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H I G H L I G H T S

• The study addresses degrading
norfloxacin, which poses
environmental and health risks.

• Development of highly efficient
MFC@ZnO hybrids for NOR
photocatalytic degradation.

• Assessment of NOR degradation
efficiency under different radiation
sources.

• The developed photocatalysts
exhibited NOR degradation efficiency
exceeding 99%.
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A B S T R A C T

Antibiotics from the fluoroquinolone class, such as norfloxacin (NOR), are emerging contaminants with signifi-
cant environmental and human health impacts. Their safe degradation from water remains a global challenge
due to their persistence, lack of biodegradability, and ability to induce resistant bacteria. To the best of our
knowledge, for the first time, this work reports the development of highly efficient photocatalytic degradation of
NOR using environmentally friendly microfibrillated cellulose@ZnO (MFC@ZnO) photocatalysts. Immobiliza-
tion of ZnO nanoparticles on MFC has played a crucial role in controlling the particle dimensions of ZnO, keeping
them around tens of nanometers. The impact of radiation (UV-A, UV-C, and simulated solar light) on NOR degra-
dation efficiency was investigated. Additionally, the effects of catalyst dosage (0.125–0.5 g L⁻1), NOR concentra-
tion (5–20 mg L⁻1), and degradation pH (pH = 5 to 10) were investigated. LC-MS was used to identify degrada-
tion intermediates. The results showed over 94% degradation in 40 min via UV–Vis and 90% in 10 min via HPLC,
and recyclability tests indicated MFC0.1@ZnO composites can maintain over 95% NOR degradation efficiency
after five consecutive 60-min cycles. The highest NOR degradation efficiency was achieved in a significantly re-
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duced time among metal oxide semiconductors (MOS)-based photocatalysts, thus opening new perspectives for
the development of eco-friendly photocatalysts, especially towards emerging pollutant degradation.

1. Introduction

Comprised water quality is one of the main issues of the 21st cen-
tury as it is estimated that 1.6 million annual deaths are related to cont-
aminated water consumption, corresponding to at least 3900 children
per day in developing countries (Martins et al., 2022). The presence of
emerging contaminants in environmental ecosystems has been one of
the main contamination problems due to environmental risk, adverse
effects on aquatic organisms, and plants, as well as contributing to bac-
terial genotoxicity (AL Falahi et al., 2022; Martins et al., 2022). There-
fore, new technologies and processes for the degradation of persistent
organic compounds must be developed.

Advanced oxidation processes (AOPs) based on heterogeneous pho-
tocatalysis have been recently recognized as a successful solution to the
degradation of persistent organic pollutants (Malekkiani et al., 2022;
Shen et al., 2022). TiO2, ZnO, Fe2O3, and CuO are some semiconductor
oxide materials traditionally used for that purpose (Bano et al., 2023),
among which ZnO nanoparticles have been widely adopted due to their
excellent photocatalytic properties (Yan et al., 2023a). ZnO, a n-type
semiconductor, exhibits high reactivity, photosensitivity, and the abil-
ity to generate oxidizing species such as hydroxyl and superoxide radi-
cals (El Golli et al., 2021). It is also chemically, thermally stable, and
non-toxic, demonstrating excellent environmental compatibility.

The immobilization of a semiconductor in a biopolymer offers ad-
vantages such as reduced costs, high adsorption capacity, high catalytic
activity, and great potential for reuse (Du et al., 2018). For example,
ZnO/ZnS immobilized in biochar degraded norfloxacin (NOR) by 95%
due to the synergy between adsorption and photocatalysis processes
(Liu et al., 2020). In another study, ZnO–Ti3C2TX (Z-T) was incorpo-
rated into polyacrylic acid/chitosan (PAA-CS) hydrogels to degrade
90% NOR (Chen et al., 2024). Despite the promising results, both stud-
ies demonstrated the need for considerable time to achieve high photo-
catalytic activity in degrading the target pollutant.

Cellulose, an abundant renewable resource, can be an alternative
material for immobilizing nanoparticles (Zhang et al., 2021; Qiu et al.,
2022). Their high surface area can provide a large substrate for the uni-
form nucleation and growth of nanoparticles (Das et al., 2022) and
their use as substrates for immobilizing nanoparticles. Different studies
have focused on the degradation of organic dyes such as methylene blue
(Dehghani et al., 2020), rhodamine B (Fu et al., 2017), and methyl or-
ange (Li et al., 2021b) using cellulose-ZnO composite materials. How-
ever, the antibiotic degradation from cellulose-ZnO composites is rela-
tively recent (Anirudhan and Deepa, 2017; Tavker and Sharma, 2018;
Xiao et al., 2018; Nahi et al., 2021; Yu et al., 2023).

To the best of our knowledge, the first study dates back to 2017,
when a ternary composite of zinc oxide-incorporated graphene oxide/
nanocellulose (ZnO-GO/NC) was used for the ciprofloxacin photocatal-
ysis, achieving 98% efficiency in 120 min (Anirudhan and Deepa,
2017). Due to the numerous reports of environmental contamination by
pharmaceuticals, new degradation technologies based on cellulose-ZnO
composites are an important advance in environmental research. Nor-
floxacin (NOR) is a contaminant resistant to oxidation and of wide-
spread prevalence in aquatic environments. It can be remediated using
advanced oxidation technologies (Ding et al., 2017; Yang et al., 2019).

In this study, for the first time, it is proposed to develop eco-friendly
photocatalysts comprising ZnO immobilized on MFC for NOR photocat-
alytic degradation. The photocatalysts were produced through a one-
step, low-temperature in situ hydrothermal growth process and other
stages of easy execution. The hydrothermal reaction was conducted in a
highly alkaline aqueous medium with a pH of 12, and photocatalytic
experiments were performed under different radiations, such as UV-A,

UV-C, and simulated solar light (SSL), for NOR degradation. The steps
involved in the NOR degradation were investigated in detail using scav-
enger assays for reactive species and liquid chromatography coupled
with mass spectrometry (LC-MS) measurements to elucidate the trans-
formation products (TP).

2. Experimental

2.1. Materials

Microfibrillated cellulose (MFC) from eucalyptus (Eucalyptus gran-
dis) was provided by Suzano S.A. (Brazil). Zinc chloride, ZnCl2 (≥98%),
and norfloxacin, C16H18N3FO3 (HPLC grade, ≥98%) were purchased
from Sigma Aldrich (Brazil), and l-ascorbic acid, C6H8O6 (99%), was
acquired from Sigma Aldrich (USA). Sodium hydroxide pellets, NaOH
(97%), and silver nitrate, AgNO3 (99%), were bought from Synth
(Brazil). Absolute ethanol, C2H6O, and ammonium oxalate hydrate,
C2H8O4N2.H2O, were obtained from Êxodo Científica (Brazil), and tert-
butanol, C4H10O, was purchased from Neon (Brazil). All reagents were
of analytical grade and were used without further purification.

2.2. Synthesis of MFC0.1–0.4@ZnO nanocomposites

MFC0.1–0.4@ZnO nanocomposites were obtained through the in
situ growth of ZnO nanostructures on microfibrillated cellulose (MFC).
As in typical procedures, 0.05 mol L⁻1 ZnCl2 aqueous solutions were
added dropwise with vigorous stirring to MFC suspensions (0.1, 0.2,
and 0.4 wt%). The pH of each mixture was controlled by a dropwise ad-
dition of a 0.5 mol L⁻1 NaOH solution under constant stirring until
reaching pH = 12. After pH adjustment, each mixture obtained was
transferred to individual autoclavable polypropylene screw-capped lab-
oratory bottles, and a hydrothermal treatment was applied at 110 °C for
4 h. The precipitate formed was centrifuged and repeatedly washed
with ethanol and distilled water until the pH was 7. The resulting
MFC0.1–0.4@ZnO nanocomposites were dried by freeze drying to pre-
serve the frozen structure. The samples were called MFC0.1–0.4@ZnO
to distinguish the effect of the concentration of the MFC suspension
used in the synthesis of the nanocomposite.

2.3. Characterization of MFC0.1–0.4@ZnO nanocomposites

The crystalline structure of MFC0.1–0.4@ZnO composites was de-
termined by X-ray diffraction (XRD) on a diffractometer (Rigaku Ultima
IV, Japan) with Cu-Kα monochromatic radiation (λ = 1.54056 Å). Dif-
fracted intensities were recorded over the 2θ range of 10–80° with a
step size of 0.02° and an exposure time of 3 s per step. The morphologi-
cal analysis was conducted using a field emission scanning electron mi-
croscope (FESEM, SUPRA™35, Carl Zeiss, Germany) operating at 5 kV
and a transmission electron microscope (TEM, FEI TECNAI G2 F20,
USA) operating at 200 kV. The chemical composition of MFC and
nanocomposites was investigated by Fourier-transform infrared spec-
troscopy (FTIR, Bruker VERTEX 70v, USA), and KBr pellets were pre-
pared at a 1:100 sample/KBr mass ratio for FTIR analysis. FTIR spectra
were collected in transmission mode over a 400 to 4000 cm−1 range
with a 2 cm−1 spectral resolution averaging 64 scans. The data process-
ing step normalized the original transmittance (%) results. Optical
properties were studied by UV–Vis Diffuse Reflectance Spectroscopy
(UV–Vis DRS) on a UV–Vis spectrophotometer (Shimadzu UV-2600i,
Japan) equipped with an integrating sphere (BaSO4 as a reference) over
a 220–800 nm range. A specific surface area (SSA) analysis determined
N2 adsorption-desorption isotherms at 77 K in a Micromeritics ASAP
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2020 analyzer (USA). Before the analysis, the samples were degassed
under a vacuum at 70 °C for 24 h to remove moisture. SSA was deter-
mined by the multipoint Brunauer-Emmett-Teller (BET) method at a 0
to 1.0 relative pressure (P/P0). Elemental composition and chemical
state of the samples were confirmed by X-ray photoelectron spec-
troscopy (XPS, Scienta-Omicron ESCA+) with an Al Kα monochromatic
X-ray source (hν = 1486.6 eV). XPS spectra were processed by
CasaXPS software and calibrated for adventitious carbon energy
(284.8 eV).

2.4. Photocatalytic experiments

2.4.1. NOR photodegradation
The NOR photocatalytic degradation was investigated under differ-

ent radiations, namely, UV-A light (six lamps of 15W F15T8/BL black-
light lamp, Sylvania, Germany), UV-C light (six lamps of 15 W PU-
RITEC HNS Germicidal lamp, OSRAM, Germany), and simulated solar
light (one lamp of Ultra Vitalux 300 W, OSRAM, Germany). The emis-
sion spectra of each lamp used are shown in Fig. S1. These spectra were
obtained using an SPR-01 spectroradiometer (Luzchem), which deter-
mined the maximum excitation wavelength of the samples. Typically,
12.5 mg of MFC0.1–0.4@ZnO photocatalysts were dispersed in NOR
aqueous solutions (50 mL, 5 mg L−1), and the suspensions were vigor-
ously stirred for 60 min in the dark towards adsorption-desorption
equilibrium between the photocatalyst and the pollutant. After irradia-
tion, a 1.5 mL aliquot was sampled every 10 min, and the supernatant
was collected by centrifugation and filtered in a syringe filter compris-
ing PVDF membrane (0.22 μm pore size and 25 mm diameter). NOR
photodegradation efficiency was initially monitored by a change in
maximum absorbance at λ = 273 nm in a UV–Vis spectrophotometer
(Kasuaki IL-593). The effects of catalyst dosage (0.125, 0.25, and
0.5 g L−1), NOR concentration (5, 10, and 20 mg L−1), and solution pH
(5, 7.6, and 10) were also investigated. The pH adjustment was per-
formed using 0.1 mol L−1 HCl and 0.05 mol L−1 NaOH solutions.

The analytical curve for NOR concentration analysis was con-
structed in the 0.5–6.5 mg L−1 range. A high-performance liquid chro-
matography with a UV-DAD detector (Shimadzu Prominence HPLC
model LC-20AT) and a C18 column (Phenomenex®, 150 mm length;
4.6 mm diameter; 5 μm particle size) was used for separation. In iso-
cratic elution mode, the mobile phase consisted of 0.1% (v·v−1) formic
acid and acetonitrile at a 70:30 ratio. Injection volume, UV detection
wavelength, and column conditioning temperature were 25 μL,
273 nm, and 23 °C, respectively.

Additionally, aliquots collected from the photocatalytic experiments
were analyzed by liquid chromatography coupled with mass spectrome-
try (LC-MS, LC/MS-8030 triple quadrupole, Shimadzu Co., Japan) to
determine the transformation products of norfloxacin. The analysis was
conducted on a Shim-pack ODS II column (3 mm i.d. × 100 mm,
2.2 μm) at 26 °C. The mobile phase consisted of water (A) and acetoni-
trile (B), both containing 0.1% formic acid. Elution was carried out at a
flow rate of 0.8 mL min−1 following a gradient program: 0–5 min:
10–37% (B); 5–8 min: 37–100% (B); and 8–10 min: 100–10% (B). The
electrospray interface (ESI) operated in positive ionization mode at
400 °C and 4.5 kV. Full-scan spectra were acquired in a positive ion
mode over an m/z range from 100 to 500. Nitrogen served as both the
nebulizer and desolvation gas, with flow rates of 3 and 15 L min−1, re-
spectively.

Tert-butanol (t-BuOH), ammonium oxalate (AO), ascorbic acid
(AA), and silver nitrate (AgNO3) were used as scavengers of HO•, h+,
O2

•–, and e–, respectively (Lima et al., 2021).

2.4.2. Recyclability studies
Recyclability experiments were conducted for the MFC0.1@ZnO

sample. Five consecutive cycles were performed under simulated solar
light and constant photocatalysis conditions. After each cycle, the cata-

lyst was recovered through centrifugation, successively washed in
ethanol and distilled water for elution of residual impurities, and then
lyophilized.

A high-resolution molecular absorption spectrometer (HR-CS MAS
ContrAA 300 model, Analytik Jena, Jena, Germany) was utilized for the
quantification of Zn2⁺ in lixiviate samples post-photocatalysis (2 h). The
limit of detection (LOD) was determined to be 1.6 mg L⁻1, while the
limit of quantification (LOQ) was 5.3 mg L⁻1. The calibration curve
showed a linear adjustment coefficient (R2) of 0.961. Moreover, Zn2⁺
was monitored at a wavelength of 213 nm, with a linear range estab-
lished between 1 and 7 mg L⁻1, based on previous Zn2⁺ concentration
analyses in the samples.

2.4.3. Phytotoxicity methodology
A phytotoxicity assay using Cucumis sativus seeds was conducted on

samples before and after the degradation assays. The analysis was per-
formed in triplicate across four groups: control (double-distilled water),
NOR solution, photolysis, and photocatalysis (MFC0.1@ZnO). Initially,
the seeds were washed with a 4% (v·v⁻1) sodium hypochlorite solution
and dried at room temperature. For each experimental group, 10 seeds
were placed in Petri dishes lined with filter paper (90 mm × 80 g/m2).
Five milliliters of the respective contaminant or control solutions were
then added to the filter paper. The Petri dishes were incubated in the
dark at 25 ± 2 °C for 5 days. The germination index (GI) and relative
root growth rate (RGI) of C. sativus were calculated using the following
equations:

Eq. 01

Eq. 02

where RLS and RLC represent the relative length of the roots (RLS) of
the groups and the control (RLC), respectively. In addition, the germi-
nation index (GI) is calculated as the ratio of the number of germinated
seeds in the treated samples (NGS) to the number of germinated seeds
in the control (NGC). The data was presented based on the mean and
standard deviation of the triplicate values obtained.

3. Results and discussion

3.1. XRD analysis

The XRD results of MFC0.1–0.4@ZnO nanocomposites are shown in
Fig. 1a. The peaks centered at 16.4° and 22.5° are characteristic of type
I cellulose (Yan et al., 2023b) and were identified in all nanocompos-
ites. The peaks identified in 2θ = 31.6°, 34.3°, 36.2°, 47.4°, 56.5°,
62.8°, 67.8°, and 69.0° were indexed to the crystallographic planes
(100), (002), (101), (102), (110), (103), (112), and (201) of the hexago-
nal wurtzite crystal structure of ZnO (JCPDS no. 36–1451), respectively
(Pinheiro et al., 2020; Li et al., 2023; Shi et al., 2023). This result high-
lights the successful in situ immobilization of ZnO NPs on MFC during
hydrothermal growth. A dominant peak at 36.2° was observed in the
XRD patterns of the composites. As the MFC concentration increased in
the composites, the cellulose diffraction peaks became more prominent
in the diffractograms. Interestingly, the non-polar (100) and polar
(002) planes maintained similar intensities regardless of the MFC con-
centration used in the composite synthesis (Silva et al., 2023). The in-
tensity ratio between those planes may indicate facet exposure (Jing et
al., 2022), and a high I(002)/I(100) ratio suggests preferential growth
along the polar c-axis (Singh et al., 2019; Li et al., 2022). Conversely, a
ratio close to unity suggests isotropic growth, i.e., no preferential direc-
tion of ZnO NP growth on the MFC surface. The absence of secondary
peaks results in the formation of high-purity MFC0.1–0.4@ZnO com-
posites, and the diffraction peaks relative to ZnO in the composites are
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Fig. 1. (a) XRD patterns; (b) FTIR spectra; (c) estimation of the band gap by Tauc plot; and (d) BET surface area of MFC and MFC0.1–0.4@ZnO nanocomposites.

relatively broad, indicating a homogeneous distribution of ZnO crystals
in the cellulose matrix, which inhibits crystallite growth.

3.2. FTIR characterization

The chemical structure of MFC0.1–0.4@ZnO nanocomposites was
analyzed by FTIR spectroscopy, and the normalized spectra are shown
in Fig. 1b. Bands centered at 2896, 1640, 1430, 1026 and 896 cm−1, as-
sociated with vibrations of aliphatic C–H groups, stretching of C O
groups, CH2 bending, C–O vibration and β-glycosidic bonds between
glucose units in cellulose and general structure, respectively (Tan et al.,
2018; Chen et al., 2023; Vasistha et al., 2023) were observed in both
MFC and nanocomposites. Compared to MFC, new bands in the 400 to
600 cm−1 range were identified in the nanocomposites, with bands at
422 and 579 cm−1 attributed to the stretching of Zn–O single bonds (Li
et al., 2023). The shift to lower wavenumbers of MFC hydroxyl group
vibrations in the composites suggests a strong hydrogen bonding inter-
action with ZnO (Li et al., 2021a). The positions of the hydroxyl groups
in MFC, MC0.1@ZnO, MFC0.2@ZnO, and MFC0.4@ZnO were found to
be 3408, 3377, 3350, and 3292 cm−1, respectively. Additionally, the re-
duction in the intensity of oxo-functional bands indicates the hydroxyl
groups are occupied with ZnO (Ko et al., 2014).

3.3. Optical properties: UV–Vis diffuse absorption spectroscopy

The optical properties of composites were measured by UV–Vis DRS,
and the results are shown in Fig. 1c. The band gap energy (Eg) was de-
termined from the absorption spectrum by the Tauc equation:

(αhν)2 = A(hν – Eg) Eq. 03

where α represents the absorption coefficient, A is a constant, and hν
denotes photon energy. The Eg value was determined by extrapolating
the linear portion of the curves from the graph of (αhν)2 versus hν. The
Eg = 3.29 eV remained unchanged as the concentration of MFC sus-
pension increased in the composite formulation (Fig. 1c). Although Eg
depends on various factors such as chemical composition, crystal struc-
ture, crystallinity, particle size, and morphology (Arakha et al., 2017;
Agarwal et al., 2019), the uniform distribution of ZnO nanogranules in
the cellulose matrix did not significantly affect them.

3.4. Brunauer-Emmett-Teller (BET) surface area analysis

The N2 adsorption-desorption isotherms of MFC0.1–0.4@ZnO com-
posites exhibited a type IV pattern, accompanied by an H3 hysteresis
loop due to the capillary condensation (Mohamed et al., 2016), thus in-
dicating the presence of material with mesoporous characteristics
(Zhao et al., 2022) (Fig. 1d). The specific surface areas (SSA) of MFC
and MFC0.1@ZnO, MFC0.2@ZnO, and MFC0.4@ZnO composites cal-
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culated by the Brunauer-Emmett-Teller (BET) multipoint method were
13, 55, 52, and 50 m2/g, respectively. The SSA of the composite materi-
als was not significantly altered, possibly due to the extremely reduced
particle size resulting from the immobilization of ZnO NPs on cellulose
fibers. As illustrated in the FE-SEM images, no statistical difference in
the average particle size was observed.

Regarding MFC, the increase in SSA observed in the composites can
be attributed to the loading of ZnO (Yan et al., 2023b). This phenome-
non arises due to the affinity of ZnO, an amphoteric substance, for es-
tablishing stronger hydrogen bonds with cellulose molecules compared
to hydrated NaOH (Kamal Mohamed et al., 2015). During hydrother-
mal growth under high alkaline conditions, zincate growth units,
Zn(OH)4

2−, can establish new hydrogen bonds with cellulose, thus
breaking intermolecular hydrogen bonds between cellulose chains.
These additional hydrogen bonds facilitate the dispersion of microfib-
rillated cellulose and a more efficient separation, thereby increasing the
effective surface area. The increased steric hindrance caused by the in-
troduction of Zn(OH)4

2− keeps the cellulose chains further apart, mini-
mizing the aggregation of microfibrillated cellulose. This leads to a
more uniform distribution in the composite, contributing to the in-
crease in the specific surface area. According to Dehghani et al. (2020),
the photocatalytic reaction between the catalyst and organic com-
pounds occurs mainly on the catalyst surface (Dehghani et al., 2020).
Therefore, a high surface area of the catalyst tends to enhance the pho-
tocatalytic performance.

3.5. Morphology analysis

Fig. 2 displays the microstructures of MFC0.1–0.4@ZnO nanocom-
posites. With a lower mass ratio of MFC suspension, 0.1% wt, microfib-
rillated cellulose was coated with ZnO nanogranules measuring tens of
nanometers (Fig. 2a). Increasing the concentration of MFC suspension
to 0.2% wt resulted in a higher quantity of MFC in the composite, yet
the shape of the immobilized ZnO NPs within the MFC network re-

mained unchanged (Fig. 2b). Upon increasing to a 0.4% wt MFC for-
mulation, the three-dimensional structure of the cellulose fibril net-
work was observed, and ZnO NPs were anchored and grown in situ on
the surface and in the spaces between MFC (Fig. 2c). Bright-field (BF)
TEM images of the nanocomposites were used to measure their size
(Fig. 2d–f). The distribution of the average size of ZnO NPs remained
constant for the different concentrations of MFC suspensions investi-
gated. The distribution and average size of the particles ranged from
20 to 50 nm, with an average diameter of 40 nm. This narrow distribu-
tion highlighted the fundamental role of MFC as a support for the uni-
form and dispersed growth of ZnO NPs on the microfibrils in the evalu-
ated composites.

The three-dimensional structure of MFC and the hydrogen bonding
with ZnO NPs promoted a favorable environment for the uniform
growth of ZnO. The porous organization of MFC acted as a support for
the growth of ZnO particles, wherein the cellulose fibrils provided ac-
tive sites for nucleation. In turn, the hydrogen bonds provided stability
and adhesion at the interface between the materials, ensuring firm an-
choring and uniform growth of ZnO NPs on the MFC surface. Further-
more, the three-dimensional structure of the MFC network limited the
growth of ZnO particles by controlling the nucleation kinetics and
growth process (Hoogendoorn et al., 2022). The presence of the organic
matrix reduces the interfacial energy, resulting in a lower barrier to nu-
cleation (Montero-Muñoz et al., 2018), thus favoring efficient nucle-
ation, enabling controlled particle growth, and obtaining smaller sizes
compared to conditions with higher interfacial energy (Resende Leite et
al., 2024). Cellulose fibers can efficiently complex Zn2+ ions and uni-
formly disperse ZnO NPs due to the synergistic effect of electrostatic ad-
sorption and steric hindrance (Yan et al., 2023b). As a result of isotropic
growth, ZnO nanogranules were obtained.

Fig. 2. Morphological characterization of nanocomposites. FEG-SEM images of (a) MFC0.1@ZnO, (b) MFC0.2@ZnO, and (c) MFC0.4@ZnO, respectively. Figures (d)–
(f) present the corresponding BF TEM images.
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3.6. Mechanism of ZnO NPs formation on MFC matrix

The formation of ZnO nanogranules on the microfibrillated cellulose
(MFC) network involves the following steps:

ZnCl2(aq) → Zn2+ + 2 Cl– R1
MFC + Zn2+ → MFC … Zn2+ R2
MFC … Zn2+ + 2 OH− → MFC … Zn(OH)2 R3
MFC … Zn(OH)2 + 2 OH− → MFC … Zn(OH)4

2− R4

MFC … Zn(OH)4
2–– → MFC@ZnO + H2O + 2 OH− R5

Initially, ZnCl2 was dissolved in distilled water to produce Zn2+

ions. Due to the dropwise addition of the zinc precursor solution to
MFC, Zn2+ ions were absorbed by the surface of the cellulose fibers and
pre-nucleation was initiated by establishing electrostatic interaction be-
tween oxygen atoms of hydroxyl and Zn2+ (Janpetch et al., 2016; Li et
al., 2019). After adding the OH⁻ ion, a white precipitate of Zn(OH)₂
formed, effectively binding to the cellulosic substrate (Song et al.,
2024). Upon the NaOH addition to the reaction medium, the high alka-
linity resulted in an excess of OH− ions, which bound to the zinc ions to
form primary growth units, Zn(OH)4

2− (Supramaniam et al., 2021). The
porous structure of the cellulose matrix played a crucial role in hinder-
ing the diffusion of the precursor [Zn(OH)4

2−], enabling more precise

control over the growth of ZnO NPs (Fu et al., 2017). Such diffusion
hindrance contributed to the formation of a controlled morphology and
positively influenced the properties of the composite, as discussed in
Section 3.8. During the hydrothermal reaction, the growth units an-
chored to the surface of the microfibrillated cellulose were subse-
quently dehydrated to form ZnO NPs.

3.7. XPS analysis

The elemental composition and chemical state of the samples were
systematically analyzed using XPS. Fig. 3(a–c) present the survey spec-
tra of the MFC0.1–0.4@ZnO composites, revealing an elemental com-
position that includes zinc (Zn), carbon (C), and oxygen (O), with no
detectable impurities within the limits of the technique. The high-
resolution Zn 2p spectra revealed a doublet, with binding energies
ranging from 1021.1 to 1021.8 eV for Zn 2p3/2 and from 1044.2 to
1044.8 eV for Zn 2p1/2 (Fig. 3d–f), consistent with photoelectron emis-
sion from these levels (Li et al., 2021b). Although a slight shift in the Zn
2p components was observed among the composites, the energy differ-
ence between the doublets, resulting from spin-orbit coupling, was
23.1 eV, indicating that Zn ions are in the +2 oxidation state. Notably,
the immobilization of ZnO nanoparticles on MFC does not alter the oxi-
dation state of ZnO.

Fig. 3. XPS spectra of MFC0.1–0.4@ZnO composites: (a, b, c) survey, (d, e, f) Zn 2p, and (g, h, i) O 1s.
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The high-resolution XPS spectra for O 1s, presented in Fig. 3(g–i),
were deconvoluted into three distinct components. The binding ener-
gies at 529.8–530.3 eV correspond to lattice oxygen (Li et al., 2021b),
while the ranges of 531.1–531.5 eV and 532.4–532.7 eV are attributed
to hydroxyl (OH) groups (Zhou et al., 2019; Zhang et al., 2021) and ad-
sorbed water molecules on the photocatalyst surface, respectively. As
the concentration of MFC suspension in the composites increased, a
slight increase in the concentration of OH groups and a decrease in lat-
tice oxygen were observed. This relationship can be identified from the
relative ratio between the integration areas of OH/OL. The relative ra-
tios between those peaks for MFC0.1@ZnO, MFC0.2@ZnO, and
MFC0.4@ZnO were 0.56, 0.58, and 0.61, respectively. Additionally, a
shift of the O 1s spectrum components to lower energy was observed
with the increase in MFC concentration, which can be attributed to the
interaction between the oxo-functional groups present in the cellulose
fibrils and the oxygen ions in the ZnO structure. As the MFC concentra-
tion increases, more oxo-functional groups are available on the surface
of the cellulose fibrils to interact with the oxygen ions in ZnO. The oxo-
functional groups can donate electrons to the oxygen ions in the ZnO
structure or establish hydrogen bonds with them, resulting in a redistri-
bution of the charge density and, hence, a shift of the O 1s spectrum
components to lower energies.

3.8. Photocatalytic activity

Fig. 4(a–c) shows the photocatalytic activity of MFC0.1–0.4@ZnO
composites for NOR degradation under different radiations (UV-A,
UV-C, and SSL). The NOR removal in the dark is attributed to the ad-
sorption on the photocatalyst surface at 20 min. After adsorption-
desorption equilibrium for 20 min, the NOR adsorption for
MFC0.1@ZnO, MFC0.2@ZnO, and MFC0.4@ZnO samples was
25.44 ± 0.02%, 22.60 ± 0.03%, and 24.16 ± 0.05%, respectively
(Fig. 4a, b, and c). The NOR adsorption capacity of the photocatalysts
did not vary significantly with increasing MFC concentrations in the
composite formulations due to the saturation tendency of the avail-
able interaction sites. Since the specific surface areas of the compos-
ites are similar, the availability of active sites for the adsorption
process remains constant.

The photocatalytic degradation of NOR using a UV-A lamp (Fig. 4a),
UV-C lamp (Fig. 4b), or solar simulator (Fig. 4c) as a light source
showed a degradation <25% by photolysis in 60 min. However, the
composites applied as a photocatalyst for NOR degradation were very
efficient under any of the three radiation sources, achieving >99%
NOR degradation in 60 min. These results confirm that the composites
are effective photocatalysts for absorbing and converting broad-

Fig. 4. Photocatalytic experiments with NOR using MFC0.1–0.4@ZnO nanocomposites under different radiations: (a) UV-A light, (b) UV-C light, and (c) simulated
solar light (CO = 5 mg L−1 NOR, photocatalytic dosage = 0.25 g L−1, pH = 7.6, and 25 °C) (d) effect of MFC0.1@ZnO dosage, e). NOR concentration, and f) pH on
degradation under simulated solar light.
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spectrum light energy into processes capable of degrading NOR. Experi-
ments monitored by UV–Vis for MFC0.1@ZnO photocatalyst indicated
significant NOR degradation in the first 10 min (Fig. S2), during which
the efficiency was higher under simulated sunlight (56.3%), followed
by UV-C (51.3%) and UV-A (47.1%). This is because SSL has high-
intensity emission and irradiance in the UV-A region, which allows for
the photo-activation of the MFC0.1@ZnO photocatalyst
(Eg = 3.29 eV). A similar behavior was observed for the other synthe-
sized photocatalysts. However, the characteristic molecular absorption
of NOR within the 250–300 nm wavelength range is attributed to η →
σ* transitions, originating from saturated C–N bonds, as well as to π →
π* and η → π* transitions of chromophores groups, C C, and aromatic
bonds within the quinolone ring (Son et al., 1998). During photocataly-
sis, the TP formation with chromophore groups similar to those of the
target molecule likely generated absorption at the monitored wave-
length (273 nm), interfering with the monitoring.

Therefore, the HPLC analyses were performed, and the results also
revealed higher degradation efficiency at shorter times (Fig. S2).
UV–Vis spectrophotometry is not a good analytical option when the for-
mation of transformation products is expected. This is because spectral
bands can overlap in the molecular absorption spectrum obtained after
each degradation time. However, the HPLC analysis is highly-sensitive
and capable of detecting and quantifying different components, provid-
ing a more accurate analysis of the actual NOR concentration and its
transformation products (TP) during the photocatalytic reaction. Chro-
matography is an important technique for separating components,
eliminating the problems of spectral interference characteristic of spec-
trophotometric analyses. Therefore, HPLC can distinguish between the
absorption of the target substance (NOR) and possible interferents or
TP, ensuring reliable results. Regarding HPLC analysis, the diode array
ultraviolet detector (UV-DAD) and the chromatographic conditions en-
abled an NOR effective separation. Consequently, the target molecule
could be quantified with no interference from other detected intermedi-
ates. Thus, the discrepancy in degradation values monitored by HPLC
and UV–Vis can be attributed to the differences in sensitivity between
the two techniques mentioned. Despite the limitations presented,
UV–Vis remains the predominant technique for evaluating drug degra-
dation (Kar et al., 2023; Zhao et al., 2023), possibly due to its cost and
greater accessibility. The pseudo-first-order kinetic was calculated by
Eqs. (4) and (5) from the spectrophotometric and chromatographic data
(Fig. S2).

dC/dt = −kC Eq. 04

−ln(Ct/C0) = kt Eq. 05

where C0, Ct, k, and t denote concentration after adsorption-desorption
equilibrium, concentration of NOR at a given time, reaction rate con-
stant, and irradiation time, respectively.

The k values obtained from the spectrophotometric analyses were
up to 67% lower than the values obtained from the chromatographic
analyses, showing the need for extra care when using spectrophotomet-
ric techniques. Whereas chromatographic data is considered more ap-
propriate, the k and R2 values calculated after photocatalysis with
MFC0.1@ZnO were k = 0.131 min−1 and R2 = 0.994 for UV-A,
k = 0.151 min−1 and R2 = 0.978 for UV-C, and k = 0.213 min−1 and
R2 = 0.999 for SSL light (Fig. S2).

As the kinetic studies achieved the highest k value for the
MFC0.1@ZnO catalyst, this was chosen to investigate the influence of
NOR concentration, pH, and catalyst dose. The NOR adsorption in
60 min showed a decrease as the concentration increased from 5 to
20 mg L−1 (Fig. 4d). This behavior is due to the adsorption sites satura-
tion at higher concentrations, which can impair the photocatalytic ac-
tivity of the catalyst. The different doses applied (0.125, 0.25, or
0.5 g L−1) fixing the NOR concentration (5 mg L−1) showed no signifi-
cant difference in NOR adsorption capacity (Fig. 4e). However, as the

average adsorption for the 0.25 g L−1 dose showed the highest value,
this was considered for the conditions of the experiment. The influence
of pH on NOR adsorption was significant for the values investigated:
pH = 5, 7.6, or 10 (Fig. 4f). The NOR has an acidic pKa = 6.34 and a
basic pKa = 8.75 and is protonated at pH < 6.34, deprotonated at
pH > 8.75, and neutral between these values (Chen et al., 2021). The
adsorption of 23% at pH = 7.6 was much higher than the values of 4 or
6% obtained at pH = 5 or pH = 10, respectively. These results confirm
that the interaction between the neutral form of NOR and the catalyst is
effective in the application stage, which may favor photocatalytic
degradation due to the greater proximity of the contaminant to the pho-
tocatalysts.

The photocatalysis results under SSL for different concentrations of
NOR, dosages of MFC0.1@ZnO, and pH conditions are presented in Fig.
4g, h, and i, respectively. Since photocatalysis occurs on the surface of
the photocatalyst, the condition with the highest adsorption was chosen
to determine the optimal catalyst dosage, which was established at
0.25 g L⁻1. At this stage, photolysis under SSL contributed less to the
degradation of NOR (Fig. 4h), whereas the MFC0.1@ZnO photocatalyst
achieved NOR degradation >90% for the 5 or 10 mg L−1 concentration
at all the catalyst doses applied and at all the pH values investigated, as
shown in Fig. 4g and i. The pH of effluents containing trace amounts of
antibiotics in wastewater typically ranges from neutral to slightly alka-
line, in accordance with industrial and hospital effluent disposal guide-
lines (Manasa et al., 2021), which justifies the choice of degradation at
a pH around 8. Additionally, this pH is achieved by dispersing the cata-
lyst in the solution containing NOR, eliminating the need for further pH
adjustment and making the photocatalytic process more practical (Leite
et al., 2024). This high performance of the photocatalyst in degrading
NOR under different application conditions reinforces that this material
has great potential for treating effluents containing this molecule with-
out many adjustments to the physical-chemical conditions before appli-
cation. It is therefore possible to work with high or low concentrations,
doses, or pH.

The photocatalysts developed in this study were compared with
other materials from the literature (Table 1). A literature review re-
vealed a lack of studies applying photocatalysts comprising semicon-
ductor materials immobilized on carbon substrates and polymeric ma-
terials. The synthesis of ZnO nanostructures on microfibrillated cellu-
lose proved advantageous in producing highly effective, eco-friendly
photocatalysts for NOR degradation, demonstrating superior perfor-
mance compared to the investigated materials.

3.9. Radical-trapping experiments by different scavengers

Free radical elimination experiments determined the most impor-
tant reactive species in the NOR photocatalytic degradation process
(Fig. 5a). The AA addition decreased the NOR degradation efficiency,
significantly reducing activity from 98.4% to 54.2%. The t-BuOH addi-
tion also highlighted the importance of HO• in the photocatalytic
process, with a 33.9% decrease in photocatalytic performance. How-
ever, the NOR photodegradation efficacy was slightly reduced with the
AgNO3 addition, suggesting electrons have a limited influence on the
overall photocatalytic process. The scavenger results suggest a lower re-
combination of the electron-hole pair, indicating that e− and h+ have a
slight effect on the reaction (Leite et al., 2024). The photocatalysis reac-
tion for NOR degradation with MFC0.1@ZnO as the photocatalyst may
be primarily influenced by the following species, listed in decreasing or-
der of importance: O2

•− > HO• > h+ > e−.

3.10. Reaction mechanism

The energy band edge positions of photocatalytic materials are cru-
cial for the generation of reactive oxygen species (ROS) (Wang et al.,
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Table 1
Photocatalytic performance of semiconductor oxide photocatalysts immobilized on carbon substrates for NOR degradation.

Materials Light intensity [NOR]0 Dosage Degradation
efficiency

Time
(min)

k·10−2

(min−1)
Ref.

ZnSe@rGO 100 mW cm−2, simulated solar
light

10 mg/L 1.0 mg/mL 83.5 %, pH = 7 40 5.7 Ghosh et al. (2023)

ZnS@rGO 300 W Hg vapor lamp,
simulated solar light

20 mg/L 1.0 mg/mL 92 %, pH = 7 240 2.20 Bai et al. (2017)

Graphene/TiO2-0.86% 300 W xenon lamp, simulated
solar light

20 mg/L 1.0 mg/mL 86.2 %, pH = n/a 120 7.78 Li et al. (2013)

N–TiO2/graphene 250 W mercury lamp, UV-A
lamp

30 mg/L n/a 50.0 %, pH = n/a 160 0.52 Zhao et al. (2020)

ZnO:Ti3C2TX = 1:1@ chitosan/polyacrylic 300 W xenon lamp, simulated
solar light

20 mg/L 2.0 mg/mL 90 %, pH = 7 240 1.2 Chen et al. (2024)

CuO@Chitosan Sun light 25 mg/L 0.8 mg/mL 71.9 %, pH = n/a 60 0.13 Ganeshbabu et al.
(2023)

ZnO/ZnS@biochar UV lamp 25 mg/L 0.5 mg/mL 55 %, pH = 7 180 2.12 Liu et al. (2020)
Biochar/A/R–TiO2(550) 300 W xenon lamp, simulated

solar light
50 mg/L 0.40 mg/mL 82.2 %, pH = n/a 120 1.44 An et al. (2023)

Carbon microspheres/BiOCl 500 W xenon lamp, simulated
solar light

10 mg/L 0.50 mg/mL 36.0 %, pH = n/a 60 n/a Zhao et al. (2022)

CoFe2O4@TiO2@molecularly imprinted polymers 10 W UV-C lamp, 2 mg/L 0.40 mg/mL 84.2 %, pH = 7 150 7.5 Fang et al. (2023)
10% Ag–TiO2/poly (vinylidene fluoride-co-

hexafluoropropylene)
8 W UV-A lamp 5 mg/L n/a 64.2 %, pH = n/a 90 1.1 Salazar et al. (2020)

20% Au–TiO2/PVDF-HFP 8 W UV-A lamp 5 mg/L n/a 72.0 %, pH = n/a 120 1.1 Martins et al.
(2022)

MFC0.1@ZnO 300 W lamp, simulated solar
light

5 mg/L 0.25 mg/mL 94,3 %, pH = 7.6 40 7.14 This work

2024). The valence band (VB) and conduction band (CB) edge positions
of MFC0.1@ZnO can be estimated using the following equations:

EVB = χ – Ee + 0.5Eg Eq. 06

ECB = EVB − Eg Eq. 07

where Ee is the free electron energy based on the standard hydrogen
electrode potential (Ee = 4.5 eV), Eg is the band gap energy estimated
by the Tauc plot, and χ is the absolute electronegativity of ZnO
(χZnO = 5.79 eV) (Ayu et al., 2023). The CB and VB edges of this photo-
catalyst were found to be −0.36 eV and 2.94 eV, respectively.

The NOR photocatalytic degradation can be understood in three dis-
tinct stages. In the first, the NOR adsorption occurs on the ZnO NPs im-
mobilized on microfibrillated cellulose. The high surface area displayed
by MFC0.1–0.4@ZnO composite materials enable the adsorption of
many NOR molecules, thus accelerating the degradation process.

The second stage involves photoexcited electrons and hole genera-
tion. When semiconductors are excited by photons with energy equal to
or greater than their band gap, photoexcited electrons (e−) and holes
(h+) are generated. Electrons at the VB position can migrate towards
the CB positions of the catalysts, resulting in h+ formation in the VB,
which can directly oxidize NOR (Gao et al., 2023).

Due to the reduced size of the particles, both photoelectrons and
holes show a higher probability of remaining confined to the particle
surface, reducing electron-hole pair recombination (Kumar et al.,
2019). Due to the shortening of the diffusion path of charge carriers to
the material's surface, nanosizing hinders recombination (Xiao et al.,
2020). Since MFC0.1@ZnO exhibited high efficiency even after cycling,
it is suggested that recombination was minimized in this case.

The third stage is ROS formation, such as HO• and O2
•−. The VB en-

ergy level of MFC0.1@ZnO (EVB = 2.94 eV) is higher than the HO− re-
dox potential (+2.33 eV vs. NHE), facilitating HO• formation, while the
CB energy level is lower than the O2/O2

•− redox potential (−0.33 eV vs.
NHE), allowing excess electrons to form O2

•− radicals due to its more
negative CB edge potential (ECB = −0.36 eV vs. NHE) (Leite et al.,
2024). The formation of ROS for NOR degradation is illustrated in Fig.
5b. As the HO• and O2

•− formation occurs simultaneously, efficient pol-
lutant degradation has been related to the photocatalytic mechanism
mediated by both (Silva et al., 2023). Furthermore, scavenger experi-

ments support the idea that HO• and O2
•− are the main reactive species

responsible for NOR degradation. The HO• and O2
•− species act as oxi-

dizing agents (Lu et al., 2023), breaking the NOR molecule bonds into
smaller units, whose TP degradation was investigated by LC-MS. The
main reactions involved in NOR degradation can be summarized as fol-
lows:

NOR + MFC@ZnO → NOR(ads) + MFC@ZnO R6
MFC@ZnO + hν → MFC@ZnO(e−

CB) + MFC@ZnO(h + VB) R7
MFC@ZnO(h+) + OH− → MFC@ZnO + HO• R8
MFC@ZnO(e−

CB) + O2 → MFC@ZnO + O2
•− R9

NOR + O2
•− + HO• + h+ → Transformation products (TP) R10

3.11. Transformation products

The structures of the TP were based on fragmentation patterns ob-
tained from LC/MS analysis (Figs. S3–S11) and information from previ-
ous studies (Chen and Chu, 2015; Ding et al., 2017; Carneiro et al.,
2020). As summarized in Table S1, experiments conducted under UV-A
and UV-C irradiation yielded seven main TP, whereas nine compounds
were identified under SSL irradiation. This variation can be attributed
to the higher photon flux of the solar system in solution, which leads to
an increase in the concentration of reactive oxidant species, thereby en-
hancing the degradation of NOR molecule. The identified TP showed
the NOR photodegradation pathways under the three different radia-
tions (UV-A, UV-C, and SSL) that occur through the same four mecha-
nisms of attack by oxidizing radicals (Fig. 5c).

The NOR degradation by the radicals on piperazinyl moieties was a
main route that was observed (Pathway 1, P1), generating five of the
nine TP identified. DP 2 (m/z 349.31) and DP 7 (m/z 354.31) were the
primary TP, both obtained from the hydroxylation at the 2 and 3-
carbon positions of the piperazine ring. In DP 2, the defluorination is
due to the addition of a hydroxyl unit, following the loss of the NH2
moiety, and the generation of an amide. In DP 7, the hydroxyl reaction
induced decarbonylation in the amide of the piperazinyl ring, as previ-
ously reported in an NOR electrochemical degradation (Carneiro et al.,
2020). The two hydroxyl groups removal from DP 7 through conversion
into water during the oxidation, followed by structural rearrangement
and the generation of an amide, gave rise to DP 3 with m/z 322.31. In
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Fig. 5. (a) Radical-trapping experiments with different scavengers, (b) photocatalytic mechanism, and (c) presumptive proposal for degradation pathways of NOR
using MFC0.1@ZnO as a photocatalyst under simulated solar light. (CO = 5 mg L−1 NOR, photocatalytic dosage = 0.25 g L−1, pH = 7.6, and 25 °C).

DP 3, the loss of the amine functional group (R–NH2) and carbonyl
group oxidation, resulting in the loss of C O, led to TP DP 4 at m/z
251.23. A similar reaction pathway and TP equivalent to the com-
pounds with m/z 332 and 251 were reported in Bi2WO6 photocatalysis
(Chen and Chu, 2015). Moreover, the high efficiency of the solar system
converted DP 4 into a small molecular species with m/z 183.20 (DP 1).
A comparable structure of DP 1 has been documented in the NOR pho-
tocatalytic Fenton-like degradation (Liu et al., 2022).

Pathway 2 (P2) was characterized by reactions involving both the
addition and elimination of functional groups with no transformation of
quinolone and piperazinyl rings. As reported in a previous study, the
DP 5 production with the protonated form at m/z 274.34 probably re-
sulted from defluorination (−20 Da, corresponding to the loss of HF),
decarboxylation (−44 Da, loss of CO2), and hydroxylation (+16 Da, ad-
dition of OH−) reactions (Ding et al., 2017). As depicted in Pathway 3
(P3), the attack of oxidizing radicals occurs on the alkene moiety of the
quinolone ring. The cleavage of the C C bond, leading to the ring

opening, followed by decarboxylation and oxidation reactions with the
C2H6 unit elimination, gave rise to DP 6 (m/z 284.31).

In Pathway 4 (P4), as depicted in the structures of TP DP 8 (m/z
365.27) and DP 9 (m/z 444.32), the simultaneous attack of oxidizing
agents occurs on quinolone and piperazine rings. In TP DP 9, it leads to
the opening, hydroxylation, and oxidation of both rings of NOR, along
with defluorination. DP 8 is suggested to be formed from DP 9 through
several steps, including oxidation of the quinolone and piperazine
rings, decarboxylation, substitution of the –NH2 group by –OH, and re-
lease of a hydroxyl unit in the form of water.

3.12. Phytotoxicity assays

The phytotoxicity results using C. sativus exposed to NOR-degraded
solutions are shown in Fig. 6a. It was observed that there was no signifi-
cant variation in the root growth rate (RGI) for the photodegraded sam-
ples; however, the NOR sample exhibited an average RGI of 67%, repre-
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Fig. 6. (a) Phytotoxicity evaluation using the germination index (GI) and root growth index (GRI) of Cucumis sativus as a model for the photolysis and pho-
todegradation products. (b) Reusability test for NOR degradation under simulated solar light using MFC0.1@ZnO as a photocatalyst. (c) Structural stability as-
sessment by XRD. (d) Post-photocatalysis morphological characterization by FESEM.

senting a 33% decrease compared to the other samples. Additionally,
the NOR sample had the lowest average germination index
(GI = 65%), indicating that NOR negatively impacts growth and ger-
mination, suggesting potential toxicity. In contrast, photolysis and pho-
tocatalysis yielded average GI values of 85% and 90%, respectively,
demonstrating that the photodegradation process reduced the sample's
toxicity. The samples treated with photolytic and photocatalytic degra-
dation using MFC0.1@ZnO showed no significant difference compared
to the control. Therefore, it can be stated that the toxicity of the sample
is reduced after the different photodegradation processes.

As toxicity may also be associated with the leaching of Zn2+ during
the photocatalytic application stage, as reported in the literature (Silva
et al., 2023; Marques et al., 2024), Zn2+ quantification by flame atomic
absorption spectroscopy (FAAS) was performed. An analysis of the sam-
ple after 2 h of photocatalysis found Zn2+ = 5.73 mg L−1, representing
a 3% leaching with the amounts of catalyst (12.5 mg) and solution
(50 mL) applied in the degradation assays. Different studies reported
that at these concentrations, Zn2+ toxicity is not relevant for certain liv-
ing organisms (Gebara et al., 2024; Marques et al., 2024). Thus, the
Zn2+ leaching of only 3% after 2 h of photocatalysis confirms the good
stability of the material during the application.

3.13. Evaluation of MFC0.1@ZnO reusability

Fig. 6b illustrates the reusability of photocatalyst MFC0.1@ZnO for
the photocatalytic degradation of NOR under simulated sunlight. The

nanocomposite maintained its excellent photocatalytic performance,
with a slight reduction in efficiency from 98.4% to 95.8% after five 60-
min cycles. This stability is attributed to the hierarchical porous net-
work structure derived from cellulose (Lin et al., 2019), and the slight
2.6% decrease in degradation efficiency may be due to mass loss during
the photocatalyst recovery. Post-photocatalysis characterization of the
photocatalyst by XRD (Fig. 6c) and FEG-SEM (Fig. 6d) suggests that
MFC0.1@ZnO retained its structural and morphological stability, re-
spectively. No changes in crystal structure or morphology were ob-
served after the photocatalytic experiment. Moreover, the maintenance
of structural and morphological stability after photocatalysis reinforces
the viability of MFC0.1@ZnO as a robust and reliable option for emer-
gent pollutant degradation, ensuring that the material can be reused
without significant loss of performance. This resistance to structural
and morphological changes not only ensures the ongoing effectiveness
of the photocatalyst but also highlights its potential for applications in
water and wastewater treatment, where material durability and robust-
ness are crucial for long-term success.

4. Conclusions

For the first time, in situ immobilization of ZnO nanoparticles on cel-
lulosic materials was developed for the photocatalytic degradation of
the antibiotic norfloxacin. Composites of MFC0.1–0.4@ZnO, synthe-
sized with varying concentrations of MFC suspensions, exhibited small
particle sizes and high surface areas (∼50 m2/g), which are beneficial
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for enhancing photocatalytic performance. Notably, increasing the con-
centration of MFC suspension did not result in significant improve-
ments in photocatalytic efficiency for degrading NOR. Experiments
conducted under different radiation sources, including UV-A, UV-C,
and SSL, demonstrated excellent performance across all types of irradi-
ations, achieving efficiencies exceeding 94% after 60 min. Addition-
ally, a minimal efficiency loss of only 3% was observed after five cycles
of photocatalyst reuse. The high performance of the photocatalyst in
degrading NOR under various conditions underscores its potential for
effectively treating effluents containing this molecule with minimal
pre-treatment adjustments. This suggests that the material can be uti-
lized across a range of concentrations, doses, and pH levels. The opti-
mal conditions for the photocatalyst were determined to be a concen-
tration of 0.25 g L⁻1 of MFC0.1@ZnO, a NOR concentration of 5 mg L⁻1,
and a degradation pH of around 8. The results highlight the potential of
MFC0.1–0.4@ZnO composites as an effective and sustainable approach
for removing emerging pollutants from contaminated environments.
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