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Highlights

e Rice-biochar/g-CsNs photocatalyst was synthesized via one-step

calcination method.

e BCNs achieved an NOR removal of 88.11%, approximately 1.51 times
that of blank.

e BCNs exhibited a rate constant of 2.94x102 min™ over 2 h under
visible-light.

e Re-usable/stable BCNs could maintain 85.13% original performance
after 5 cycles.

e Superoxide radicals contributed most to efficient NOR degradation of

composite.
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Abstract: Norfloxacin (NOR), a quinolone antibiotic contaminant, poses significant
environmental and health risks. In this study, rice biochar-doped g-CsNa (BCN)
photocatalyst was fabricated via a one-step calcination approach. Substitution of
bridged nitrogen with carbon atoms created delocalized m bonds, which acted as both
physical bridges between atrazine ring and electronic conduits to facilitate charge
transfer. Among the prepared catalysts, the BCNs composite demonstrated the greatest
performance of NOR photocatalytic degradation, presenting a NOR removal
efficiency of 88.11% with a rate constant of 2.94 x 102 min™ over 2 hours under
visible light, approximately 1.51 times that of pure graphitic carbon nitride (58.46%).
It showed a promising reusability and stable properties, maintaining 85.13% of its
original performance after five cycles. Mechanistic analysis identified superoxide
radicals as a dominant substance affecting the degradation of NOR. This research
highlights the potential of one-step synthesized rice husk biochar/g-CsNa composites
as an efficient, low-cost photo-catalyst applied in environmental remediation and
water treatment.

Keywords: biochar; g-C3N4; photo-degradation; norfloxacin; antibiotic
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1. Introduction

The discovery and use of antibiotics revolutionized medicine, significantly
reducing mortality from infectious diseases. However, their excessive and
indiscriminate use has led to severe environmental pollution (Geetha, 2025). Among
various antibiotics, fluoroquinolone norfloxacin (NOR) is particularly concerning due
to its widespread presence and persistence in the environment (Lan et al., 2024). NOR
was commonly applied in healing bacterial infections of gram-positive/negative
issues, leading to its frequent detection in wastewater and surface waters worldwide
(Yang et al., 2024b).

Adsorption and photodegradation were cost-effective and reusable techniques
applied in water treatment. Photocatalysis process generates electron-hole pairs,
which can directly or indirectly degrade organic pollutants (Pawar et al., 2018).
Common photocatalysts include TiO: (Schneider et al., 2014), g-C3N4 (Ong et al.,
2016), Ag/Ag>S/BiFeOs (Zhou et al., 2025), and AgBr/BioWOg (Dong et al., 2025).
G-CsNa garnered much attentions as their exceptional optical properties, remarkable
chemical stability, and facile synthesis (Wang and Wang, 2022). However, g-CsNa
photocatalysts still suffer from limitations such as a small surface area, high charge-
recombination rate, and inadequate visible-light utilization (Ren et al., 2019). To
optimize its photo-catalytic properties, various strategies have been explored,
including development of diverse precursors, enhancement of surface area, doping

various elements, or forming heterojunctions with other materials. For instance, g-
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CsNa synthesized from trithiocyanuric acid exhibited a large specific surface area
(56.59 m?/g), narrow bandgap (2.621 eV), and low carrier recombination rate,
presenting a novel photo-degradation performance of diclofenac (Lu et al., 2023).
Similarly, urea-synthesized g-CsN4 has shown high activation efficiency due to its
wide bandgap and strong photoelectron density. Other studies have reported diverse
productions of g-CsN4 using calcium carbonate as a hard template (Wang et al.,
2015a) and nanoporous g-CsN4 via solvent heat treatment (Gu et al., 2015).
Introduction of non-metallic elements such as phosphorus, boron, sulfur, oxygen,
fluorine, iodine, and carbon was employed to optimize the photo-degradation
properties of g-CsNa4 (Cao et al., 2018; Hu et al., 2019; Hu et al., 2020; Huang et al.,
2019; Wang et al., 2022; Yan et al., 2018). Additionally, transition metal ions like
nickel, zinc, iron, cobalt, copper, and titanium have also been incorporated and to
enhance the photocatalytic properties of g-CsN4 (Han et al., 2019).

In g-CsNa, carbon doping at bridging nitrogen sites leads to the formation of
delocalized & bonds, increasing conductivity and narrowing the bandgap, thereby
enhancing visible light absorption (Dong et al., 2012). Chen et al. developed a cost-
effective method to synthesize carbon-rich g-CsNa, which exhibited significantly
higher solar-driven ability of hydrogen production (Chen et al., 2018). Precursor self-
assembly method to produce carbon-doped mesoporous g-CsNa was illustrated and
exhibited high efficiency for photocatalytic degradation of Rhodamine B (97%, 15

min) as well as photocatalytic reduction of CO: (60. 82 umol/g, 5 h) (Jia et al., 2024).
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Carbon-g-CsN4 nanotubes with increased rate of visible-light hydrogen production
(1x 10* umol h''g™!) was also synthesized and reported (Zhao et al., 2023).

Rice husk biochar, a byproduct of rice milling, is an abundant and sustainable
carbon material. With global rice production estimated to reach 534.1 million tons by
2025, the large-scale production of rice husk biochar presents an opportunity for
environmental applications. In particular, it can serve as a viable carbon source for
elemental carbon incorporation. Biochar was more affordable than graphene and
carbon nanotubes, and its manufacturing process was simple (Al Faruque et al., 2021;
Aslam et al., 2021; Zhang et al., 2011). In this study, a simple and efficient approach
to produce rice husk biochar-doped g-CsN. compaosites via one step calcination
synthesis was presented. Compared to conventional approaches, one step calcination
method could achieve in-situ coupling of biochar formation and g-CsNa4 synthesis,
substantially simplifying the preparation process. The innovative technique not only
overcome multi-processes but also increased production efficiency (Li et al., 2016;
Shalom et al., 2013; Wang et al., 2015b). These composites exhibit superior
photocatalytic performance and physicochemical stability compared to conventional

catalysts, making them promising candidates for water treatment.

2. Materials and methods
2.1 Fabrication of composites

Rice-husk biochar (RB) doped g-CsNa (CN) composites were prepared by one
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step calcination method, placing 10 g of rice husk in an alumina crucible and heating
it to 550 °C for 2 h. Residual biochar was finely ground and mixed with 10 g of urea,
then mixture was heated in a muffle furnace (550 °C, 2 h) to obtain the composites
named as BCNy, while x represents various weight (0, 1, 2, 3, 4, 5, 6, and 7 mg) of
rice husk biochar in composite.

The selection of biochar content (0-7 mg) was based on preliminary experiments
and literature reports, which indicated that excessive carbon doping beyond this range
would lead to defect accumulation and performance degradation. The 1 mg interval
was chosen to precisely identify the optimal doping level.

2.2. Analysis and characterization methods

X-ray diffraction (XRD, Japan), X-ray photoelectron spectroscopic (XPS, USA),
and Fourier transform infrared spectroscopy (FT-IR, IR-Tracer 100) was used to
measure the crystalline, compositional, and surface functionality properties of
composites, respectively. Their microstructure and element-distribution was
determined using an scanning electron microscope (SEM-EDS, JSM-7500).
Morphology of composites was observed using a transmission electron microscope
(TEM). Surface charge, porosity, and photo-electrochemical properties of composites
was evaluated by using a Zeta potential analyzer (Zeta, MALVERN ZSU3200), a gas
sorptometer (JW-BK 200 C), and an electro-chemical workstation (CHI660E, Pt-
Ag/AgCl electrodes, Na;SOj4 electrolyte).

2.3. NOR Photocatalysis Experiments
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NOR removal of composites was investigated by using a xenon lamp (300 W,
Wavelength range: 380-780 nm, Microsolar 300). A 10 mg composite was poured into
NOR solution (50 mL, 20 mg/L, ph=7, 25°C) and protected from light (30 min) to
achieve an equilibrium, and then irradiated by the xenon lamp. The suspension was
obtained every 20 min and measured using a UV-Vis spectrophotometer (Shimadzu
UV-3600PLUS, Japan) at 274 nm.

2.4. NOR adsorption experiments

Add 10 mg of the composite material to NOR solution (50 mL, 20 mg/L) and
incubate in the dark for 150 minutes. The suspension preparation time aligns with the
photocatalytic reaction duration, and measuremerits are taken at 274 nm wavelength

using a UV-visible spectrophotometer (Shimadzu UV-3600PLUS, Japan).

3. Results and discussion

XRD analysis was used to measure the crystalline properties in composite
catalysts (Fig. 1). Both BCNx composites exhibited typical g-CsNa peaks at 13° and
27.4°, corresponding to a (100) and (002) plane, respectively. As shown in the figure,
full width values of half maximum for (002) of BCNx composites continuously
decrease with increasing biochar content compared to that of pure CN, indicating
weaken crystallinity of BCNx composites. Obviously, the crystalline nature of g-C3Ny
dominates over the amorphous characteristics of the biochar, resulting in the

disappearance of the amorphous RB band at 22°.
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Fig. 1. XRD spectra of RB, CN, and BCN composites.

Rice husk biochar possessed a rough morphology with porous characteristics
(Huong et al., 2020), while g-C3Nj illustrated a layered agglomerate structure in Fig.
2a and b (Yang et al., 2024a). Interestingly, BCNs composite exhibited a hierarchical
stacking morphology and porous structure with various particles coated on surfaces
(Fig. 2¢), which are beneficial to its photocatalytic activity. TEM image of BCNj5
showed a typical 2D nanosheet and porous composite morphology in Fig. 2d, which
was assigned to ammonia effects during a process of urea pyrolysis (Low et al.,
2016). Amorphous biochar particles partially covered or grown on g-C3N4 nanosheets
after heat treatment, forming a new composite microstructure of layer-porous
characters. It is generally accepted that heterostructure can enhance photocatalytic
efficiency by providing abundant active sites, shortening diffusion lengths, and
weakening the recombination of electron-hole pairs (Cao et al., 2015). According to
HRTEM results, a lattice stripe of 0.304 nm interplanar distance correspond to (002)

lattice plane of g-CsNy (Fig. 2e), confirming the successful one-step fabrication of
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rice biochar-g-C3Ny catalyst. The surface charge of BCNs was -18.15 mV as
determined from zeta potential analysis (Fig. 2f), which is close to that of CN (-18.65
mV). This similarity indicates that the addition of biochar components did not

significantly change the surface electronegativity of resulting composites.

y A
500 Am' -, B e 5 nm
% | ;

.
— =l CNg
Samples

Fig. 2. SEM figures of (a) RB, (b) CN, and (c) BCNs; (d) TEM and () HRTEM figures of BCNs;
and (f) Zeta chart of catalysts.

The FT-IR spectra confirmed a preservation of basic g-CsN4 molecular structure
in biochar-dopped composites evidenced by the presence of several similar absorption
peaks (Fig. 3). The FT-IR spectrum of RB exhibited a 1598 cm'peak of stretching
vibration aromatic C=C, a 1091 cm™! peak of C-O stretching vibration, and a 3441 cm™
! vibration peak for -OH bond (Kizito et al., 2015). The 809 cm! peak was assigned to
breathing mode of s-triazine units in planar condensed carbon and nitrogen
heterocycles. Stretching modes for CN heterocycles created the 1200-1700 cm™! bands

with peaks locating at 1251, 1410, 1560 and 1638 cm™ (Fu et al., 2019). All the

10



Journal Pre-proof

composites exhibited a prominent peak of stretching vibration N-H bond in
uncondensed amino groups and the O-H bond in physically adsorbed water or
hydroxyl species when the wavenumber falls in the range of 2900 - 3600 cm™.
Notably, the absorption intensity of 809 cm™ peak in BCNs was relatively reduced
compared to that of CN, probably attributed to partial replacement of nitrogen atoms
by carbon atoms, further confirming successful carbon doping into the CN
framework. Additionally, BCN; after degradation of norfloxacin (P-BCN5s) was also

measured, their infrared peaks did not show any significant changes (Wei et al., 2024).

815|60|]4]l0
BCN 4 1251 1 809
|
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Fig. 3. FT-IR spectrogram of as-prepared BCN composites.

XPS was used to characterize chemical compositions and surface groups of
catalysts. Based on XPS results, the molar ratios of C/N for CN and BCNs were
calculated to be 0.78 and 0.83 (Table S1), respectively. It was inferred that the
introduction of biochar significantly increased the exposure of carbon atoms within

the g-CsNa4 framework. C 1s XPS spectrum of BCN;s exhibited typical 284. 8 and 288.

1
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3 eV peaks, created by C=C/C-C and N-C=N bonds from N-containing aromatic
rings, respectively (Fig. 4a) (Xiong et al., 2016). Intensity of the C=C peak in BCNs
was relative high, indicating enhanced functionality of carbon-nitrogen structure due
to the partial substitution of nitrogen atoms with carbon atoms. The main peaks of
BCNs5 in the N 1s spectrum were located at 398.8, 400.3, 401.4, and 404.4 eV (Fig.
4b), corresponding to Sp*-bonded N involved in a triazine ring (C=N-C), tertiary
nitrogen group of N-(C)3, amino group (C-N-H) originating from structural defects,
and charging effect or positive charge localization within heterocycle, respectively
(Table S1). Moreover, N-(C)3 and (-C=N-C) peaks in BCNs exhibited higher
intensities than those in pure g-C3N4, suggesting enhanced structural functionality in
biochar doped g-C3N4 composites. In XPS survey spectra (Fig. 4¢), a weak C-OH
peak in O 1s, located at 532.5 eV, was assigned to oxygenated species (H>O and CO»)
onto surface of catalyst (Che et al., 2019). The incorporation of carbon-atom can
replace the bridging positions of nitrogen-atom in g-C3Njy structure, leading to newly

generated delocalized m bonds (Wang et al., 2018).

12
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Fig. 4. High resolution (a) C 1s, (b) N 1s, (c) O 1s, and (d) complete survey XPS spectra of CN
and BCNG.

Therefore, key porosity parameters such as specific surface area (Sger), BJH total
pore volume (Vp), and mean pore size (L) were measured using nitrogen
adsorption/desorption analysis (Fig. 5). RB possessed the largest specific surface area
of 218 m?/g (Table S2), with its pores predominantly consisting of micropores. Porosity
of BCNs compared to g-C3N4 suggested that some biochar particles might have clogged
the pores (Table S2). Furthermore, BCNs exhibited H3-type IV isotherms and

hysteresis loops, indicating capillary condensation within its mesoporous structure.

13
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Fig. 5. (a) N2 isotherms and (b) BJH pore-size distribution spectra of catalysts.

NOR photocatalytic degradation was carried out under the irradiation of 300 W
xenon lamp (A > 400 nm) after a 30-min dark adsorption-desorption equilibrium. The
photocatalytic efficiency of NOR degradation over the BCNs catalyst was 88.11%
after 120 min (Fig. 6a), which increased almost 29.65% and became 1.51 times that
of g-C3Ny (58.46%). Additionally, we tested the degradation efficiency of pure rice
husk biochar, but rice husk biochar does not exhibit obvious photocatalytic properties.
NOR removal efficiency of the composite catalyst was enhanced with increasing
biochar content, with BCN5 catalyst showed the best photocatalytic performance.
Excessive incorporation of biochar, as shown in BCNg and BCN7, led to a decline of
NOR photodegradation ability. Over-occupation of C atoms may introduce excessive
defects and facilitate charge carrier recombination, ultimately reducing the overall
photocatalytic efficiency of the composites (Sun et al., 2023). To investigate NOR
degradation mechanisms, Second-order kinetics (PSO) equation was selected to
simulate the data and to describe photo-catalytic process. The obtained kinetic curves

(Fig. 6b) and corresponding rate constants (K values, Table S3) for NOR removal by
14
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different catalysts were obtained. Notably, the K value of pure g-CsNa was 0.005
min~!, while the addition of rice husk biochar components, the K value of BCNjs
catalyst gradually raised and reaching 0.029 min™ almost 5.4 times that of the g-CsNa
catalyst. Subsequently, the K value decreased with further increases in biochar

loading, with the BCN7 catalyst exhibited a K value of 0.021 min™.

(a) ' 1 ®) ST
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Fig. 6. (a) Photocatalytic removal and dark adsorption of NOR and (b) pseudo-first order kinetic
simulations of NOR removal by photocatalysis.

While various samples were exposed to ultraviolet light as shown in Fig. Sla,
the degradation performance of NOR notably decreased. Among the catalysts, BCN5
exhibited the best performance of 36%, while CN showed the weakest performance of
9%. The composites almost exhibited no sorption capacities for norfloxacin (Fig.
S1b). To examine the statistical distribution characteristics of the obtained kinetic
constant (k), we plotted the normal Q-Q plot of BCNs, as shown in Fig. S2. The
horizontal axis represented the experimentally measured k value, while the vertical
axis displayed the quantile of the theoretical normal distribution. Those indicated that

the vast majority of data points are tightly clustered around the reference line (y=x)

15
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and fall within the 95% confidence interval. The normality test results confirm the
good statistical properties of the k-value data, providing a reliable basis for
subsequent quantitative comparison and analysis. In addition, we also used residual
plots to validate the model, as shown in Fig. S3, the pseudo second-order model fits
well.

Pure g-C3N4 showed significant absorption around the spectral edge of 449 nm
(Fig. 7a), BCNs demonstrated an extended absorption edge at 453 nm, indicating a
wider light absorption range. Apparent band gap was calculated following Tauc
equation (Sun et al., 2019).

(ahv)? = A(hv — Eg) (1)
where a, Eg, and hv was the coefficient, band gap energy, and photon energy constant,

respectively.

Intensity(a.u)
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Fig. 7. (a) UV-Vis DRS, (b) (ahv)? versus photon energy, (c) photoelectrochemical response, (d)

EIS spectra of CN and BCN;s, and Mott-Schottky spectra of (e) CN and (f) BCNGs.

Compared to pure g-C3N4 (2. 80 eV,), the tangent interception of band gap energy

16
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of BCNs was reduced to 2. 72 eV (Fig. 7b), indicating enhanced light absorption
ability. Photocurrent densities and Nyquist plots were also measured. The variation in
photocurrent density between electrodes demonstrated differences in efficiencies of
photogenerated electron-hole separation (Fig. 7¢). BCNs catalyst exhibited a
relatively strong photocurrent response, indicating enhanced efficiency in separating
photogenerated electron-hole pairs. Thus enhancing the efficiency of photocatalytic
degradation of pollutants. (Jia et al., 2023). Furthermore, the EIS spectra (Fig. 7d)
showed that BCNs had a small arc radius, and substitution of nitrogen with carbon
probably increased electrical conductivity by facilitating the production of
delocalized, extended m bonds (Dong et al., 2012), which may act as physical bridges
connecting heptazine ring and promoting electron mobility. Mott-Schottky spectra
was presented in Fig. 7e and f. Conduction band (CB) position of g-C3N4 and BCNjs
was -1.11 and -1.19 eV, while valence band (VB) position was calculated to be 1.69
and 1.53 eV, respectively, using following equation:

Ecg = Evg — Ej 2)
where E, represents the structure of energy band.

In addition to investigate the contributions of different active substances in NOR
removal of BCNs, disodium ethylenediaminetetraacetic acid (EDTA), p-benzoquinone
(P-BQ), and isopropanol (IPA) was used as scavengers of hole (h"), superoxide radical
(*O2"), and hydroxyl radical (-OH), respectively. In the presence of IPA, EDTA, or p-

BQ, NOR removal of the BCNs5 catalyst (88.11%) was reduced to 82.03%, 72.33%,

17
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and 12.2%, respectively (Fig. 8a). The significant reduction of 75.69% in the
presence of p-BQ indicated that superoxide radical was dominant active substance
contributing to photocatalytic degradation of NOR. In addition, the decrease caused
by EDTA (6.08%) and IPA (15.78%) treatments suggested that the hole and hydroxyl
radicals were also involved in the degradation process. Therefore, through radical
scavenging experiments, we found that superoxide radicals played a primary role in
the degradation process, while hole radicals and hydroxyl radicals served as
supplementary contributors. Piperazine ring conversion, decarboxylation,
defluorination, and quinolone group conversion both contributed to NOR
transformation into small-molecule substances and significantly reducing its

environmental adverse effects (Gu et al., 2025).
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Fig. 8. (a) Free radical quenching experiment and (b) cycling experiment of BCN;s to remove
NOR antibiotic.

To further evaluate the cycling potential of BCNs for practical applications, a
reusability test over five cycles was conducted. The NOR removal of BCNjs after 5

regenerations was 75%, corresponding to a minor decrease of 13.1%, and still

18
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retained 85.13% of its original performance (Fig. 8b). This indicates that the
photodegradation of NOR by BCNs is relatively stable and durable. Based on the
above findings, substitution of bridged nitrogen atom in CN structure by carbon atom
through successful doping had several positive effects. For instance, formation of
localized m states acted as electron mediators, accelerating charge transfer between
neighboring heptazine rings. Moreover, by incorporating rice husk biochar, the
bandgap was reduced, facilitating easier electron transitions.

Under visible light irradiation, the incorporation of biochar reduced the
conduction band gap and accelerated electron mobility. These facilitated the electron
transfer from the VB to the CB of BCNs5, thus gained more electrons and holes. Since
potential of BCNs's CB was more negative than the standard redox potential of O./-
027, BCNs effectively reduced chemisorbed O: to -O2". Holes directly degraded NOR
molecules, and their consumption further accelerated electron-hole pair separation,
thereby enhancing the efficiency of photo-degradation. The superoxide radicals,
photogenerated holes, and hydroxyl radicals produced by light irradiation on the
catalyst all possessed strong oxidative capabilities, promoting the photodegradation
process. The improvement could be attributed to the fine incorporation of biochar into

the framework of graphitic carbon nitride.

4. Conclusion

This study reported the positive effects of a facile one-step calcination method

19
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for producing rice husk biochar-doped graphitic carbon nitride catalysts with highly
efficient photo-degradation performance against NOR antibiotics. BCN5s achieved a
NOR removal efficiency of 88.11%, with a rate constant of 2.94 x 102 min™ over 2
hours under visible light. This excellent performance was attributed to the reduced
band gap and enhanced migration and separation of photogenerated carriers, with
superoxide radicals as main active species. The photocatalytic performance of BCNS
was comparable to or better than many previously reported catalysts (Table S4). Its
excellent reusability and stability suggest strong potential for practical water treatment
applications. This work highlights the potential of the one-step calcination-
synthesized rice husk biochar/g-CsNas composite as an effective, low-cost, and
environmentally friendly photocatalyst for environmental remediation and water

treatment.
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