrogen (N) doping without altering the crystalline structure. UV-vis DRS confirmed

progressive bandgap narrowing from 3.10 eV (pristine TiO,) to 2.90 eV (biochar-TiO,) and further to
2.73 eV (plasma-doped composite), while EDX quantified effective N-incorporation (6.65 wt%) and XRD
verified phase integrity. DLS analysis revealed reduced hydrodynamic diameters (90-106 nm) and

suppressed agglomeration, which correlated with the hierarchical porosity observed in SEM, thereby

enhancing reactive site accessibility. Photocatalytic evaluation across ciprofloxacin concentrations (10—

50 mg L™Y) demonstrated exceptional performance; the plasma-doped composite achieved a 9-fold
higher degradation rate (0.0196 min~ at 10 mg L™ than pristine TiO, and a 3-fold enhancement over
non-plasma biochar-TiO,. Remarkably, it maintained >40% superior efficiency at 50 mg L1 despite

diffusion limitations. This enhancement is attributed to synergistic adsorption from the porous
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framework of biochar and bandgap-engineered reactive oxygen species (ROS) generation by plasma-

induced Ti-O-N configurations. The proposed degradation mechanisms align with literature pathways

DOI: 10.1039/d5ra09288d
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1. Introduction

Pharmaceutical contaminants, including antibiotics, prescription
drugs, and reproductive hormones, represent a significant class of
aquatic pollutants that evade conventional wastewater treatment
methods, such as coagulation, flocculation, and biodegradation.'*
Their persistence in groundwater and surface waters poses
significant ecological and public health threats, primarily through
the proliferation of antibiotic-resistant bacteria.*” Advanced
Oxidation Processes (AOPs) based on semiconductor photo-
catalysis offer a promising alternative, leveraging Reactive Oxygen
Species (ROS) to mineralize persistent organic contaminants.***
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involving decarboxylation and piperazine ring cleavage. The study establishes plasma-doped biochar-
TiO; as an efficient photocatalyst for antibiotic remediation.

Among photocatalysts, titanium dioxide (TiO,) is widely studied
due to its stability, non-toxicity, and high redox potential.*>*
However, its large bandgap (3.0-3.2 eV) restricts light absorption to
the UV region, while rapid electron-hole recombination further
limits practical efficiency.'**

To enhance visible-light activity, nonmetal doping, e.g., N, C,
S, has been employed to narrow the bandgap of TiO, by intro-
ducing mid-gap states or modifying band edges.'*** Conven-
tional doping methods, such as sol-gel and hydrothermal
synthesis, however, often suffer from inhomogeneous dopant
distribution, high energy consumption, and lengthy processing
times.">*° Plasma doping has emerged as a scalable and energy-
efficient alternative, enabling rapid, uniform dopant incorpo-
ration at low temperatures with minimal chemical waste.***
Nitrogen plasma treatment, in particular, has demonstrated
efficacy in reducing the bandgap of TiO, through the formation
of Ti-O-N or Ti-N-O configurations;>**” however, the exact
mechanistic role of nitrogen species remains under
investigation.?®

Concurrently, carbonaceous supports like biochar have been
reported to be integrated with TiO, to further improve adsorp-
tion capacity and charge separation efficiency.”**" Biochar
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derived from waste biomass, such as textile sludge, offers
a sustainable, low-cost material that also addresses waste
management challenges in developing countries.*** Despite
these advances, the synergistic combination of plasma doping
and biochar support has not been explored with a holistic
approach. This is a critical oversight, as plasma functionaliza-
tion could further enhance the interfacial interactions between
TiO, and biochar, while biochar doping may amplify the
benefits of nitrogen doping. Therefore, this work bridges these
crucial aspects by utilizing AC plasma nitrogen doping of TiO,
supported on textile sludge-derived biochar.

In this research, TiO,, biochar composites, and plasma-doped
variants were synthesized for multiscale characterization
(morphology through SEM/EDX, crystallinity by XRD, sizing
using DLS, and band structure utilizing UV-vis DRS). Synergistic
bandgap modulation from biochar integration and dopant-
induced electronic transitions was quantified. In addition, pho-
tocatalytic efficacy through ciprofloxacin degradation kinetics
across concentrations (10-50 mg L™') was evaluated. This
approach establishes plasma-functionalized biochar-TiO, as an
efficient, sustainable photocatalyst while resolving fundamental
structure-activity relationships in doped semiconductor systems.

2. Materials and methodology
2.1 Synthesis of TiO,

TiO, was synthesized following the sol-gel method. Briefly,
100 mL of absolute ethanol and 60 mL of deionized (DI) water

View Article Online

Paper

were mixed under magnetic stirring. Titanium isopropoxide
(TTIP, 97%, 15 mL) was added dropwise to the solution under
a fume hood, inducing turbidity indicative of TiO, formation.
After 10 min stirring at room temperature (25 £ 2 °C), the pH
was adjusted to 3.0, followed by 3 h continuous stirring. The
suspension was then dried at 110 °C for 24 h, yielding a white
powder that was calcined at 400 °C for 2 h in a muffle furnace
(Model L 3/11, Nabertherm GmbH, Germany) with a heating
rate of 5 °C min~ ", and subsequently ground to fine particles.

2.2 Synthesis of textile sludge biochar (TSB)

Dried textile sludge (=1-2% moisture) was sourced from a waste-
water treatment facility of a ready-made garment (RMG) manu-
facturer in Bangladesh. The sludge was ground and sieved (18-35
mesh) to isolate 0.5-1 mm particles. Pyrolysis was conducted
under continuous N, flow (10 L min~") at 500 °C for 2 h (10 °C
per min ramp) in a muffle furnace. The resulting biochar was then
acid-treated by refluxing with 15 mL 85% HNO; at 80 °C for 1 h,
washed until pH 7, dried at 110 °C for 24 h, and finely ground.

2.3 Preparation of biochar-incorporated TiO, (BC-TiO,)
composite

BC-TiO, was synthesized following a wet precipitation method.
Acid-treated TSB (0.1 g) was dispersed in isopropanol (3.76 mL),
followed by dropwise addition of TTIP (97%, 0.376 mL) under
sonication (40 °C water bath, 2 h). The mixture was heated to
80 °C for solvent evaporation, with residual solvent removed by
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Fig.1 AC plasma doping system for nitrogen functionalization of biochar-TiO, composites.
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Fig. 2 Experimental protocol for ciprofloxacin photodegradation: CIP solution preparation (10-50 mg LY, photolysis control (UV-C, 254 nm, 110
min), catalyst addition (500 mg L™)/dark adsorption (30 min), photocatalytic degradation with timed sampling, and UV-vis quantification (276 nm).

drying at 85 °C for 4 h. The solid was ground and calcined under
N, flow (10 L min~") at 450 °C for 2 h (5 °C per min ramp).

2.4 Nitrogen plasma doping

Nitrogen-doped BC-TiO, nanocomposites were synthesized via
AC plasma treatment in a custom vacuum system equipped with
parallel copper electrodes (separation: 0.038 m), a quartz
chamber, N, gas supply with pressure regulation, Pirani gauge
(operating pressure: 0.25 Torr), rotary vane vacuum pump, and
AC power supply (50 Hz, 20 W) as displayed in Fig. 1. Samples
were uniformly dispersed in a Petri dish positioned on the
grounded electrode. The chamber underwent evacuation
(10 min) followed by dynamic N, purging (99.999% purity,
20 L min™"). Plasma was ignited at 20 W for 15 min under
continuous N, flow, after which samples were cooled in an N,
atmosphere and stored in amber vials to prevent photo-
degradation prior to characterization.

2.5 Characterization of materials

Surface morphology and elemental composition were analyzed
using Scanning Electron Microscopy (SEM; Zeiss EVO18)
coupled with Energy Dispersive X-ray Spectroscopy (EDX).
Powder samples mounted on carbon-coated aluminum stubs
were imaged at 10 kV acceleration voltage (15 000-70 000x
magnification). EDX area scans quantified elemental distribu-
tions of Ti, O, C, and N across = 5 regions per sample to assess
doping homogeneity. Crystalline phase identification and
structural analysis were performed by X-ray Diffraction (XRD;
Rigaku SmartLab SE) with Cu Ko radiation (A = 1.5406 A). Scans
covered 10-80° (26) at 2° min " (step size 0.02°), enabling
crystallite size calculation using Scherrer's equation (eqn (1)),
lattice strain calculation using Williamson-Hall approach, and
phase determination (anatase vs. rutile).

© 2026 The Author(s). Published by the Royal Society of Chemistry

D= kA
B cos 6

(1)

where 1 is the X-ray wavelength of the incident beam (0.154 nm),
6 is the Bragg angle, k is the crystallite-shape factor (0.9), and
g is the full width at half maximum (FWHM) of the diffraction
peak in radians.

Particle size distributions in suspension were determined by
Dynamic Light Scattering (DLS). Samples (10 mg L™" in DI
water) were sonicated for 30 min and measured in triplicate at
25 °C, reporting intensity-weighted hydrodynamic diameters.
Optical properties and photocatalytic degradation were moni-
tored via UV-vis spectroscopy (Shimadzu UV 2600). Bandgap
energies were derived from diffuse reflectance spectra (DRS).

2.6 Quantitative kinetics evaluation of ciprofloxacin
photodegradation

Ciprofloxacin (CIP) degradation kinetics were systematically eval-
uated to assess the photocatalytic efficacy of synthesized catalysts.
Aqueous CIP solutions were prepared at five discrete initial
concentrations (10, 20, 30, 40, and 50 mg L™ '). Photocatalysis
reactions were conducted in a UV irradiation chamber equipped
with 10 UV-C emission sources (A = 254 nm; irradiance = 15 mW
em ). Prior to catalytic testing, photolysis controls were per-
formed by subjecting catalyst-free CIP solutions to 110 min of
continuous UV exposure under magnetic stirring (500 rpm) to
quantify inherent photodegradation. For photocatalytic experi-
ments, 500 mg L™ of each material was added to fresh ciprofl-
oxacin (CIP) solutions. The suspensions were exposed to UV light,
and samples were collected at specific time intervals for analysis.
Samples underwent immediate centrifugation to separate the
catalyst, followed by a 10-fold dilution of supernatants. Residual
CIP concentrations were determined spectrophotometrically (Shi-
madzu UV-2600i) at A,.x = 276 nm, referenced against a five-point
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(a) UV-vis diffuse reflectance spectra (DRS) of synthesized photocatalysts: pristine TiO,, biochar-supported TiO, (BC-TiO,), and plasma-

doped nitrogen-functionalized biochar-TiO, (plasma BC-TiO,), (b) Tauc plots for bandgap of TiO, (3.10 eV), BC-TiO, (2.90 eV), plasma BC-TiO,

(2.73 eV).

calibration curve (R*> = 0.998) constructed from standard solu-
tions. A schematic of the experimental protocol is shown in Fig. 2.

Degradation efficiency (7, %) was calculated using eqn (2) as
mentioned below.

G —-C

o

(%) x 100% 2
where C, is the initial antibiotic concentration, and C is the
concentration at time ¢. Langmuir-Hinshelwood (L-H) kinetics
is widely employed to model the photodegradation of organic
pollutants using TiO, and modified TiO, composites.** This model
accounts for both adsorption and surface reaction dynamics,
where the rate-limiting step is often the generation or attack of
hydroxyl radicals ("OH),* while adsorption significantly influences
overall efficiency.”” The L-H rate equation is expressed by eqn (3)

as reported below.
_dC _ kKC 3)
di  1+KC

where C is the ciprofloxacin (CIP) concentration at time ¢, k is
the reaction rate constant, and K is the adsorption equilibrium
coefficient. For dilute solutions (KC < 1), eqn (3) simplifies to
pseudo-first-order kinetics as indicated in eqn (4).>®

lnC£0 = kKt = Kappt (4)

Conversely, at high CIP concentrations (KC > 1), the reac-
tion will be zero-order Kkinetics dominate, which can be
expressed by eqn (5).*

Cy—C= kappt (5)

3. Results and discussions
3.1 Visual appearance of the synthesized photocatalysts

Synthesized materials exhibited distinct macroscopic color
variations (Table S1), providing preliminary evidence of

13150 | RSC Adv,, 2026, 16, 13147-13161

structural modifications. Pristine TiO, appeared as a bright
white powder. Characteristic of a high-purity anatase phase
with minimal defect states.” Biochar incorporation induced
a yellowish-brown hue in BC-TiO,, attributed to carbon-
mediated charge transfer complexes and partial Ti*" reduc-
tion."” Plasma-treated BC-TiO, exhibited pronounced gray
coloration, a definitive indicator of successful nitrogen doping
via creation of Ti*" species and oxygen vacancies.?

3.2 UV-vis DRS analysis of the photocatalysts

UV-vis diffuse reflectance spectroscopy revealed progressive
absorption edge redshifts from TiO, (A_edge = 394 nm) to BC-
TiO, (A_edge = 420 nm) to plasma BC-TiO, (A_edge = 450 nm),
indicating significant bandgap narrowing from 3.10 eV (TiO,) to
2.90 eV (BC-TiO,) and ultimately 2.73 eV (plasma BC-TiO,)
(Fig. 3). The 0.20 eV reduction in BC-TiO, originates from
interfacial interactions between TiO, and the w-conjugated
system of biochar, which may facilitate electron delocalization
and charge transfer across the composite interface.” Concur-
rently, biochar serves as an electron reservoir, suppressing
recombination by extending charge carrier lifetimes.'* The most
substantial bandgap reduction (0.37 eV) occurred in plasma BC-
TiO,, resulting from synergistic mechanisms as nitrogen
doping probably introduced mid-gap states through Ti-O-N
bond formation,” while plasma-induced oxygen vacancies
created localized states below the conduction band.* These
modifications, combined with defect-mediated light harvesting
of biochar,* collectively enhance visible light absorption.
Although direct photoluminescence or EIS measurements were
not performed due to resource constraints, the substantially
improved photocatalytic activity of plasma BC-TiO, and its
reduced bandgap strongly suggest diminished electron-hole
recombination. This phenomenon is attributed to nitrogen
dopants increasing crystallite dimensions (as confirmed by
XRD) and creating efficient electron trapping sites,** where mid-
gap states localize photogenerated electrons to improve charge

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray diffraction analysis (XRD) pattern of titanium dioxide
(TiO,), biochar incorporated titanium dioxide (BC TiO,), and biochar
incorporated plasma doped nitrogen titanium dioxide (plasma BC
TiO,).

separation.”* Critically, the modified band structure retains
thermodynamically favorable redox potentials: the conduction
band shift facilitates efficient electron transfer to O, for ‘O,
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formation, while the valence band remains sufficiently positive
to oxidize H,O/OH™ into "OH radicals.** Notably, pure biochar
was excluded from DRS analysis due to its inherent optical
characteristics, as Urbach tails from structural disorder can
distort band edge determination,** while dominant absorption
from © — w* transitions and surface defects provides unreli-
able bandgap data.** This progressive bandgap engineering
directly correlates with enhanced photocatalytic activity under
visible light irradiation.

3.3 XRD analysis

X-ray diffraction analysis (Fig. 4) revealed distinct crystallo-
graphic features across the synthesized materials. Pristine TiO,
nanoparticles exhibited characteristic anatase phase diffraction
patterns, with a dominant peak at 25.3° (101 planes) and
secondary peaks at 48.0° (200), 36.9° (103), 37.8° (004), 53.9°
(105), 55.1° (211), 62.7° (204), 68.8° (116), 70.3° (220), and 75.0°
(215). These peak positions align precisely with standard
anatase references (JCPDS # 88-1175 and # 84-1286). The
absence of any detectable signal at 27.5°, which is the charac-
teristic rutile (110) reflection, confirms synthesized TiO, phase
purity, consistent with calcination temperatures below the
anatase-to-rutile transition threshold.*® The sharp peak profiles

A
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P ‘

ChE,BUET

Date: 12 Jun 2024

Fig. 5 Scanning electron microscopy analysis of (a) TiO,, (b) biochar, (c) biochar supported TiO,, and (d) plasma doped biochar supported TiO,.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Elemental composition of C, N, O, and Ti in (a) biochar supported TiO,, and (b) plasma doped biochar supported TiO,.

indicate high crystallinity,”” a critical attribute for photo-
catalytic performance.*®

The anatase structure demonstrated ideal band energetics
for photocatalysis: a conduction band edge at —0.5 V vs. NHE
facilitates efficient O, reduction to superoxide radicals (O, ", E°
= —0.33 V), while a valence band at +2.7 V vs. NHE enables
thermodynamically favorable oxidation of H,O to hydroxyl
radicals ("OH, E° = +2.27 V) and OH™ to 'OH (E° = +1.99 V).*
This band alignment promotes effective charge separation,
essential for radical-mediated degradation.

Biochar exhibited a broad amorphous hump between 20 and
30°, attributed to disordered carbon structures,* additionally,
superimposed with discrete crystalline peaks at 22.0°, 26.5°, and
32.0-64.0°. The BC-TiO, composite retained all anatase peaks
while displaying the distinctive biochar reflection at 26.5°,>
confirming successful hybridization without phase alteration.

Critically, plasma-treated plasma BC-TiO, maintained iden-
tical peak positions and phases despite confirmed nitrogen
incorporation (EDX: 6.65 wt%). The absence of peak shifting or
new phases indicates nitrogen occupied interstitial sites (Ti-O-
N) or substitutional positions without disrupting the TiO,
lattice.”® This preservation of crystallographic integrity while
achieving doping is a key advantage of plasma processing.
Scherrer analysis of the XRD peak broadening yielded crystallite
sizes of 15.30 nm for TiO,, 46.93 nm for biochar, 16.68 nm for
BC-TiO,, and 15.84 nm for plasma BC-TiO,. The nanoscale
dimensions (<20 nm) of the TiO,-based samples provide high
surface-to-volume ratios that enhance reactive site accessi-
bility.>* Notably, the plasma treatment induced only a marginal
increase in crystallite size (15.30 nm to 15.84 nm), indicating
preservation of the TiO, morphological framework while
achieving electronic modification through nitrogen incorpora-
tion. In contrast, a monotonic increase in lattice strain (¢) values
(biochar, 1.38 x 10™* < Ti0,, 3.52 x 10~* < BC-TiO,, 7.87 x 10™*
< plasma BC-TiO,, 11.14 x 10~%), suggests the lattice distortion
was affected by defect generation and interfacial stress.**
Plasma treatment introduced the highest micro strain despite
preserving the crystallographic integrity of BC-TiO,, attributed
to the synergistic effects of plasma induced oxygen vacancies,
Ti*" defect formation in the TiO, lattice, mismatched lattice
distortions at TiO,-biochar interface, and enhanced surface
functionalization by plasma treatment.’>*® The superlative
lattice strain in plasma BC-TiO, provides effective charge

13152 | RSC Adv,, 2026, 16, 13147-13161

trapping sites, subsequently enhancing the charge separation
and photocatalytic activity**

3.4 Morphological and elemental characterization via SEM-
EDX

Scanning electron microscopy revealed distinct morphological
features across synthesized materials (Fig. 5). Pristine TiO, nano-
particles formed clustered aggregates of irregular-to-spherical
particles (Fig. 5a), exhibiting characteristic cauliflower-like
surface textures consistent with sol-gel synthesis.>” This
morphology indicates high surface energy, conducive to enhanced
reactivity and efficient charge carrier transfer.*®

Biochar displayed a highly porous network with rough,
layered surfaces (Fig. 5b), suggesting a high surface area bene-
ficial for the adsorption of antibiotics and catalyst support.>
The BC-TiO, composite showed well-dispersed TiO, nano-
particles anchored within this porous biochar matrix (Fig. 5c),
creating packed interfacial contacts that facilitate electron
transfer and reactant accessibility. Plasma BC-TiO, exhibited
denser TiO, distributions with reduced particle sizes (~100 nm
via DLS correlation), suggesting nitrogen functionalization
enhanced interfacial interactions and nucleation stability
(Fig. 5d). This morphological refinement aligns with plasma-

Plasma BC-TiO,

K]

&

>

.‘: .

2 BC-TiO,

2

(]

— BC
TiO,

T T T
1 10 100 1000 10000

Hydrodynamic Diamter (nm)

Fig. 7 Dynamic light scattering analysis of TiO,, biochar (BC), biochar
supported TiO, (BC-TiO;), and plasma doped biochar supported TiO,
(plasma BC-TiO,) particles.
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Fig. 8 Kinetic analysis of CIP degradation: (a, ¢, and e) zero-order and (b, d, and f) pseudo-first-order models for TiO,, BC-TiO,, and plasma BC-

TiO; at 10, 30, and 50 ppm CIP.

induced surface modification, promoting stronger TiO,-biochar
integration.

Complementary EDX analysis quantified elemental distri-
butions (Fig. 6). BC-TiO, showed moderate carbon content
(14.22 wt%, Fig. 6), confirming partial TiO, coverage of the bi-
ochar substrate while maintaining an accessible carbon matrix.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Even though XPS analysis could not be performed due to
resource limitations, plasma BC-TiO, demonstrated successful
nitrogen incorporation (6.65 wt%, Fig. 6) in EDX analysis, with
N/Ti/O atomic ratios supporting interstitial doping configura-
tions (Ti-O-N) through oxygen site substitution. This nitrogen
integration facilitates visible-light activation through N-TiO,
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formation, as confirmed by a reduced bandgap of 2.73 eV (UV-
vis DRS).

3.5 Hydrodynamic size distribution analysis via DLS

DLS measurements revealed distinct particle dynamics across
the synthesized photocatalysts (Fig. 7). For pristine TiO,,
bimodal size distributions (190-220 nm) confirmed moderate
aggregation, consistent with the clustered morphologies
observed via SEM. This residual agglomeration likely stems
from the high surface energy of sol-gel synthesized TiO,
nanoparticles. Biochar exhibited broad polydispersity (255-825
nm), with dominant populations at 400-600 nm reflecting
incomplete size fractionation during post-pyrolysis processing.
Crucially, sieving and grinding enabled BC-TiO, composites to
achieve remarkably uniform dispersions (106-142 nm). This
size refinement indicates successful fragmentation of biochar
supports and homogeneous TiO, anchoring, key factors in
minimizing charge migration distances and suppressing
recombination. Plasma BC-TiO, maintained bimodality but
within an exceptionally narrow distribution (90-106 nm). This
represents a clear improvement over BC-TiO, and suggests
nitrogen functionalization actively stabilizes dispersions. This
can be attributed to plasma-generated surface sites that
enhance TiO, anchoring on biochar, a phenomenon supported
by a recent study of doped semiconductor interfaces.®

3.6 Kinetics of ciprofloxacin degradation

In dark conditions, pristine TiO, exhibited minimal adsorption
due to its inherent low porosity and lack of functional groups
(Fig. 8). By contrast, biochar-supported composites (BC-TiO,
and plasma BC-TiO,) demonstrated enhanced adsorption, with
BC-TiO, (K = 0.001-0.0015 min~" from L-H model, Table S2)
outperforming plasma BC-TiO, (K = 0.00098-0.001 min~"* from
L-H model, Table S2) across all CIP concentrations. This
reduction in adsorption for plasma-treated samples is attrib-
uted to plasma-induced alterations in surface chemistry,
including pore etching, modified surface charge, and degrada-
tion of functional groups.®* Under UV irradiation, kinetic anal-
ysis revealed high linearity (R* = 0.93-0.99) and close
agreement between L-H and pseudo-first-order (PFO) kupp
values (Table S2), indicating adsorption-controlled pseudo-first-
order degradation behavior at low CIP concentrations
(10 mg L) for all catalysts (Fig. 8b). Plasma BC-TiO, achieved
the highest apparent rate constant (k,pp = 0.0196 min '),
exceeding BC-TiO, by ~three times and pristine TiO, by ~nine
times. At intermediate concentrations (30 mg L"), all catalysts
maintained good fit with pseudo-first order kinetics as evi-
denced by comparable L-H and PFO parameters in Table S2.
Plasma BC-TiO, maintained superior kinetics (kapp =
0.011 min '), tripling the efficiency of BC-TiO, (kapp =
0.0034 min ') and quintupling that of TiO, (kapp =
0.0022 min ). At 50 mg L ", the declining R* values for L-H
model (TiO,: 0.566, BC-TiO,: 0.64, plasma-BC-TiO,: 0.89) and
comparable R* values for pseudo-first and zero-order models
(Fig. 8(e and f)) indicated a transition between kinetic regimes,
driven by limited "OH/'O,” generation. Despite this shift,
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plasma BC-TiO, consistently demonstrated the highest degra-
dation efficiency under each model, followed by BC-TiO,. The
exceptional performance of plasma BC-TiO, arises from syner-
gistic effects, e.g., biochar-enhanced adsorption facilitates CIP
proximity to active sites; nitrogen doping narrows the bandgap
from 2.90 eV (BC-TiO,) to 2.73 eV, enhancing UV-light absorp-
tion; and probable dopant-induced electron-trapping sites
suppress charge recombination.*” Despite its lower carbon
content, plasma BC-TiO, outperformed BC-TiO, due to Ti-O-N/
Ti-N-O configurations that optimize reactive oxygen species
(ROS) generation. The narrowed bandgap likely shifts the
conduction band edge negatively, favoring "0, production via
0O, reduction, while valence band holes oxidize H,O/OH™ to
'OH.* Although scavenging experiments were not conducted,
established literature confirms that TiO,-based catalysts
generate ‘OH and ‘O, under UV,* and their synergistic action
drives the observed enhancement.

3.7 Influence of ciprofloxacin concentration on
photocatalytic efficiency

The initial concentration of ciprofloxacin (CIP) critically influ-
ences photocatalytic degradation efficiency, as evidenced by
systematic evaluation across five concentrations (10-
50 mg L"), revealing an inverse relationship where efficiency
declines with increasing CIP concentration due to photon path
reduction from heightened molecular density, limiting UV
penetration,® saturation of finite catalyst active sites, leaving
undegraded CIP molecules,® UV attenuation and scattering by
CIP (Amax = 276 nm) suppressing ‘OH/'O,~ generation,* and
diffusion-limited mass transfer diminishing the concentration
gradient at the catalyst-solution interface.** Nevertheless,
plasma BC-TiO, consistently outperformed BC-TiO, and pris-
tine TiO, across all concentrations (Fig. 9), achieving >40% and
>70% higher degradation than BC-TiO, and TiO,, respectively,
at 50 mg L' after 140 min, attributable to synergistic bandgap
narrowing (2.73 eV), enhanced charge separation, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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plasma-functionalized biochar-TiO, nanocomposites.

sustained ROS generation via nitrogen doping (6.65 wt%) and
biochar-mediated adsorption, validating its hierarchical supe-
riority for CIP remediation under diffusion-limited
conditions.**

3.8 Proposed mechanistic pathways for ciprofloxacin
mineralization

The photocatalytic degradation pathway of ciprofloxacin (CIP)
initiates with adsorption phenomena, where pristine TiO,

© 2026 The Author(s). Published by the Royal Society of Chemistry

exhibits inherently limited capacity for hydrophobic CIP mole-
cules due to insufficient porosity and surface functional
groups.®”® Incorporation of textile sludge-derived biochar
significantly enhances adsorption through four concurrent
mechanisms: (i) physical entrapment within micropores and
mesopores of the biochar matrix, (ii) hydrogen bonding
between oxygenated moieties (-OH, C=0) on biochar and
amine/carbonyl groups of CIP, (iii) w—7 stacking interactions
between graphitic domains of biochar and aromatic rings in
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quinolone core of CIP, and (iv) pH-dependent electrostatic
attraction/repulsion at the catalyst-solution interface.®>®” This
multilayer adsorption concentrates CIP proximate to photo-
catalytic active sites, as visualized in the proposed mechanism
in Fig. 10.

Upon UV irradiation (A = 254 nm, irradiance = 15 mW
cm?), photoexcitation occurs across the catalyst bandgap,
generating holes (h") in the valence band (VB) and electrons (&)
in the conduction band (CB) by the following (R1), as evidenced
by established studies.®®

TiO,/BC-TiOs/plasma BC-TiO, + hv — h*(VB) + e (CB) (R1)

The photogenerated holes oxidize adsorbed water molecules or
hydroxyl ions to produce hydroxyl radicals following (R2) and
(R3).*

h* + H,0,4s — ‘OH + H* (R2)

h* + OH,q,~ — 'OH (R3)
Concurrently, electrons reduce dissolved molecular oxygen to
superoxide radicals following (R4) as substantiated by electron
paramagnetic resonance studies in analogous systems.*

e +Osaq) — "0, (R4)
Conjugated sp’-carbon network of biochar functions as an
electron shuttle, accepting and delocalizing e~ from TiO, to
suppress recombination, thereby extending hole lifetimes for
sustained "OH generation.””*

Additionally, plasma nitrogen doping introduces atomic
nitrogen (6.65 wt% confirmed by EDX) into the TiO, lattice,
forming Ti-O-N configurations that narrow the bandgap from
2.90 eV (BC-TiO,) to 2.73 eV (plasma BC-TiO,) by mid-gap
states below the conduction band (Fig. 3).”> This modifica-
tion enhances visible-light absorption and creates electron
traps that further inhibit e /h* recombination.” The modified
band structure retains thermodynamically favorable redox
potentials: the CB edge (—0.45 V vs. NHE) facilitates O,
reduction to "O,” (E° = —0.33 V), while the VB (+2.75 V vs.
NHE) enables water oxidation to "OH (E° = +2.27 V).®°

Scholarly evidence confirmed that the reactive oxygen
species ("OH, ‘O, , H,0,) mineralize adsorbed ciprofloxacin
through three competitive degradation pathways, as substanti-
ated by prior mechanistic studies.” Defluorination initiates via
nucleophilic "OH attack at the C8-F bond of the quinolone ring,
substituting fluorine to yield 8-hydroxyciprofloxacin. Concur-
rently, decarboxylation proceeds through radical-mediated
cleavage of the C3-carboxylic group (-COOH), releasing CO,
and generating desethylene-ciprofloxacin. The piperazine ring
cleavage pathway involves ‘O, -driven oxidation of the C7-N
bond, fragmenting the piperazine moiety into N-ethylene-
diamine and ketone intermediates. These primary degradation
products undergo sequential oxidation, forming formaldehyde
and formic acid as transient species, before ultimate minerali-
zation to CO, and H,0.” Although LC-MS/MS analysis was not
executed in this study to identify transient intermediates due to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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instrumental limitations, established literature confirms that
decarboxylation and piperazine cleavage dominate over
defluorination due to their lower activation barriers, reflecting
thermodynamic favorability.” The hierarchical degradation
efficiency (plasma BC-TiO, > BC-TiO, > TiO,) emerges from
synergistic interactions: biochar's porous structure enhances
CIP adsorption proximity, its conductive m-network prolongs
charge carrier lifetimes by suppressing e /h" recombination,
and plasma-induced nitrogen doping optimizes band ener-
getics for maximal ROS flux at the catalyst-pollutant interface.

4. Comparative analysis

The current study exhibits several clear strengths while also
having identifiable limitations that warrant transparent
discussion. The primary strength of this study lies in its catalyst
design strategy, which integrates AC plasma assisted nitrogen
doping with textile sludge biochar-supported TiO,. This
approach enables controlled surface and electronic modifica-
tion without prolonged high temperature calcination or
extended precursor deposition, distinguishing it from conven-
tional sol-gel or hydrothermal routes reported in comparable
studies. In addition, the use of waste derived biochar enhances
the sustainability profile of the catalyst and introduces
adsorption functionality that synergistically complements
photocatalytic degradation. Moreover, the work is strengthened
by the application of a comprehensive kinetic framework,
including Langmuir-Hinshelwood, pseudo-first-order, and
zero-order models, allowing explicit consideration of adsorp-
tion-reaction that is largely absent in prior reports, which
typically rely on pseudo-first-order kinetics alone (Table 1).
From a performance perspective, the plasma-BC-TiO, catalyst
demonstrates high degradation efficiency (91.1%) for ciprofl-
oxacin at 10 mg L' using a moderate catalyst loading
(500 mg L"), which is lower than the loadings required in
several sol-gel-based biochar TiO, systems to achieve compa-
rable efficiencies. However, the study also has its limitations.
The photocatalytic evaluation was conducted exclusively under
UV-C irradiation (254 nm), which constrains direct comparison
with studies reporting visible light or solar driven activity and
limits conclusions regarding solar applicability. Moreover,
while the degradation efficiency is competitive, it is achieved at
a lower pollutant concentration than some literature reports,
and mineralization metrics (e.g., TOC removal), and catalyst
reusability measurements were not assessed. Although plasma
modification offers advantages in surface control, the scalability
and energy cost of plasma processing relative to conventional
thermal methods require proper evaluation. Even though the
limitations primarily relate to irradiation conditions and the
scope of performance validation, this approach provides inte-
grated design, sustainability, and kinetic depth.

5. Conclusion

This work establishes nitrogen plasma-functionalized biochar-
TiO, composite as a high-performance photocatalyst, where the
strategic integration of textile sludge-derived biochar with AC
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plasma doping unlocks synergistic enhancement in antibiotic
degradation. Systematic characterization confirms that plasma-
induced nitrogen incorporation reduces the bandgap from
3.10 eV to 2.73 eV while preserving anatase crystallinity,
enabling extended visible-light absorption and suppressing
charge recombination through tailored mid-gap states. Criti-
cally, hierarchical porosity and reduced hydrodynamic diame-
ters facilitate superior reactant diffusion to active sites, while
the biochar matrix serves as both an electron reservoir and an
adsorption scaffold. The ambient-temperature plasma treat-
ment demonstrates exceptional energy efficiency, maintaining
>40% degradation efficiency at diffusion-limited ciprofloxacin
concentrations (50 mg L") and achieving 9-fold kinetics
enhancement over pristine TiO,. Beyond immediate perfor-
mance metrics, this approach redefines sustainable materials
design paradigms: it transforms textile waste into functional
defect-engineered composites through a scalable, low-carbon
manufacturing route. The methodology establishes a blue-
print for next-generation photocatalytic systems targeting
refractory aquatic contaminants, simultaneously addressing
industrial waste valorization and water remediation challenges
within circular economy frameworks.
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