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INTRODUCTION

The widespread occurrence of antibiotics in 
aquatic environments has become a critical global 
concern due to their persistence, bioaccumulation 
potential, and the increasing threat of antimicrobi-
al resistance (Symochko et al., 2019). Among var-
ious antibiotics, enrofloxacin (ENR), a member of 
the fluoroquinolone class (Sciscenko et al., 2021), 
is extensively applied in veterinary medicine, 
livestock farming, and aquaculture to prevent and 
treat bacterial infections (Fang et al., 2023). In In-
donesia, ENR is used as a livestock medication, 
and its use has become widespread. ENR residues 
in chicken meat reached 185.93 µg/kg, while in 

chicken eggs, they reached 145.32 µg/kg, exceed-
ing the permissible limit of 100 µg/kg (Rohana and 
Prabhata, 2023). Persistent exposure to ENR can 
promote the development of antibiotic-resistant 
bacteria (Symochko et al., 2019), disrupt aquatic 
microbial balance, and endanger higher organisms 
through bioaccumulation and biomagnification in 
the food chain (Bilal et al., 2020).

Conventional wastewater treatment systems 
are generally ineffective in eliminating ENR be-
cause of its high chemical stability and resistance 
to biodegradation. These limitations have prompt-
ed the exploration of advanced oxidation pro-
cesses, particularly photocatalysis, as a sustainable 
and efficient strategy for degrading recalcitrant 
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pharmaceutical pollutants (Mathew et al., 2020). 
Graphitic carbon nitride (g-C3N4) has emerged 
as a promising metal-free photocatalyst owing to 
its suitable band gap, low cost, and high stability 
under visible light irradiation (Wang et al., 2018). 
Nevertheless, pristine g-C3N4 suffers from low 
photocatalytic efficiency caused by rapid charge 
recombination and limited surface area. To ad-
dress these drawbacks, oxygen doping has been 
introduced to enhance charge separation and vis-
ible-light absorption, while coupling g-C3N4 with 
porous carbon materials such as hydrochar further 
improves surface adsorption and electron transport 
(Chen et al., 2022).

Despite the growing body of research on pho-
tocatalytic degradation using modified g-C3N4, 
studies focusing on the influence of environmental 
parameters, including water matrix, pH, pollutant 
concentration, and catalyst dosage, remain limited, 
especially when using biomass-derived composites. 
Therefore, investigates the effect of these environ-
mental factors on the photodegradation efficiency 
of ENR using a coconut husk-based hydrochar@O-
doped g-C3N4 composite (hydrochar@OCN). Co-
conut husk, an abundant agricultural byproduct 
in tropical regions, serves as a sustainable carbon 
source for hydrochar synthesis, contributing to 
waste valorization and environmental circularity.

Previous researchers (Xu et al., 2022), have 
successfully composited g-C3N4/sludge biochar 
with sulfur doping, degrading around 95.07% of 
tetracycline antibiotics. Wang and Wang (2022), 
also composite γ-Fe2O3/O-gC3N4/coconut biochar 
composite showed superior catalytic activity, in 
which complete degradation of antibiotic sulfa-
methoxazole (SMX) was quickly achieved, with 
the mineralization ratio of 97.5%. The comparison 
of this research with previous research is presented 

in Table 1. The novelty of this study lies in the syn-
ergistic integration of oxygen-doped g-C3N4 and 
coconut husk-derived hydrochar, which provides a 
dual-function composite combining strong adsorp-
tion capacity with enhanced visible-light photocat-
alytic activity. Moreover, this work aims to reveal 
whether hydrochar@OCN can degrade the fluoro-
quinolone antibiotic ENR, which is widely used in 
Indonesia for livestock health needs.

MATERIAL AND METHODS

Material

Urea, dicyandiamide, and oxalic acid were 
purchased in analytical grade and used as precur-
sors for synthesizing O-doped graphitic carbon ni-
tride (OCN). Raw coconut husk biomass was ob-
tained from local agricultural waste in East Java, 
Indonesia, and utilized as the carbon source for 
hydrochar (HC) synthesis. Enrofloxacin (ENR, 
≥99% purity) served as the model antibiotic pol-
lutant. Deionized (DI) water was used for all so-
lution preparations, while other water matrices, 
including rain, river, lake, and spring water, were 
collected locally and filtered before use. Teflon 
hydrothermal, oven, hotplate, photocatalytic reac-
tor, centrifuge, visible light LED (Blue, 460 nm), 
total power 60 watts (0.44 mW/cm²), glassware, 
and micropipettes were used in this research.

Synthesis of oxygen-doped g-C3N4 (OCN)

The first step is to weigh 10 g of urea and 5 g 
of dicyandiamide (2:1) with 10% (total mass) of 
oxalic acid. After that, they are placed in a crucible 
and heated at 550 °C for 4 hours with a calcina-
tion rate of 2 °C per minute. This process produces 

Table 1. Comparison of previous research

No. Title Material Variation Reference

1.

Magnetic 2D/2D oxygen doped g 
C3N4/biochar composite to activate 
peroxymonosulfate for degradation of 
emerging organic pollutants

oxygen doped g 
C3N4/biochar

Dosage (0,4 g/L), time (0-250 
minute), and efficiency (97.5%)

Wang and Wang 
(2022)

2.
Degradation of tetracycline using persulfate 
activated by a honeycomb structured S 
doped g- C3N4/biochar under visible light

S doped g- C3N4/
biochar

Dosage (0.25-1.25 g/L), time 
(30 minute dark dan 30 minute 
light), and efficiency (81.4%)

Xu et al., 2022

3.

Hybrid biochar-graphitic carbon nitride 
(g- C3N4) composite photocatalyst: a facile 
strategy for enhanced degradation of 
Ciprofloxacin (CIP)

biochar-graphitic 
carbon nitride 

(g- C3N4)

Dosage (10 ppm), time (30 
minute dark and 240 minute 
light), and efficiency (51%)

Idrees et al., 2025

Note: dosage, reaction time, light conditions, and degradation efficiency are reported as described in the respective 
references.
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a yellow powder (g-C3N4), which is then ground. 
The result is further calcined at 520 °C for 2 hours 
and produces oxygen-doped g-C3N4 (OCN).

Preparation of coconut husk hydrochar

The coconut husk is cut into small pieces, 
washed thoroughly, and then dried in the sun. 
Then, it is oven-dried until dry, ground, and then 
sieved to a 160-mesh size. The sieved coconut 
husk powder is placed in a teflon hydrothermal 
filter, and distilled water is added at a ratio of 
1:20 (w/v). The teflon hydrothermal filter is 
heated at 200 °C for 10 hours. After heating, the 
coconut husk hydrochar is filtered and dried at 
110 °C for 3 hours.

Synthesis of hydrochar@O-doped g-C3N4 
composite

Coconut fiber hydrochar at 1%, 10%, and 
20% of the g-C₃N₄ mass. After that, it was placed 
in a beaker and mixed with 100 mL of distilled 
water, and stirred for approximately 20 hours. 
The composite was evaporated at 80 °C until dry 
(S. Wang and Wang, 2022). After that, it was cal-
cined at 200 °C for 1 hour to form the coconut 
husk hydrochar@OCN composite.

Preparation of enrofloxacin solution

Enrofloxacin exhibits maximum absorbance 
at a wavelength of 324 nm (Shen et al., 2019) 
with an average pH of 3-11 (Jiang et al., 2024). 
This study utilized a wavelength of 324 nm with 
a Genesys 150 spectrophotometer, which had a 
range of 200–400 nm. A calibration curve of the 
enrofloxacin standard solution with concentra-
tions of 1, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 
and 50 mg/L to obtain a linear regression equa-
tion value of y = 0.0276x – 0.006 with a correla-
tion coefficient (R2) of 0.996. Linear regression 
equations are usually used to express linear rela-
tionships between two or more variables.

Photocatalytic degradation experiments

Composite variations (1%, 10%, 20%) were 
contacted with ENR (3, 5, 7, 9, and 10 mg/L) at 
pH values ​​(2, 4, 7, 10, 12) using predetermined 
doses (1, 1.5, 2, 2.5, and 3 g/L) and using water 
matrices (DI water, lake, rain, river, and spring 
water) and rotated at 525 rpm. The degradation 

process began with the first 30 minutes in the 
dark to maximize adsorption. After 30 minutes, 
the LED light was turned on, and samples were 
taken every 10 minutes for up to 1 hour. The sam-
ples were centrifuged to precipitate the compos-
ites that were also taken. The centrifuged samples 
were filtered using a 0.2 μm filter, and then their 
concentration was measured using UV-vis spec-
troscopy at a wavelength of 324 nm.

RESULTS AND DISCUSSION

Characteristics of coconut fiber hydrochar@
OCN graphitic carbon nitride composite

Scanning electron microscope (analysis

Surface morphology analysis was carried out 
using a scanning electron microscope (SEM) to 
see the surface of coconut fiber HC, OCN, and 
10% hydrochar@OCN composites, which can be 
observed in Figure 1.

The hydrochar surface in SEM (Figure 1a) 
tests exhibits an irregular surface morphology, 
characterized by a coarse, porous, and fibrous 
structure (Zhou et al., 2019). In contrast, SEM 
observations of OCN (Figure 1b) reveal an ag-
glomerated morphology composed of irregularly 
shaped fine particles. This structure exhibits an 
aggregation of g-C3N4 sheets stacked on top of 
each other, forming a porous structure with inter-
particle gaps. This characteristic is typical of ther-
mally calcined graphitic carbon nitride, where g-
C3N4 sheets tend to stack due to van der Waals 
forces between layers. The rougher appearance of 
the OCN surface indicates the success of the oxy-
gen doping process.

Pure g-C3N4 (CN) material has a shape like 
two-dimensional (2D) layered sheets that are 
stacked on top of each other, with varying sizes 
(Putri et al., 2020). After the oxygen doping pro-
cess, the sheet shape changes to a flake-like struc-
ture that shows the typical morphology of OCN. 
In general, the shape of OCN remains relatively 
unchanged, but the results indicate that OCN has 
smoother edges than pure g-C3N4. This is caused 
by the random oxidation reaction of oxalic acid 
during the synthesis process, which causes mild 
corrosion on the material surface.

The 10% hydrochar@OCN composite (Figure 
1c) shows a greater HC dispersion on the compos-
ite surface, partially covering the OCN surface. The 
HC particles begin to aggregate, but still adhere 
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begins to partially cover the OCN surface. Gaps/
pores between particles are still visible, so surface 
access is relatively maintained. There are indica-
tions of more intense interactions between OCN 
and HC (extensive interphase contact).

Energy dispersive X-ray (EDX) analysis

EDX analysis is used to identify and map the 
distribution of chemical elements on the surface 
of a solid material. This test is performed in con-
junction with SEM and utilizes the characteristic 
X-rays emitted by elements in the sample when 
exposed to an electron beam. The results of the 
EDX test are shown in Figure 2 and Table 2.

Fourier transform infrared spectroscopy (FTIR) 
analysis

FTIR analysis is used to identify chemical 
functional groups at wave numbers (wavenum-
ber, cm⁻1) as seen in Figure 3. The FTIR spectra 
show that HC has many oxygen-containing func-
tional groups. The peak at 1160 cm⁻1 indicates 
the presence of aliphatic C-O bonds, indicating 
that the HC surface is still rich in oxygen groups, 
while the peak at 1438 cm⁻1 indicates the presence 
of C-H bonds, indicating the presence of carbox-
ylic groups. These groups are polar, so they can 
increase the attractive force between the HC sur-
face and the surrounding polar molecules or ions 
(Prasannamedha et al., 2025). The peak at 1600 
cm⁻1 indicates the presence of aromatic C=C 
bonds formed during hydrothermal carboniza-
tion (HTC). These aromatic groups can increase 
the structural stability of HC and strengthen the 
adsorption capacity through π-π stacking inter-
actions with other aromatic organic molecules 
(Winingsih et al., 2016). The peak at 2923 cm⁻1 
originates from the C=O stretching of the car-
boxyl group, and the peak at 3420 cm⁻1 indicates 
the presence of O–H groups from adsorbed wa-
ter molecules. These results indicate that HC has 
many hydroxyl and carboxyl groups that can 
assist the photocatalytic process (Zhou et al., 
2019). The presence of these groups is important 
because they can provide active sites for the for-
mation of hydrogen bonds with target molecules 
(Zulfajri et al., 2024).

OCN material shows an absorption peak at 
3,160 cm-1 associated with N-H stretching, indi-
cating the presence of amine groups on the ma-
terial surface that can increase hydrophilic prop-
erties and surface reactivity (Raturandang et al., 

Figure 1. SEM results: (a) HC, (b) OCN, 
(c) hydrochar@OCN 10%

fairly well to the OCN structure. The HC layer 
thickens and partially covers the OCN pores. There 
is increased contact between OCN and HC, which 
can accelerate electron flow, but the aggregation 
that begins to form has the potential to slightly re-
duce the effective surface area. This composition is 
likely the optimal ratio, where the amount of OCN 
is sufficient to form many active sites without ex-
cessively covering the HC pores. As the density of 
HC particles on the surface increases, the HC layer 

a)

b)

c)



293

Journal of Ecological Engineering 2026, 27(6), 289–311

Figure 2. EDX results: (a) HC, (b) OCN, (c) hydrochar@OCN 10%

a)

b) c)

2022). The strong peak at 1.625 cm-1 is related to 
C=N stretching, which confirms the presence of 
aromatic nitrogen structures, especially heptazine 
and triazine rings, which are the main framework 
of g-C3N4 (Xie et al., 2018). In the range of 1394 
cm-1 to 1083 cm-1, significant peaks were detected 
originating from aromatic and heterocyclic C-N 

stretching, showing solid connectivity between 
aromatic rings (Shi et al., 2017).

The FTIR spectra of hydrochar@OCN 10% are 
similar to OCN, lacking distinct bonding peaks, likely 
due to the low oxygen content. This result confirms 
that O doping does not significantly affect the chemi-
cal structure of g-C3N4 (Liu et al., 2021). Furthermore, 
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after the addition of HC, the characteristic peaks do 
not change drastically, indicating that HC does not al-
ter the surface groups of OCN (Xu et al., 2022).

X-ray diffraction (XRD) analysis

XRD analysis allows the identification of 
crystal structures and the investigation of struc-
tural changes due to certain treatments, such as 
doping and composite formation. The follow-
ing XRD results of HC, OCN, and hydrochar@
OCN 10% are shown in the following Figure 4. 
The HC curve exhibits a broad signal, indicat-
ing the characteristics of hydrothermally treated 
carbon materials that are less crystalline/amor-
phous. The HC spectrum shows a broad peak 
centered at a 2θ value of 22.7°, representing the 
typical (200) crystal plane cellulose structure of 
amorphous carbon from HC (Li et al., 2021). 
The OCN sample exhibits two main peaks at 2θ 

angles of 12.8° and 27.6°. The peak at 12.8° cor-
responds to the (100) in-plane structure, while 
the peak at 27.6° corresponds to the (002) in-
terlayer stacking of the g-C3N4 structure. These 
two peaks are characteristic of g-C3N4, originat-
ing from the repeating arrangement of intercon-
nected tri-s-triazine and aromatic units (Wang 
et al., 2021). Compared with pure g-C3N4, the 
(002) peak in OCN shifts slightly from 27.4° to 
27.6° because the addition of oxygen atoms has 
a higher electronegativity than nitrogen, so that 
when O replaces some of the N atoms, the in-
terlayer bond becomes stronger. The distance is 
reduced (Liang et al., 2021). This peak shift also 
indicates a disruption in the crystal structure of 
g-C3N4 due to oxygen doping. In other words, 
some crystalline areas of g-C3N4 become more 
disordered after the addition of oxygen (Wang 
et al., 2008).

Table 2. Percent of composition: HC, OCN, and hydrochar@OCN 10%

Material N C O Total

HC 0.00 54.42 45.58 100.00

OCN 44.56 42.05 13.39 100.00

HC/OCN 10% 42.17 35.25 22.58 100.00

Note: Laboratory test results, 2025.

Figure 3. FTIR results: a) HC, b) OCN, c) hydrochar@OCN 10%
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The hydrochar@OCN 10% did not exhibit 
significant changes in the XRD pattern, indicat-
ing that the addition of HC did not alter the crystal 
structure of OCN. However, the HC@OCN peak 
slightly shifted from 27.6° to around 27.8° caused 
by the interaction between HC and OCN, which 
caused a slight lattice contraction. The increase 
in the intensity of the diffraction peaks of hydro-
char@OCN indicates the interaction between HC 
and OCN (Yao et al., 2007). In addition, there was 
no typical peak of HC in the XRD pattern of the 
hydrochar@OCN composite. This is because HC 
has low crystallinity and a small amount during 
the synthesis process.

Ultra violet diffuse reflectance spectroscopy 
analysis

UV-diffuse reflectance spectroscopy (UV-
DRS) is used to evaluate the light absorption ca-
pacity of materials, especially in photocatalytic 
applications. The reflectance data were converted 
into absorbance using the Kubelka–Munk func-
tion. The band gap energies were estimated using 
the Tauc method. Since graphitic carbon nitride 
and its doped derivatives are well known as in-
direct band gap semiconductors, plots of versus 
photon energy were employed. The incorporation 

of hydrochar and oxygen doping resulted in a no-
ticeable red shift and band gap narrowing, indi-
cating improved visible-light absorption capabil-
ity, which is beneficial for photocatalytic activity. 
The following Figure 5 shows the absorbance 
curves of HC, OCN, and hydrochar@OCN 10% 
composites.

HC material shows very low absorbance in-
tensity across the entire wavelength range, both 
in the ultraviolet (UV) and visible (400–800 nm) 
regions. This indicates that HC contains many 
π-conjugated/amorphous carbon domains and 
surface groups that absorb across the entire light 
range. This provides light absorption capabilities 
but is not a semiconductor with a defined band 
gap like g-C3N4. HC can function as an electron 
conductor (electron-sink) when combined with 
a semiconductor, but is not effective as an e⁻/h⁺ 
(electron-hole) generator. Thus, the main func-
tion of HC in the composite system is likely more 
as a structural support material or as an electron 
transfer medium than as an active light-absorbing 
material (Zha et al., 2016).

OCN material displays an absorbance curve 
below a wavelength of 496 nm with a band gap 
value of 2.48 eV. This indicates that OCN has a 
good ability to absorb visible light, which is a typ-
ical characteristic of semiconductor materials (Liu 

Figure 4. XRD results of HC, OCN, and hydrochar@OCN 10%
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et al., 2021). OCN maintains the semiconductor 
character of g-C3N4 with oxygen doping tending 
to provide defects/energy levels so that it can pro-
duce a red-shift (absorber slightly more visible) 
and increase charge separation (Bouzidi et al., 
2020). Oxygen doping has a significant influence 
on its optical properties, where pure g-C3N4 (CN) 
without doping shows typical semiconductor be-
havior with limited absorption in the visible light 
region of 472 nm with a band gap value of 2.63 eV 
(Xu et al., 2019). This occurs due to the presence 
of oxygen atoms in g-C3N4. Modification of CN 
using oxalic acid has formed new energy levels, 
thereby reducing the band gap and increasing light 
absorption (Bouzidi et al., 2020).

In addition, the band gap of hydrochar@OCN 
10% was calculated at 2.24 eV, respectively, indi-
cating that the band gap decreased with increasing 
HC content (Xu et al., 2022). This indicates that 
the presence of HC begins to contribute to the in-
crease in absorbance capacity (Pang et al., 2021). 
Hybridization with HC can reduce the band gap 
of the composite photocatalyst, thereby increas-
ing light absorption (Zhou et al., 2019). The vis-
ible light absorption capacity of the hydrochar@
OCN sample increased in the range of 500–560 
nm, indicating that the addition of HC increases 

the visible light absorption capacity (Huang et al., 
2020).

Brunauer-Emmett-Teller (BET) analysis

The nitrogen adsorption-desorption isotherms 
of HC, OCN, and hydrochar@OCN composites 
with different hydrochar loadings (1%, 10%, and 
20%) are presented in Figure 6. All samples ex-
hibit adsorption–desorption behavior characteris-
tic of type IV isotherms (characteristic of meso-
porous materials, which possess pore sizes in the 
range of 2–50 nm) with a pronounced hysteresis 
loop at high relative pressure (P/P₀ > 0.4), indicat-
ing the presence of mesoporous structures, which 
are favorable for adsorption and photocatalytic 
reactions involving relatively large organic mol-
ecules such as enrofloxacin.

Pristine hydrochar shows the lowest nitrogen 
uptake over the entire relative pressure range, re-
flecting its relatively limited accessible surface 
area and less-developed porosity. This behavior 
is typical of biomass-derived hydrochar, which 
generally consists of amorphous carbon domains 
with partially collapsed pore structures. In con-
trast, OCN exhibits a significantly higher adsorp-
tion capacity, particularly at high relative pres-
sures. The sharp increase in nitrogen uptake near 

Figure 5. UV-DRS results of HC, OCN, and hydrochar@OCN 10%
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P/P₀ ≈ 0.9–1.0 suggests the presence of interpar-
ticle voids and slit-like mesopores formed by the 
stacking of g-C₃N₄ nanosheets. Oxygen doping is 
known to disrupt the planar stacking of g-C₃N₄ 
layers, thereby increasing accessible surface area 
and pore volume.

The hydrochar@OCN composites show dis-
tinct adsorption behaviors depending on hydro-
char loading, indicating that the textural prop-
erties are strongly influenced by the composite 
composition. The hydrochar@OCN 1% sample 
exhibits the highest nitrogen uptake among the 
composites, particularly in the medium-to-high 
relative pressure region. This suggests that a 

small amount of hydrochar effectively acts as a 
structural spacer, preventing excessive restacking 
of OCN layers and promoting the formation of 
additional mesopores. As a result, the composite 
displays enhanced surface accessibility and pore 
connectivity.

The hydrochar@OCN 10% composite shows 
a slightly reduced adsorption capacity compared to 
hydrochar@OCN 1%, but still significantly higher 
than pristine HC. The preservation of mesoporos-
ity in this sample indicates an optimal balance 
between hydrochar dispersion and g-C₃N₄ frame-
work integrity. This balanced structure provides 
sufficient surface area while maintaining effective 

Figure 6. BET graph: a) OCN and HC, b) hydrochar@OCN 1%, 10%, and 20%

a)

b)
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interfacial contact between HC and OCN, which 
is crucial for synergistic adsorption–photocatalysis 
processes.

The hydrochar@OCN 20% composite ex-
hibits a further decrease in nitrogen adsorption 
capacity. Excessive hydrochar loading likely 
leads to partial pore blockage and agglomeration, 
which reduces the effective surface area and lim-
its nitrogen diffusion into the pore network. This 
phenomenon explains the diminished textural 
properties observed at higher HC content.

The observed trend in BET results correlates 
well with the photocatalytic performance toward 
enrofloxacin degradation. Although hydrochar@
OCN 1% exhibits the highest nitrogen uptake, hy-
drochar@OCN 10% demonstrates superior deg-
radation efficiency due to the combined effects 
of sufficient surface area, improved adsorption 
capacity, and enhanced interfacial charge transfer 
between hydrochar and OCN.

Mechanism of how photocatalysts work

The photocatalytic mechanism is a crucial 
aspect in understanding the performance and 
effectiveness of a photocatalytic material in the 
degradation of organic compounds, including the 
antibiotic ENR. The photocatalytic mechanism is 
explained in Figure 7.

When the hydrochar@OCN composite is il-
luminated with visible light from a 460 nm blue 
LED, it absorbs photons whose energy matches its 

band gap. This photon absorption results in the ex-
citation of electrons from the valence band to the 
conduction band, leaving holes (h⁺) in the valence 
band (Uddin et al., 2025; Lan et al., 2024). After 
the formation of electron-hole pairs (e⁻/h⁺), charge 
transfer occurs between the materials through the 
heterojunction contact between the HC and OCN. 
The potential energy difference between the two 
materials causes the excited electrons to move 
toward the lower-energy conduction band (CB), 
while the holes (h⁺) move to the higher-energy 
valence band (VB) (Wu et al., 2018). The role of 
HC here is crucial as an electron mediator, help-
ing to accommodate electrons and facilitate their 
transfer to oxygen molecules temporarily adsorbed 
on the surface (Amelia et al., 2023). Electrons that 
have moved to the conduction band (CB) then 
interact with oxygen molecules (O2) around the 
photocatalyst surface. When the conduction band 
(CB) position of the hydrochar@OCN compos-
ite is sufficiently negative with respect to the O2/
O2

- reduction potential, the electrons can reduce 
oxygen to superoxide radicals (O2

-). This species 
is the primary oxidant in the system, which can re-
act directly with organic molecules or form singlet 
oxygen (1O2) through energy transfer. Both species 
are highly reactive and can attack various positions 
in the ENR structure.

In contrast, the formation of hydroxyl radi-
cals (OH-) from the oxidation of water by holes 
in the valence band is not significant. This is be-
cause the valence band (VB) energy position of 

Figure 7. Photocatalytic process mechanism
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the hydrochar@OCN composite is not positive 
enough to oxidize H2O to •OH. The remaining 
holes (h⁺) in the valence band (VB) not only play 
a passive role but can also directly oxidize ENR 
molecules that have been adsorbed on the com-
posite surface. 

Performance of the photocatalysis process 
using hydrochar@OCN composite

Effect of composite composition

The composition of the Hydrochar@OCN 
composite also had a strong impact on the pho-
tocatalytic efficiency. Variations included pure 
OCN, pure hydrochar, and composites contain-
ing 1%, 10%, and 20% hydrochar relative to the 
OCN mass. The optimum degradation efficiency 
of 70.29% was obtained with the hydrochar@
OCN 10% composite after 60 minutes. This is 
because the amount of 10% HC is not too much 
and not too little compared to 1% and 20% HC, 
thus optimizing the adsorption process without 
disrupting the performance of OCN. This im-
provement can be explained by the synergistic 
interaction between the two components. Hy-
drochar provides abundant surface functional 
groups and a porous structure that enhances 
ENR adsorption, while OCN contributes to 

visible-light activation and ROS generation 
(Rasheed et al., 2019). The 10% loading ratio 
strikes the best balance between adsorption and 
photocatalytic activity. Removal results of ENR 
shows in Figure 8.

Lower hydrochar content 1% (60.50%) re-
sults in insufficient surface area to facilitate 
adsorption, while excessive hydrochar loading 
20% (65.21%) may shield g-C₃N₄ from light 
or block its active sites, reducing photoacti-
vation efficiency. Therefore, the hydrochar@
OCN 10% composite provides the most favor-
able structure-function relationship, optimizing 
charge transfer, surface reactivity, and light ab-
sorption. The synergistic interaction between the 
adsorptive and photoactive components can ex-
plain this improvement. Hydrochar (55.79%) of-
fers a porous structure, a high surface area, and 
abundant oxygen-containing functional groups 
(COOH⁻, OH⁻) that facilitate ENR adsorption 
and enhance pollutant–catalyst contact. Mean-
while, O-doped g-C₃N₄ (50.72%) acts as the 
visible-light-responsive semiconductor respon-
sible for generating charge carriers (e⁻/h⁺ pairs) 
(Xiao et al., 2021). The integration of HC into 
OCN improves charge separation and electron 
mobility, as HC serves as an electron mediator, 

Figure 8. Effect of composite composition
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minimizing recombination losses and enhancing 
ROS generation (Guo et al., 2021).

However, excessive hydrochar content (20%) 
may block active photocatalytic sites or cause 
light shielding, which reduces photon absorption 
by OCN. Additionally, agglomeration of excess 
carbon material can reduce catalyst dispersion and 
electron transport efficiency (Meng et al., 2020). 
Conversely, composites with very low HC content 
(1%) fail to provide sufficient adsorptive sites to 
enhance surface reactions. Therefore, a 10% HC 
ratio provides the optimal balance between adsorp-
tion enhancement and photocatalytic activation, 
leading to superior degradation performance.

Effect of catalyst dosage

Catalyst dosage plays a crucial role in deter-
mining the number of available active sites and 
the extent of light utilization. The degradation 
efficiency increased with increasing catalyst dos-
age from 1 g/L to 3 g/L (Figure 9). The highest 
removal efficiency of 94.20% was achieved at 
3 g/L, 1 g/L (72.10%), 1.5 g/L (76.08%), 2 g/L 
(82.97%), and 2.5 g/L (88.76%) indicating that 
a larger amount of catalyst provides more active 
surface area for adsorption and enhances photon 
absorption, which promotes greater ROS genera-
tion (Abubakar and Nuraddeen, 2020). 

At lower dosages (1–1.5 g/L), the number 
of available active sites is limited, which re-
stricts both ENR adsorption and photon absorp-
tion, leading to lower degradation efficiency. As 
the catalyst dosage increases, more active sites 
become available for ENR molecules to adsorb, 
and the generation of photoexcited charge carri-
ers increases proportionally (S. Wu et al., 2021). 
This enhances the production of hydroxyl and 
superoxide radicals, thereby accelerating deg-
radation kinetics. However, photocatalysis does 
not always improve linearly with catalyst loading 
(Rodríguez-Chueca et al., 2023). Beyond the op-
timal dosage, particle aggregation and light scat-
tering can occur, reducing the penetration of light 
through the suspension. This leads to a shielding 
effect, where some catalyst particles block others 
from receiving light. Therefore, 3 g/L represents 
the equilibrium point where the number of active 
sites and light absorption efficiency are both max-
imized without inducing light attenuation (Horn 
and Gremetz, 2020).

Therefore, at lower dosages (1–1.5 g/L), deg-
radation was limited by insufficient active sites 
and fewer ROS, leading to slower reaction rates. 
Although further increasing the catalyst concen-
tration could theoretically continue enhancing the 
reaction, excessively high dosages might lead to 

Figure 9. Effect of catalyst dosage
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turbidity and light scattering, which reduces light 
penetration (Xiong et al., 2024). In this study, 
3 g/L represented the optimal balance between 
active site availability and light absorption.

Effect of initial enrofloxacin concentration

The degradation performance was inversely 
related to the initial ENR concentration (Figure 
10). The highest removal efficiency (94.93%) was 
obtained at 3 mg/L, while efficiency gradually de-
creased at higher concentrations (down to 88% at 
10 mg/L). at 5 mg/L (93.47%), 7 mg/L (91.30%), 9 
mg/L (88.94%), 10 mg/L (88.11%). This phenom-
enon is explained by the competition among ENR 
molecules for a limited number of active sites and 
ROS. At low concentrations, sufficient ROS and 
catalyst surface area are available to completely 
degrade ENR molecules. However, as the concen-
tration increases, the ratio of ROS to pollutant mol-
ecules decreases, leading to partial degradation and 
slower kinetics (Yu et al., 2023). Moreover, higher 
ENR levels increase solution opacity, hindering 
light penetration and consequently reducing ROS 
formation. Therefore, lower initial concentrations 
favor faster reaction kinetics and higher degrada-
tion efficiency. High pollutant loading can increase 
the formation of intermediate degradation products 
that occupy catalyst surfaces, inhibiting further 

oxidation. This observation is consistent with the 
Langmuir–Hinshelwood kinetic model, which 
describes how, at higher substrate concentrations, 
surface saturation limits the reaction rate (Tran et 
al., 2023). Thus, maintaining moderate ENR levels 
(around 3–5 mg/L) ensures sufficient ROS avail-
ability and minimizes diffusion and light attenu-
ation constraints. An HPLC test is carried out to 
confirm the results of the UV-vis test because it has 
higher accuracy.

pH effect of enrofloxacin

Solution pH substantially affects photocata-
lytic degradation (Figure 11) by altering the sur-
face charge of the catalyst and the ionization state 
of ENR. The maximum efficiency (70.29%) was 
achieved at pH 7, 50.36% at pH 2, 60.14% at pH 
4, 40.21% at pH 10, and 30.79% at pH 12, indi-
cating that neutral conditions are optimal for both 
adsorption and ROS generation.

At pH 7, ENR exists mainly in a zwitterionic 
form, minimizing electrostatic repulsion between 
the pollutant and the catalyst surface. This facili-
tates stronger adsorption and efficient radical at-
tack. Under acidic conditions (pH 2–4), the cata-
lyst surface becomes positively charged, leading 
to electrostatic repulsion with protonated ENR 
molecules, while excess H⁺ ions can scavenge 

Figure 10. Effect of initial ENR concentration
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photogenerated electrons, decreasing ROS forma-
tion. At basic conditions (pH 10–12), the nega-
tively charged catalyst surface repels deprotonated 
ENR species and may lead to OH⁻ competition for 
oxidation sites, reducing degradation efficiency 
(Zhang et al., 2024). Thus, maintaining a neutral 
pH ensures optimal interaction between the cat-
alyst and pollutant and promotes balanced ROS 
generation for efficient ENR photodegradation.

At acidic conditions (pH 2–4), the catalyst 
surface becomes positively charged, resulting in 
electrostatic repulsion with the protonated ENR 
species. Furthermore, excess H⁺ ions act as elec-
tron scavengers, capturing photogenerated elec-
trons and reducing ROS production. Conversely, 
in basic conditions (pH 10–12), the surface be-
comes negatively charged, causing repulsion 
with deprotonated ENR anions (Guo et al., 2024). 
Excess OH⁻ ions can also compete with ENR for 
active sites and scavenge photogenerated holes, 
thus diminishing oxidative efficiency. Therefore, 
the neutral environment (pH 7) provides the best 
alignment between pollutant ionization, catalyst 
surface charge, and ROS generation dynamics, 
leading to optimal photocatalytic degradation 
performance (Bendjama and Hamdaoui, 2025).

The pHPZC of hydrochar@OCN was 
not experimentally determined in this study. 

Nevertheless, pH-dependent degradation trends 
were discussed based on known surface charge 
behavior of carbon nitride and hydrochar. Fu-
ture studies will include pHPZC determination to 
strengthen electrostatic interaction analysis.

Effect of water matrix

The type of water matrix significantly influ-
enced the photocatalytic degradation of enrofloxa-
cin (ENR) using the hydrochar@O-doped g-C₃N₄ 
composite (Figure 12). It should be noted that 
detailed physicochemical parameters of the water 
matrices, such as pH, conductivity, total dissolved 
solids, and dominant ion concentrations, were not 
measured in this study. Therefore, a quantitative 
correlation between specific inorganic ions and 
photocatalytic degradation efficiency could not be 
established. Nevertheless, the observed changes 
in enrofloxacin removal efficiency qualitatively 
reflect the influence of complex water matrices, 
which is consistent with previous reports where 
inorganic ions and natural organic matter act as 
radical scavengers or compete for active sites on 
the catalyst surface. Among the tested matrices, 
lake, river, rain, spring, and deionized (DI) water, 
the highest degradation efficiency after 60 minutes 
was achieved in DI water (70.29%). This superior 
performance is attributed to the purity of DI water, 

Figure 11. pH effect of ENR
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which contains no interfering ions, turbidity, or 
natural organic matter (NOM) (Lin et al., 2023). 
These conditions allow maximum light penetra-
tion and unimpeded generation of reactive oxygen 
species (ROS) such as OH⁻ and O₂⁻ radicals, both 
essential for oxidative degradation.

In contrast, the degradation efficiencies in nat-
ural waters such as lake (47.48%), river (53.26%), 
rainwater (61.23%), and spring water (61.23%) 
were noticeably lower. This decline can be ex-
plained by the scavenging effect of inorganic ions 
(e.g., Cl⁻, HCO₃⁻, SO₄²⁻, and NO₃⁻), which react 
competitively with ROS, reducing their availabil-
ity for pollutant oxidation. Chloride ions, for in-
stance, can react with hydroxyl radicals to form 
less reactive species (Cl⁻ or Cl₂⁻), thereby dimin-
ishing oxidative capacity (Velo-Gala et al., 2023). 
Similarly, bicarbonate ions act as hydroxyl radical 
scavengers by forming carbonate radicals (CO₃⁻), 
which exhibit significantly lower redox potential.

Furthermore, natural organic matter (humic 
and fulvic acids) present in surface waters can 
absorb visible light, limiting photon availability 
for the photocatalyst, and also compete with ENR 
for adsorption sites (Gowland et al., 2021). The 
combined effects of light attenuation, ion inter-
ference, and radical quenching explain the lower 
performance observed in non-DI matrices. These 

findings are consistent with reports that photo-
catalytic processes exhibit maximum activity in 
low-ionic-strength media due to enhanced ROS 
lifetime and surface charge stability. Conversely, 
natural waters such as lakes, rivers, and rainwater 
exhibited lower degradation efficiencies (ranging 
from 47% to 61%), primarily due to the presence 
of inorganic ions (e.g., Cl-, SO₄2-, HCO3-) and dis-
solved organic carbon that compete with ENR for 
ROS and may quench photogenerated radicals 
(Fattahi et al., 2021). The result demonstrates that 
ionic strength and organic impurities are critical 
inhibitors in photocatalytic processes, confirm-
ing that DI water represents the ideal medium for 
maximizing catalyst performance.

Kinetic analysis

The adsorption kinetics of enrofloxacin onto 
the hydrochar@OCN composite were analyzed 
using several kinetic models, including pseudo-
first-order, pseudo-second-order, and intrapar-
ticle diffusion models. Among these, the pseu-
do-second-order model exhibited the best fit, as 
evidenced by the highest correlation coefficient 
(R² = 0.9897) and good agreement between the 
calculated and experimental adsorption capacities 
(Figure 13).

Figure 12. Effect of water matrix
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Figure 13. Pseudo-second order

Based on the pseudo-second-order model, the 
equilibrium adsorption capacity (qe) and the rate 
constant (k2) were determined to be 7.93 mg g-1 
and 0.086 g mg-1 min-1, respectively. The relative-
ly high k2 value suggests a rapid adsorption pro-
cess, which is beneficial for practical applications.

The excellent fitting of the pseudo-second-
order model implies that the adsorption process 
is mainly governed by chemisorption, involving 
strong interactions between enrofloxacin mol-
ecules and the active functional groups on the hy-
drochar@OCN surface. These interactions may 
include hydrogen bonding, π–π interactions, and 
electrostatic attraction mediated by oxygen-con-
taining functional groups on hydrochar@OCN. 

Statistic test (multiple regression)

A multivariable experimental design was em-
ployed to evaluate the effects of key operational 
factors on the degradation performance of enro-
floxacin. Four independent variables were se-
lected as fixed factors: composite dosage (X1), 
composite composition (X2), initial enrofloxacin 
concentration (X3), and solution pH (X4). Each 
factor was investigated at five predefined levels to 
systematically assess its individual and combined 
influences on the photocatalytic degradation effi-
ciency. The fixed-factor approach was chosen to 
ensure controlled and reproducible experimental 
conditions while enabling the evaluation of pa-
rameter sensitivity. This factorial design allowed 
for a comprehensive analysis of the relative im-
portance of each variable and facilitated the iden-
tification of optimal operational conditions for 
enrofloxacin degradation using the hydrochar@
OCN composite (Figure 14 and 15).

The analysis of variance (ANOVA) results 
indicate that all investigated factors, compos-
ite dosage (X1), composite composition (X2), 
enrofloxacin concentration (X3), and pH (X4), 
significantly affected the removal efficiency of 
enrofloxacin. This is evidenced by the high F-
values and p-values below 0.001 for all factors. 
Among them, pH (X4) exhibited the largest ad-
justed sum of squares (Adj SS = 6781.8) and the 
highest F-value (103.22), indicating that pH was 
the most dominant factor influencing the photo-
catalytic degradation performance. The strong 
influence of pH is associated with its role in 
controlling surface charge properties of the pho-
tocatalyst, ionization state of enrofloxacin, and 
the generation and stability of reactive oxygen 

species. Composite composition (X2) and enro-
floxacin concentration (X3) also showed substan-
tial contributions, with Adj SS values of 2110.7 
and 1788.4, respectively, suggesting that material 
formulation and pollutant loading significantly 
affect degradation efficiency. Meanwhile, com-
posite dosage (X1) contributed the least among 
the studied factors (Adj SS = 1181.9), although it 
remained statistically significant, indicating that 
increasing catalyst dosage enhances removal ef-
ficiency to a certain extent. Overall, the relatively 
low error mean square (16.43) demonstrates good 
experimental precision and confirms that the se-
lected factors adequately explain the observed 
variability in enrofloxacin removal efficiency

Enrofloxacin degradation pathway using 
hydrochar@OCN composite

The photocatalytic mechanism is an impor-
tant aspect in understanding the performance and 
effectiveness of a photocatalyst material in the 

Figure 14. ANOVA test data

Figure 15. ANOVA test result
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degradation process of organic compounds, includ-
ing the antibiotic enrofloxacin. Hydrochar@OCN 
composites are designed to optimize photocatalytic 
activity under visible light by combining the light-
absorbing properties of OCN with the adsorptive 
ability and electron conductivity of hydrochar.

Liquid chromatograph-mass spectrometry 
analysis

A liquid chromatography-mass spectrometry 
(LC-MS) test was conducted to identify the deg-
radation compounds and determine the changes 
in the molecular structure of enrofloxacin after 
the photocatalytic process using the coconut fi-
ber hydrochar@O-doped g-C₃N₄ composite. This 
analysis combines the ability of liquid chroma-
tography to separate compound components with 
highly sensitive mass detection from a mass spec-
trometer. Through the results of the chromato-
gram and mass spectrum obtained, differences 
in retention time values ​​and mass to charge ratio 

(m/z) between the initial compound ENR and the 
degradation products can be identified. This dif-
ference indicates the occurrence of a photodeg-
radation process that produces derivative com-
pounds with lower molecular mass, indicating the 
breaking of chemical bonds due to the photocata-
lytic activity of hydrochar@OCN under visible 
light irradiation. The results of the LC-MS test 
are presented in Figure 16.

Based on the results of the LC-MS test, the 
chromatogram in Figure 11a displays the spec-
trum of a standard enrofloxacin sample, featur-
ing a major peak at m/z 360 and a minor peak 
at around m/z 382. The dominant peak indicates 
the presence of the main ENR molecule that has 
not undergone degradation. In contrast, the mi-
nor peak can be interpreted as an ionization frag-
ment of the ENR structure that corresponds to 
the typical [M+H]+ ion of enrofloxacin. The enro-
floxacin degradation pathway generally involves 
three main mechanisms, namely: (i) substitution 

Figure 16. LCMS results analysis: (a) ENR before photodegradation, (b) ENR photodegradation at 30 minutes 
(sample A), (c) ENR photodegradation at 60 minutes

a)

b)

c)
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or loss of the piperazine group, (ii) cleavage and 
decarboxylation of the quinolone ring, and (iii) 
substitution or loss of fluorine atoms (Xu et al., 
2025a). The identified degradation products can 
be grouped into several transformation path-
ways. The first pathway involves an N-dealkyl-
ation reaction on the piperazine ring (Melent’ev 
& Kataev, 2015).

LC-MS analysis of sample A (Figure 16b) 
showed that enrofloxacin (ENR) experienced 
degradation, which was indicated by the ap-
pearance of several new chromatogram peaks at 
different retention times compared to the parent 
compound. In the total ion chromatogram (TIC), 
the dominant peak of enrofloxacin was detected 
at a retention time of 5.873 minutes with m/z 360 
and an area proportion of 82.75%, which is the 
typical molecular mass of ENR. LC-MS Analy-
sis of Sample B (Figure 16c), the peak at m/z 360 
still appeared but with a significantly decreased 
in: the peak at m/z 360 still appeared but with sig-
nificantly reducedtensity, clearly detected at RT 
5.89 minutes with an area proportion of 74.78%, 
indicating that most of the ENR molecules had 
undergone degradation. In addition, several new 
peaks appeared, indicating the enrofloxacin deg-
radation pathway at m/z 105, 127, 150, and 263, 
which were not found in the standard ENR sam-
ple, indicating the formation of derivative com-
pounds resulting from the cleavage of chemical 
bonds from the enrofloxacin structure, such as 
cleavage of the piperazine ring or loss of the car-
boxylate group.

Degradation pathway of enrofloxacin

The results of LC-MS analysis showed that 
the degradation process of enrofloxacin (m/z 
360) produced several intermediate compounds 
with the main m/z values ​​of 390, 302, 279, 274, 
249, 164, 157, 151, 114, and 110. Based on the 
differences in mass and structure of the frag-
ments formed, the degradation mechanism of 
enrofloxacin can be explained through four main 
pathways (degradation pathways) as shown in 
the following Figure 17.

Pathway 1 (Quinolone ring cleavage)

Active radicals attack the C–N and C–C bonds 
in the quinolone structure, producing products with 
m/z 279 (3,6-dihydroxy-7-(hydroxy(2-nitrosoeth-
yl) amino)-1-methylquinolin-4(1H)-one) and m/z 
151 (1-(2-aminophenyl) ethanone)) which then 

undergoes defluorination and decarboxylation 
to form a compound with m/z 151. This process 
decreases aromatic stability and accelerates frag-
mentation into oxidized benzoic acid derivatives. 
This stage is important because it marks the be-
ginning of the degradation of the fluoroquinolone 
core framework (Sun et al., 2024).

Pathway 2 (Advanced fragmentation and 
mineralization)

Compounds with a low m/z (274) were 
identified as advanced fragmentation products 
of aromatic structures undergoing oxidation 
and C–C bond cleavage. Some of these, such as 
4-aminophenol (m/z 110) and N-ethyl-N-meth-
yl-ethelaminium (m/z 100), are simpler com-
pounds and are easily further oxidized to CO₂ 
and H₂O (Pei et al., 2023). This indicates that 
the degradation process has reached the partial 
mineralization stage, indicating the success of 
the photocatalytic system in decomposing the 
complex structure of enrofloxacin.

Pathway 3 (F group substitution and 
decarboxylation)

The tightly bound fluorine at the C-6 posi-
tion is substituted by a hydroxyl group due to the 
electrophilic attack of the •OH radical, produc-
ing m/z 302 (7-fluoro-2-hydroxy-4-methyl-6-(4-
methylpiperazin-1-yl) naphthalen-1(4H)-one). 
This product then undergoes decarboxylation 
and dealkylation reactions on the piperazine side, 
forming compounds with m/z 338 and 250 (Wei 
et al., 2024). At m/z 164, deflorination and de-
carboxylation processes occur. The initial stage 
of enrofloxacin degradation involves the cleav-
age of the C–N bond in the piperazine ring and 
the loss of the carboxylic group (-COOH), pro-
ducing a simpler quinolinol derivative, namely 
6-fluoro-1,4-dihydroquinolin-4-ol. This process 
is usually caused by an oxidative reaction that oc-
curs due to hydroxyl radicals (•OH) produced in 
the photocatalysis process (Xu et al., 2025b).

The cleavage of the quinoline ring and the 
formation of a simple aromatic compound occur 
at m/z 151. The compound 6-fluoro-1,4-dihydro-
quinolin-4-ol undergoes heterocyclic ring open-
ing and removal of the fluoro group (F-). The 
result is 1-(2-aminophenyl) ethanone, which has 
a single benzene ring with amine and carbonyl 
groups. This indicates a process of reducing the 
complexity of the aromatic structure towards a 
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Figure 17. Degradation pathway of enrofloxacin

simpler molecule (Wang et al., 2025). At m/z 114, 
a partial deoxygenation and cyclization process 
occurs. From 1-(2-aminophenyl) ethanone, the 
C=O bond is broken, and cyclization produces 
a fluoroalkyl amine compound (m/z 114). This 
compound indicates further degradation of the 
aromatic nucleus towards an aliphatic structure, 
which is more easily oxidized further. This step 
also involves a partial reduction reaction at the 
carbonyl group and simplification of the carbon 
structure (Xu et al., 2025b).

Aromatization and hydroxylation processes 
occur at m/z 110, the fluoroalkyl amine com-
pound then undergoes a hydroxylation reaction to 
produce 4-aminophenol. This compound is one of 
the common products of the degradation of phe-
nolic derivatives of fluoroquinolone compounds. 

This process involves oxidation of the amine 
group and the formation of a hydroxyl group on 
the aromatic ring, which indicates increased hy-
drophilicity and facilitates further degradation 
(Xu et al., 2025b). At m/z 100, dimethylation, 
deamination, and carbon chain cleavage occur, 
which will then degrade to form CO2 and H2O. At 
this stage, the aromatic ring has completely de-
composed, leaving a short-chain amine fragment 
(N-ethyl-N-methylethelaminium).

CONCLUSIONS

This study successfully demonstrated the po-
tential of coconut husk-based hydrochar@OCN 
as an efficient photocatalyst for the degradation of 
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enrofloxacin under visible LED irradiation. En-
vironmental and operational parameters, includ-
ing the water matrix type, pH, catalyst dosage, 
composite composition, and initial ENR concen-
tration, significantly influenced degradation ef-
ficiency. Among all tested conditions, deionized 
water provided the most favorable environment 
for photocatalysis due to the absence of inter-
fering ions and organic matter. The composite 
containing 10% hydrochar in OCN achieved the 
highest photocatalytic activity, highlighting the 
synergistic effect between hydrochar’s adsorp-
tion capacity and O-doped g-C₃N₄’s photoactivity. 
Optimal degradation occurred at pH 7, where the 
balance between surface charge and pollutant ion-
ization promoted efficient reactive oxygen species 
generation and pollutant adsorption. Under the 
optimal conditions of 3 g/L catalyst dosage and 
3 mg/L initial ENR concentration, the composite 
achieved 94.20% and 94.93% removal efficien-
cies, respectively, within 60 minutes of illumina-
tion. These findings confirm that the hydrochar@
OCN composite effectively enhances visible-light 
photocatalysis while utilizing sustainable biomass 
waste as a precursor. Overall, this work demon-
strates a green and cost-effective approach for mit-
igating antibiotic pollution in water systems and 
provides valuable insights into how environmen-
tal factors govern photocatalytic efficiency. Future 
studies are recommended to explore catalyst reus-
ability, scalability, and performance under natural 
sunlight for real wastewater applications. 
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