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A B S T R A C T

The indiscriminate production and use of antibiotics have caused an environmental imbalance. Therefore, ad-
vanced oxidative processes such as photocatalysis have been proposed to eliminate the presence of such emerg-
ing pollutants. On the other hand, the use of photocatalytic processes requires the development of highly effi-
cient photocatalysts. This paper introduces photocatalysts based on ZnO nanostructures with different morpholo-
gies and grown by low-temperature hydrothermal synthesis. The choice of zinc precursor resulted in significant
variations in both the morphology and size of the ZnO particles. Morphologies, such as, dumbbell-like structures,
nanogranules, and ellipsoidal particles were obtained by altering the zinc precursor in a slightly alkaline
medium, and parameters such as photocatalyst dosage, initial concentration of antibiotic Norfloxacin (NOR), and
pH in photocatalysis were thoroughly investigated. The reactive species responsible for NOR degradation were
photogenerated holes, superoxide radicals, and hydroxyl radicals, with the latter showing a greater contribution.
Degradation pathways are also proposed, and intermediate products were identified by LC-MS. Thirteen degra-
dation products, of which six were reported for the first time, were detected. Among the synthesized morpholo-
gies, nanogranules exhibited superior photocatalytic activity, achieving 100% NOR degradation after 70 min un-
der UV-C light and excellent reusability after three cycles (97%). The results surpass those from previous studies,
since the simple and efficient photocatalysts employed led to shorter degradation times.

1. Introduction

The growth of the global population, coupled with increasing de-
mands for water for agricultural, industrial, and domestic purposes, has
compromised water quality [1]. The supply of clean and affordable wa-
ter to communities is a global challenge due to the degradation of water
resources [2]. Covering approximately 70 % of the Earth's surface, wa-
ter stands as one of the most plentiful natural resources [3]; however,
only 1.1 % is available and safe for human consumption [4]. In 2022,
the Joint Monitoring Programme for Water Supply, Sanitation, and Hy-
giene (JMP), conducted by the World Health Organization (WHO) and
the United Nations Children's Fund (UNICEF), presented alarming find-
ings regarding global inequities. Unbelievably, 2.2 billion people

lacked access to clean drinking water, 3.5 billion to proper sanitation,
and 2 billion to even the most basic handwashing facilities [5].

The significant concentrations of pharmaceutical compounds, espe-
cially antibiotics, in water bodies have been recently reported as a chal-
lenge in the field of environmental remediation [6] due to the increas-
ing bacterial resistance to antibiotics and the limitations of conven-
tional water treatments for removing certain contaminants to safe lev-
els for human consumption [7,8]. Among the pharmaceutical products
commonly found in water resources, compounds belonging to the class
of fluoroquinolones (FQs) are emerging pollutants of serious global
concern [9]. FQs are among the most consumed antibiotics, totaling ap-
proximately 44 million kilograms per year [10], and are widely used in
treatments of bacterial infections in humans and animals [11]. Typical
representatives of such compounds include norfloxacin (NOR),
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ciprofloxacin (CIP), enrofloxacin (ENR), ofloxacin (OFX), and lome-
floxacin (LOM) [12]. High concentrations of FQs, including NOR
(703 μg·L−1), CIP (185 μg·L−1), and LOM (159 μg·L−1), have been de-
tected in effluents from pharmaceutical and hospital waste treatments
[9].

Traditional wastewater treatment plants are ineffective at degrading
FQs [9]. Although different methods for removing those contaminants
have been evaluated, most conventional technologies, including biolog-
ical, chemical, and adsorption processes, are not designed to address/
degrade pharmaceutical compound residues during treatments [7,13].
Due to the antibacterial properties of antibiotics, biological methods
are not efficient in promoting degradation and, besides, are time-
consuming [14]. The adsorption process only transfers the contami-
nants from the liquid phase to the solid phase without modifying their
toxic characteristics [15,16]. Therefore, viable, environmentally
friendly, sustainable, and cost-effective technologies must be developed
for the effective degradation of those contaminants [17].

Advanced Oxidation Processes (AOP) have been increasingly recog-
nized as effective physicochemical treatment methods and have
aroused interest for their ability to eliminate persistent organic com-
pounds, including pharmaceuticals. They generate highly reactive hy-
droxyl radicals, exhibiting non-selectivity towards both organic and in-
organic compounds [18,19], and their use results in the conversion and
breakdown of persistent organic compounds, producing biodegradable
organic byproducts and mineralizable compounds that pose minimal
toxicity to ecosystems [20]. Among AOPs, heterogeneous photocataly-
sis is a promising method due to its high efficiency, low cost, simple de-
sign, moderate reaction conditions, environmental friendliness, high
mineralization rate, and applicability for degrading a variety of organic
pollutants, even at low concentrations [21].

Photocatalysis has been considered one of the best methods for the
removal or photodegradation of pharmaceutical products in water
since it requires only the use of light and photocatalysts, thus being en-
ergy-efficient [22]. A material selected for use as a photocatalyst should
be inexpensive, non-toxic, easily processable, and, above all, efficient.
Semiconductor metal oxides have been regarded as promising materials
for acting as photocatalysts in wastewater treatment processes. Among
them, ZnO has been widely used for the degradation of FQs due to its
high photocatalytic activity, low cost, adjustable morphology, and non-
toxicity [23,24]. Topkaya et al. (2014) investigated the use of pure ZnO
plates in the degradation of ENR under UV light and achieved approxi-
mately 75 to 78 % efficiencies after 120 min [25]. In the study by Chen
et al. (2021), the magnetic flake ZnO/g-C3N4 photocatalyst exhibited
outstanding efficacy in eliminating NOR, achieving a degradation ex-
ceeding 90 % after 120 min [26]. More recently, Batterjee et al. (2022)
employed spherical ZnO nanoparticles for the photocatalytic degrada-
tion of CIP under UV light, reaching 82 % efficiency in 160 min [27].
Makota et al. (2024) developed a sphere-shaped ZnO photocatalyst,
which demonstrated complete degradation of OFX after 210 min of
photocatalytic reaction under UV light [24]. For the degradation of
NOR under UV light, ZnO photocatalysts based on heterojunctions and
nanocomposites with other materials have been proposed to achieve
high photocatalytic activity [28,29]. However, long degradation times
are required, thus compromising the practical applications of those
photocatalysts. To the best of our knowledge, research on the use of
pure ZnO nanostructures for the effective and rapid degradation of NOR
under UV-C light has not been well documented.

This paper reports on a facile synthesis of dumbbell-like, nanogran-
ules and ellipsoidal ZnO particles by a hydrothermal process that alters
the zinc precursor. The possible mechanisms for the formation of such
structures are discussed in detail. The materials obtained were used as
photocatalysts for the degradation of norfloxacin under UV-C light, and
the effects of the dosage of the three ZnO photocatalysts (0.25 –
1.0 g·L−1), initial concentration of the contaminant (5 – 10 mg·L−1), and
pH of the NOR solution (6 – 10) were thoroughly investigated. A degra-

dation mechanism is proposed, and the main oxidative species, prod-
ucts, and degradation pathways were identified for the most effective
photocatalyst. Among the synthesized morphologies, nanogranules ex-
hibited the highest photocatalytic activity, achieving complete degra-
dation of NOR within 70 min. The high photocatalytic activity of ZnO
nanogranules demonstrated offers promising prospects for real-world
applications in the fields of advanced water treatment and emergent
pollutant degradation.

2. Experimental

2.1. Chemicals

This section is provided in the Supplementary Information (S1).

2.2. Synthesis of ZnO nanostructures

Aqueous solutions of 0.05 M were prepared from the dissolution of
different precursors, such as zinc acetate dihydrate, zinc chloride, and
zinc nitrate hexahydrate, in double-distilled water. Under constant agi-
tation, the pH of the solutions was adjusted to 8 by a dropwise addition
of a 0.5 M NaOH solution. The resulting suspensions were then trans-
ferred to individual autoclavable laboratory flasks, and hydrothermal
treatments were applied at 110 °C for 4 h. After completion of the reac-
tion, a white precipitate was obtained, washed repeatedly with ethanol
and distilled water, and finally dried at 80 °C. The samples were called
ZnO-X, where X (X: A-acetate, Cl-chloride, or N-nitrate) specifies the
precursor used.

2.3. Characterization techniques

The crystal structure of the synthesized materials was characterized
by XRD (Rigaku Ultima IV, Japan) using CuKα. The morphologies were
characterized under a field-emission scanning electron microscope (FE-
SEM SUPRA™35, Carl Zeiss, Germany) operating at 5 kV, and transmis-
sion electron microscopy (TEM) analysis was performed on an FEI Tec-
nai G2 F20 200 kV equipped with a field emission gun (FEG). The opti-
cal property was identified in a UV–Vis spectrophotometer (Shimadzu
UV-2600i, Japan), and the surface area was determined by N2 adsorp-
tion–desorption analysis at 77 K by a Micrometrics ASAP 2020 model
instrument (EUA). Photoluminescence spectra were obtained at room
temperature using a Jobin Yvon Horiba Fluorolog Spectrofluorometer
model FL3-221 with an excitation wavelength of 325 nm. A 370 nm fil-
ter was used to filter the stray light.

Electrochemical impedance spectroscopy (EIS) and transient pho-
tocurrent analysis were conducted on synthesized ZnO samples using a
three-electrode setup under UV-C lamp irradiation (8 W). The setup
consisted of an Ag/AgCl reference electrode (3 M KCl), a Pt counter
electrode, and a glassy carbon electrode (Metrohm Autolab
PGSTAT302N). The electrolyte used was 0.1 mol·L−1 K2SO4 under N2(g)
saturation in the open circuit potential (OCP) region. For these tests,
2 mg of the photocatalyst was weighed and dispersed in 1 mL of 70 %
(v/v) ethylic alcohol using ultrasound, and then 15 µL of this ink was
dropped onto the glassy carbon surface (A = 0.2475 cm2), obtaining a
loading of 0.121 mg·cm−2.

2.4. Photocatalytic activity test and analysis

The photocatalytic performance of the samples was evaluated for
NOR degradation under UV-C light irradiation (six lamps of 15 W OS-
RAM Germicidal, λ = 254 nm). An amount of ZnO photocatalyst was
dispersed in 50 mL of a NOR aqueous solution, and the effects of the ex-
perimental parameters, e.g., photocatalyst loading (12.5 – 50 mg), NOR
concentration (5 – 10 mg·L−1), and initial pH of the NOR solution (6 –
10, adjusted by 0.1 mol/L HCl and 0.1 mol/L NaOH) on the NOR pho-

2



CO
RR

EC
TE

D
PR

OO
F

R. Resende Leite et al. Chemical Engineering Journal xxx (xxxx) 154374

todegradation were investigated. Prior to irradiation, the suspension
was stirred in the dark for 60 min for the development of adsorp-
tion–desorption equilibrium. The experiment was then conducted at in-
tervals of 10 or 20 min and the UV–Vis absorption spectrum was
recorded. The absorption maxima value of NOR at 273 nm was used for
the monitoring of the photocatalytic performance of ZnO NPs in a
UV–Vis spectrophotometer (Kasuaki IL-593).

The intermediate products of NOR photodegradation were identi-
fied by liquid chromatography tandem mass spectrometry (LC-MS/MS)
on an LC/MS-8030 triple quadrupole (Shimadzu Co., Japan). Separa-
tion occurred on a Shim-pack ODS II column (3 mm i.d. × 100 mm,
2.2 μm) at 26 °C. The mobile phase comprised water (A) and acetoni-
trile (B), both containing 0.1 % formic acid, and elution was executed
at a 0.8 mL·min−1 flow rate with the following 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, and full-scan spectra were acquired in positive ion
mode across a 100 to 500 m/z range. Nitrogen was employed as both a
nebulizer and a desolvation gas at 3 and 15 L·min−1 flowing rates, re-
spectively.

The role of reactive species involved in the photocatalytic degrada-
tion of NOR was investigated in radical-trapping experiments. Tert-
butanol (t-BuOH), ammonium oxalate (AO), ascorbic acid (AA), and sil-
ver nitrate (AgNO3) were used as scavengers of •OH, h+, •O2

–, and e–,
respectively. The methodology adopted is described in Lima et al.
(2021) [30].

To identify the main working oxidant species, electron paramag-
netic resonance (EPR) tests were also carried out using DMPO (5,5-
dimethyl-1-pyrroline N-oxide) as spin probes to confirm the presence of
radicals. The EPR measurements were performed in an E-109 X-band
Varian system spectrometer, equipment with a standard rectangular
cavity, and aliquots of the samples of 200 μL were transferred into an
EPR glass quartz flat cell. A reference signal for the EPR intensity and
magnetic field calibration has been obtained using CrIII (g = 1.9797) as
an impurity in the MgO crystal. Measurement conditions were: Center-
Field = 340 mT, SweepWidth = 12 mT, SweepTime = 60 s, Number
of Points = 1024, MW Power = 20 mW, Gain = 1.0, ModField = 0.1
mT, ModFreq = 100 kHz, Time Const = 0.064 s, MW
Freq = 9.5006 GHz. Spectral simulations were done using an Easyspin
program.

Under optimized conditions, the same photocatalyst was subjected
to three consecutive usage cycles. At each cycle, the photocatalyst was
collected, repeatedly washed with distilled water, and dried at 100 °C.

3. Results and discussion

3.1. Characterizations

Fig. 1 shows the XRD patterns of the samples produced from differ-
ent zinc salt precursors. All diffraction peaks can be indexed to a
hexagonal wurtzite structure of ZnO (JCPDS No. 36–1451). No other
crystalline phases or impurities were detected. The Scherrer equation
calculated the crystalline size [31], leading to 19 nm, 23 nm, and
37 nm values for ZnO-Cl, ZnO-N, and ZnO-A samples, respectively.
Crystalline size depends on the counterions (CH3COO−, Cl−, or NO3

−)
present in the zinc precursor [32]. The smaller size observed in the
chloride-generated sample may be attributed to the reduced growth
rate of wurtzite during the hydrothermal process.

The morphology of ZnO prepared from various precursors was in-
vestigated by the SEM technique. As shown in Fig. 2(a–f), a ZnO dumb-
bell-like, nanogranule and ellipsoidal morphology were obtained when
acetate, chloride, and nitrate precursors, respectively, were used. The
dumbbell-like ZnO consists of two twinned hexagonal prism shapes
whose diameters ranged between 500 and 600 nm and lengths varied
from 1.2 to 1.6 μm (Fig. 2a–b). ZnO nanogranules were characterized

Fig.1. XRD patterns of ZnO-A, ZnO-Cl, and ZnO-N prepared via the hydrother-
mal route.

by globular particles of less than 40 nm diameter (Fig. 2c–d). On the
other hand, the ellipsoidal structure has a 1 μm average length and
∼400 nm diameter (Fig. 2e–f).

TEM analysis was further conducted to obtain information about the
size and morphology of the synthesized ZnO particles. Fig. 3(a–b)
shows TEM images in bright field (BF) mode of ZnO nanogranules at
different magnifications. From these BF TEM images, the average parti-
cle size was estimated to be about 40 nm, consistent with estimates ob-
tained by SEM. The crystalline structure was further investigated using
advanced techniques such as selected area electron diffraction (SAED)
and high-resolution transmission electron microscopy (HRTEM). A ring
SAED pattern confirmed the polycrystalline nature of the ZnO
nanogranules [33], with diffraction rings corresponding to the crystal-
lographic planes (1 0 0), (0 0 2), (1 0 1), and (1 0 2) of the wurtzite
structure of ZnO [34]. The interplanar distance for the nanogranules
was calculated to be approximately 0.25 nm, corresponding to the
(1 0 1) plane, using HRTEM images (Fig. 3c). Fig. 3 (d–e) shows low-
and high-magnification images of ZnO ellipsoidal shapes. These ellip-
soidal shapes consist of elongated submicrometer-sized particles with
an average diameter of about 400 nm, as previously investigated by
SEM. However, the SAED pattern observed for the ellipsoids is less de-
fined compared to that of the ZnO nanogranules. Larger particles may
scatter electrons more diffusely, resulting in less sharp SAED patterns,
as observed. The lattice fringe spacing for the ZnO ellipsoids was found
to be approximately 0.19 nm, corresponding to the (1 0 2) diffraction
plane of ZnO [35], as illustrated in Fig. 3f.

The difference in ZnO morphology can be attributed to the influence
of counterions [36], whose adsorption on the growth direction of parti-
cles is significantly influenced by the chemical interactions between the
ions and the particles [32]. ZnO exhibits a dumbbell-like structure due
to twinning along the (0001) plane, with each crystallite growing along
the [0001̅] direction on both sides of the twinning plane [37]. The indi-
vidual crystallite in the twin crystal grew along the polar c-axis, where
CH3COO− may intercalate between the polar Zn (0001) faces of two in-
dividual rod crystals to form the dumbbell-like shape [38,39].

In hydrothermal synthesis with no use of additives, such as, surfac-
tants, Cl− ions are strongly adsorbed onto the positively charged surface
(0001) [40], and their electrostatic adsorption inhibits growth along
the basal plane (0001), thus reducing the polar surface charge density
[41,42]. Consequently, the intrinsically anisotropic growth of ZnO
along the (0001) facet is suppressed, so that the lateral growth rate is
considerably greater than the one along the c-axis direction, and
nanogranules are formed. Furthermore, synthesis with a chloride pre-
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Fig.2. FESEM images of (a, b) ZnO-A, (c, d) ZnO-Cl (e, f), and ZnO-N.

cursor resulted in particles of smaller dimensions since chloride has a
stronger interaction with surfaces compared to acetate and nitrate ions
[43]. As a result, the more intense adsorption of chloride on the surface
limits the growth of ZnO particles, leading to smaller particle sizes com-
pared to syntheses that use acetate or nitrate as precursors.

Nitrate anion tends to act as a non-coordinating ligand in the forma-
tion of the hexagonal wurtzite crystal structure [43], i.e., it has no
strong interaction with metal ions, such as Zn2+, facilitating the prefer-
ential growth orientation of particles with an elongated, ellipsoid-like
shape of ZnO towards the c-axis (plane 0001). According to the mi-
crostructure shown in Fig. 2e–f, it appears the ellipsoidal-shaped ZnO
particles do not consist of a single crystal but are made up of smaller
particles. It is evident that smaller particles serve as building blocks for
forming such a morphology [44]. The ellipsoids formed through the
germination of a second half at the base of a half-ellipsoid [45], sug-
gesting ellipsoidal nanostructures are self-assembled by primary
nanoparticles by the oriented-attachment mechanism [46].

The optical properties of ZnO nanostructures, obtained through the
hydrothermal route, were investigated by UV–Vis spectroscopy. As il-
lustrated in Fig. 4a, the spectra show intense absorption at wavelengths
below 400 nm for all analyzed samples. The maximum absorption
peaks were recorded at 389 nm, 373 nm, and 382 nm for ZnO-A, ZnO-
Cl, and ZnO-N, respectively, characterizing the electronic transition

from the valence band to the conduction one (O 2p → Zn 3d) in the
wurtzite structure of ZnO [47]. Additionally, low absorption occurs be-
tween 400 nm and 800 nm, which highlights the predominance of ab-
sorption in the ultraviolet region and high transparency in the visible
range [48,49]. A blue shift in the excitonic absorption edge is observed
in all spectra, compared to bulk ZnO (λ = 368 nm) [50]. The blue shift
in the absorption edge is associated with a reduction in the ZnO particle
size, a phenomenon attributed to the Moss-Burstein effect [51,52].

Band gap energy (Eg) is crucial in photocatalytic reactions since it
determines the minimum energy required to activate the photocatalyst
[47]. The Eg of the prepared samples was estimated by the Tauc equa-
tion and considering ZnO as a direct bandgap semiconductor [53]:

(1)

where α is the absorption coefficient, hν is the photon energy, A is a
constant, and Eg is the direct band gap energy. The extrapolation of the
linear portion of the (αhν)2 versus photon energy (hν) graph to
(αhν)2 = 0 was performed for the determination of Eg [54]. The band
gap energies for ZnO-A, ZnO-Cl, and ZnO-N were 3.19, 3.32, and
3.24 eV, respectively (Fig. 4b). ZnO-Cl shows the highest Eg value due
to its smaller particle size compared to the other two samples. Addition-
ally, in comparison to bulk ZnO (with Eg = 3.37 eV), a reduction in Eg
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Fig.3. TEM images of ZnO samples: (a, b) low- and high-magnification views of nanogranules, with corresponding (c) HRTEM image and SAED pattern. (d, e)
Low- and high-magnification views of ellipsoidal ZnO particles, accompanied by (f) HRTEM image and SAED pattern.

was observed in the synthesized ZnO nanostructures and attributed to
the effects of quantum confinement and the formation of intrinsic crys-
talline defects [55].

It is well known that surface area significantly affects the photocat-
alytic performance of ZnO. A large one is favorable for effective contact
between the pollutant and the photocatalyst surface [56] and provides
more active sites for photocatalytic reactions. According to the IUPAC
classification, the N2 adsorption–desorption isotherms of all samples ex-
hibit typical Type IV isotherms with H3 hysteresis loops, suggesting the
presence of mesoporous structures (Fig. 4c) [57]. The BET surface areas
of ZnO-A, ZnO-Cl, and ZnO-N, calculated from N2 adsorption and des-
orption isotherms, were approximately 7, 41, and 16 m2/g, respectively
(Fig. 4d). The greater surface area of ZnO-Cl is associated with its
smaller particle size compared to ZnO-A and ZnO-N.

The elemental composition and valence state of ZnO photocatalysts
were investigated by XPS. As shown in Fig. 5a–c, the survey spectra of
the ZnO nanostructures identified the presence of three chemical ele-
ments, namely, C 1s, Zn 2p, and O 1s, of which carbon can be attributed
to adventitious carbon [31]. The high-resolution XPS spectra of Zn 2p
shown in Fig. 5(d–f) exhibited symmetric peaks at binding energies of
∼1022.1 and ∼1045.2 eV, corresponding to Zn 2p3/2 and Zn 2p1/2 or-
bitals, respectively [58]. The spin–orbit splitting of 23.1 eV between Zn
2p3/2 and Zn 2p1/2 suggests Zn species in the wurtzite structure are in
the divalent (2+) valence state [59], and the high-resolution O 1s spec-
tra shown in Fig. 5(g–i) were deconvoluted into three peaks fitted to a
Gaussian-Lorentzian function. The peak at the lowest binding energy,
OL, centered around 530.3 eV, is attributed to O2– ions involved in the
Zn-O bonding of the wurtzite structure of the hexagonal arrangement of
ZnO [60]. At intermediate binding energy, the peak centered in the
531.3 to 531.8 eV range corresponds to Zn-OH bonding of hydroxyl
groups adsorbed on the surface of the photocatalysts [61]. Further-

more, at higher binding energies, the peak ranges between 532.5 and
533.1 eV corresponds to adsorbed H2O molecules [61] and the C–O
bonding of adventitious carbon [62].

It is widely recognized that the presence of OH groups on the surface
of photocatalysts plays a crucial role in photocatalytic processes [63].
Hydroxyl groups present on such a surface can act as traps for photo-
generated holes, capturing them and forming hydroxyl radicals (•OH).
It also helps suppress the recombination of the electron-hole pair,
which is crucial for maintaining high photocatalytic efficiency since re-
combination would decrease the availability of active charge carriers
for participating in oxidation reactions in the degradation of organic
pollutants [36]. Therefore, a semi-quantitative analysis of those groups
was conducted in each sample and calculated the relative ratio between
the integration areas of the peaks attributed to OH groups by oxygen
from the lattice in the XPS O 1 s spectra. The ratios of for ZnO-A,
ZnO-Cl, and ZnO-N at pH = 8 were 8.5, 14.6, and 9.4, respectively. The
higher concentration of hydroxyl groups in ZnO-Cl at pH = 8 was bene-
ficial for increasing the photocatalytic efficiency in NOR degradation.
Additionally, the relative ratio between the integration areas of ad-
sorbed water species and adventitious carbon bondings by lattice oxy-

gen was calculated. The ratios of for the aforementioned

samples were 6.7, 17.7, and 9.0, respectively, suggesting higher surface
reactivity of the nanogranular ZnO photocatalyst, i.e., for ZnO-Cl at pH
= 8. The higher surface reactivity of ZnO nanogranules can be attrib-
uted to the larger surface area presented (41 m2/g).
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Fig.4. (a) UV–vis absorption, (b) estimation of the band gap by Tauc plot, (c) N2 gas adsorption–desorption isotherms curves, and (d) BET surface area of ZnO-A, ZnO-
Cl, and ZnO-N pH=8.

3.2. Investigation of factors that influence the photocatalytic degradation of
NOR

Degradation experiments of the drug NOR under UV-C light investi-
gated the photocatalytic performance of the synthesized ZnO nanos-
tructures, and factors such as photocatalyst dosage, initial NOR concen-
tration, and photocatalysis pH were meticulously studied.

3.2.1. Effect of ZnO dosage as a photocatalyst
Evaluations of catalytic dosage are crucial in the degradation of

emerging pollutants since they directly affect the removal of pharma-
ceutical products and the costs involved [27,64]. The effect of ZnO
dosage on the degradation of NOR (10 mg·L−1) was investigated, and
the result is shown in Fig. 6. According to the Fig. 6a, when the ZnO-A
dosages were 0.25, 0.5, and 1.0 g·L−1, the NOR removal rates were 81,
83.2, and 87.5 % in 180 min of reaction, respectively. However, in
terms of photocatalytic performance, the increase in ZnO-A concentra-
tion exerted no significant influence at the end of the evaluated reaction
time (Fig. 6b). Such a result may be attributed to the larger particle size
and small surface area, which contributed to the saturation of active
sites and the limited diffusion of reactive species responsible for the
photocatalytic activity. The increase in ZnO-A photocatalyst concentra-
tion did not lead to a proportional improvement in the NOR degrada-
tion rate, as evidenced by the constancy of “k” around 0.00774 min−1

(Fig. 6c). Therefore, the optimal dosage of ZnO-A is 0.25 g·L−1.
After 70-minute exposure to UV-C light, an increase in the dosage of

ZnO-Cl from 0.25 to 1.0 g·L−1 improved the photocatalytic degradation
rate from 89.7 to 100 % (Fig. 6d–e). The increased amount of photocat-
alyst promoted a higher generation of reactive oxidation species (ROS)
responsible for the degradation of NOR [28]. Due to its high surface

area, the increased dosage of ZnO-Cl was beneficial for photocatalytic
performance because of the greater availability of active sites on the
catalyst's surface [65]. The 1.0 g·L−1 concentration resulted in greater
adsorption of the NOR molecule on the photocatalyst's surface, favoring
its degradation. The kinetic constant varied from 0.03313 to
0.07279 min−1 when the concentration of ZnO-Cl was increased from
0.25 to 1.0 g·L−1 (Fig. 6f). In comparison to the other photocatalysts
studied, nanogranules exhibited a higher kinetic constant, reflecting
not only improved efficiency but also reduced photodegradation times.
The higher specific surface area and mesoporous structures present in
ZnO-Cl pH = 8 (nanogranules) contributed to its high adsorption ca-
pacity and efficiency in the photodegradation of NOR. The increase in
surface area provides more active sites for the generation of radicals,
and, consequently for improving the photocatalytic process [66].

Fig. 6g shows that an increase in the catalyst dosage in ZnO-N also
led to higher NOR removal efficiency. When the ZnO-N dosages were
0.25, 0.5, and 1.0 g·L−1, the NOR removal rates were 89.3, 95.2, and
98.9 % in 180 min, respectively. The increase in ZnO-N dosage in an
aqueous medium containing the contaminant resulted in a correspond-
ing increase in degradation efficiency and kinetic constant. The respec-
tive efficiencies of photocatalytic degradation of that drug were 82.0,
90.6, and 97.7 % (Fig. 6h). As observed for ZnO-Cl, “k” proved sensi-
tive to the amount of photocatalyst used (Fig. 6i).

A fixed concentration of 0.25 g·L−1 of ZnO-N and ZnO-Cl photocata-
lysts was chosen for the subsequent experiments for minimizing costs
and for comparative purposes with ZnO-A.

3.2.2. Effect of initial NOR concentration
The antibiotic concentration in the wastewater system also acts as a

key parameter in optimizing the photocatalytic degradation process
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Fig.5. XPS spectra of ZnO nanostructure samples: (a, b, c) survey, (d, e, f) Zn 2p, and (g, h, i) O 1s.

[67]. In a natural environment, the concentration of compounds be-
longing to the class of FQs such as NOR substantially varies [9], which
requires analyses of the impact of various initial NOR concentrations on
the photocatalytic performance. The influence of the initial NOR solu-
tion concentration (5 – 10 mg·L−1) was investigated, and the results for
ZnO-A, ZnO-Cl, and ZnO-N are summarized in Fig. 7. The reaction con-
ditions were 0.25 g·L−1 photocatalyst dosage and pH = 8.

A higher adsorption of the drug on the photocatalyst surfaces was
observed as the initial NOR concentration increased (Fig. 7a, d, and e).
After 180-minute UV-C light exposure, the photocatalytic efficiencies of
ZnO-A were 74.9, 71.1, and 68.01 % for initial NOR concentrations of
5, 7.5, and 10 mg·L−1, respectively (Fig. 7b). A decrease in k from
0.01025 to 0.00703 min−1 was observed as the NOR concentration in-
creased (Fig. 7c). ZnO-Cl exhibited the highest photoactivity among the
samples, with complete degradation of the contaminant in a shorter ex-
posure time to UV-C light. After a 70-minute photocatalytic treatment
with ZnO-Cl and 5 mg·L−1 of NOR, no maximum absorption peak cen-
tered at 273 nm was observed, suggesting complete degradation of the
quinolone ring. The increase in concentrations to 7.5 and 10 mg·L−1 re-
sulted in a slight decrease in performance of 99.4 and 93.4 %, respec-
tively (Fig. 6e). Higher kinetic constants were also detected in ZnO-Cl,
highlighting its potential as a photocatalyst for degrading NOR under
UV-C light exposure (Fig. 7f).

As shown in Fig. 7h, the NOR degradation rate for ZnO-N reached
the maximum degradation for the lowest pollutant concentration, with
94.9 % efficiency after 180 min. An increase in the initial antibiotic
concentration to 10 mg·L−1 led to a 13 % decrease in photocatalytic ac-

tivity for the ZnO-N catalyst. Regarding kinetics, the value of k for ZnO-
N decreased from 0.02177 to 0.00991 min−1 with the increase in the
initial NOR concentration in the evaluated range (Fig. 7i).

In general terms, an increase in the initial concentration of NOR re-
sults in a decrease in the degradation rate [68]. Degradation efficiency
decreases due to three synergistic factors. Firstly, for a fixed amount of
photocatalyst, an increase in the NOR concentration leads to a greater
occupation of active sites on the photocatalyst's surface by both NOR
molecules and their intermediates, reducing the generation of ROS
[65]. A higher NOR concentration produces a higher concentration of
antibiotic intermediate products that compete with NOR molecules for
active sites [69,70,71]. Secondly, at higher NOR concentrations, the re-
action rate is limited by the amount of free radicals generated in the re-
action mixture [65]. Lastly, when a higher NOR concentration is used, a
significant amount of light can be absorbed by NOR molecules in the so-
lution rather than the photocatalyst [16], which restricts the penetra-
tion of light into the aqueous solution, hampering the absorption of
light by the catalyst and reducing the production of free radicals [65,
72]. According to Patel et al. (2020) [64], the developed photocatalysts
showed high degradation efficiency at low initial concentrations of
NOR. Therefore, the optimal initial concentration of NOR was 5 mg·L−1

for the subsequent experiments, corresponding to the condition of max-
imum degradation efficiency.

3.2.3. Influence of the initial pH of the NOR solution
The evaluation of pH is crucial since it impacts both the pollutant

adsorption capacity and the efficiency of photodegradation [30]. Pho-

7



CO
RR

EC
TE

D
PR

OO
F

R. Resende Leite et al. Chemical Engineering Journal xxx (xxxx) 154374

Fig.6. Effect of dosage of catalyst on NOR degradation efficiency (Co = 10 mg·L−1 and pH=8) for different ZnO photocatalysts: a) ZnO-A, b) ZnO-Cl, and c) ZnO-N at
pH=8.

todegradation tests of NOR were conducted at varying pH from 6 to 10
for ZnO compounds. The photocatalyst dosage and NOR concentration
were kept at 0.25 g·L−1 and 5 mg·L−1, respectively.

Adsorption and photocatalysis processes of NOR were enhanced in a
slightly alkaline environment for the synthesized ZnO compounds (Fig.
8a, d, and g). Regarding the ZnO-A photocatalytic performance, its
degradation efficiencies reached 71.7, 76.0, and 73.1 % in 180 min for
pH values controlled at 6, 8, and 10, respectively (Fig. 8b). Further-
more, the photodegradation of NOR can be well described by the
pseudo-first-order reaction kinetics, R2 > 0.97. The values of k for
ZnO-A increased from 0.00808 to 0.01025 min−1 as the pH changed
from 6 to 8 (Fig. 8c). When ZnO-A photocatalyst was used, the maxi-
mum pollutant degradation efficiency was achieved at pH = 8, and the
k values decreased slightly with increasing pH to more alkaline condi-
tions, i.e., pH = 10. As was also observed for ZnO-A, ZnO-Cl showed in-
creasing degradation efficiency with an increase in pH from 6 to 8 and
then a decrease at pH 10. As shown in Fig. 8e, the ZnO-Cl photocat-
alytic performance reached 95.5, 100, and 97.2 % in 70 min in the in-
vestigated pH range. Under slightly alkaline conditions, ZnO-Cl showed
the highest kinetic constant value among the studied photocatalysts,
with k = 0.07350 min−1 (Fig. 8f). Finally, its degradation was evalu-
ated at different pH levels with the use of ZnO-N as a photocatalyst. Af-
ter 180-minute UV-C light exposure, the photocatalytic efficiencies of
ZnO-N were 91.5, 94.9, and 95.3 % for suspensions containing NOR at
pH 6, 8, and 10, respectively (Fig. 8h). Regarding the degradation ki-
netics of the contaminant, the k values for ZnO-N were between those

for ZnO-A and ZnO-Cl, indicating intermediate photocatalytic activity
(Fig. 8i).

The processes of adsorption and photocatalysis are influenced by
the electrostatic interaction between the pollutant and the surface
charge of the photocatalyst [30]. Norfloxacin exists in different pH-
dependent ionic forms and has two ionization constants, with pKa val-
ues of 6.24 and 8.75 [23,68]. In an aqueous medium, it is in its cationic
state when pH < 6.24, corresponding to the protonation of the piper-
azine ring's amine group, and exists in the zwitterionic form at pH val-
ues between pKa1 and pKa2 [73]. In its zwitterionic form, its molecule is
electrically neutral since it has an equal distribution of charge between
protonated (NH2

+) and deprotonated (COO−) groups. On the other
hand, at pH > 8.75, it exists in anionic form as a result of the deproto-
nation of the carboxylic group [64]. The point of zero charge (pHzpc) of
ZnO is 9.0 ± 0.3 [23]; therefore, ZnO photocatalysts exhibit a negative
charge above pHzpc while displaying a positive charge for values below
this point [74]. The maximum adsorption for all synthesized samples
was observed at pH = 8, corresponding to the zwitterionic form of
NOR. At pH = 10.0, the decrease in adsorption is attributed to electro-
static repulsion between the surface charges of ZnO and deprotonated
NOR molecules.

In general, our results indicate NOR degradation efficiencies were
higher under alkaline conditions than under acidic ones, as also re-
ported by Zhang et al. (2019) [75]. Under acidic conditions, active sites
on the catalyst's surface exhibit a low capacity to generate hydroxyl
radicals [76]. Acidic medium has a higher concentration of H+ ions,
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Fig.7. Effect of initial NOR concentration on degradation efficiency (0.25 g·L−1 catalyst dosage and pH=8) for different ZnO photocatalysts: a) ZnO-A, b) ZnO-Cl, and
c) ZnO-N at pH = 8.

which have an affinity with hydroxyl anions [27], thus reducing the
generation of oxidative species •OH and the efficiency of pollutant
degradation [27]. At pH = 6, the electrostatic repulsion between ZnO
and the positive charges of NOR hinders its adsorption, leading to lower
subsequent degradation efficiency. Enhanced photodegradation under
alkaline conditions, on the other hand, occurs due to the reaction of hy-
droxyl ions with the photo-generated hole, producing more hydroxyl
radicals [10]. In terms of reaction, it can be described as:

(R1)

Additionally, the maximum photodegradation efficiency was ob-
served at pH 8 due to the minimization of electrostatic repulsion be-
tween the NOR molecule and the photocatalyst surfaces. At such a pH,
NOR assumes the zwitterionic form and has a lower barrier for adsorp-
tion. Under conditions of pH > pHzpc, as seen for pH = 10, the degra-
dation efficiency of ZnO photocatalysts decreases due to electrostatic
repulsion between the negative charges of the NOR molecule and those
on the photocatalyst surfaces [64]. An excess of OH− can compete with
NOR for active sites on the catalyst's surface under highly alkaline con-
ditions, thereby reducing the photocatalytic rate [77]. The pH of efflu-
ents containing trace amounts of antibiotics in wastewater often ranges
between neutral and slightly alkaline, following industrial and hospital
effluent disposal guidelines [78]. Moreover, a pH around 8 is the nat-
ural condition of the NOR solution. In function of those considerations
and the high efficiency of ZnO photocatalysts for NOR degradation at

pH = 8, this pH value was selected as the optimal one for the photo-
catalysis experiments performed.

3.3. Mechanism of norfloxacin photocatalytic degradation

Different scavenger agents were employed towards the understand-
ing of the photodegradation mechanism of NOR and the identification
of the reactive species involved (Fig. 9a). ZnO-Cl pH = 8, which
showed the highest removal and the highest k value in NOR pho-
todegradation assays, was chosen as a reference. The highest NOR
degradation (100 %) occurred in the absence of any scavenger and de-
creased to 97.5 % when AgNO3 was used as a scavenger, thus suggest-
ing a minor role of electrons (e−). The small influence of electrons on
scavenger experiments indicates a low rate of recombination of the
electron-hole pair and that photogenerated electrons in the conduction
band react with dissolved oxygen to form superoxide radicals before re-
combining with the h+ present in the valence band − O2•− is one of the
active species in the mechanism. The minimization of the recombina-
tion of photogenerated e−/h+ pairs is evidenced by high efficiency and
higher kinetic constants [79]. Conversely, a more pronounced effi-
ciency drop was observed when h+, •O2

−, and •OH scavenger agents
were added, indicating they are active species produced and responsi-
ble for NOR degradation. The sequence of contribution of each reactive
species to NOR degradation was •OH > •O2

− > h+ > e−, highlighting
the importance of •OH radicals in the photocatalysis process.
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Fig.8. Effect of pH on NOR degradation efficiency (0.25 g·L−1 catalyst dosage and initial NOR concentration of 5 mg·L−1).

To identify potential free radicals generated in the photocatalysis
system, EPR experiments were conducted using DMPO as a spin trap, as
depicted in Fig. 9b. Under dark conditions, no significant EPR signals
were detected, indicating the absence of radical species formation.
Then, three distinct conditions were investigated: 1) photolysis of an
aqueous solution of norfloxacin (NOR + DMPO); 2) irradiation of an
aqueous ZnO dispersion (ZnO + DMPO); and 3) a photocatalytic exper-
iment using ZnO nanogranules as a UV-C irradiated photocatalyst for
NOR degradation (NOR + ZnO + DMPO). In all these conditions,
adducts of DMPO-OH and DMPO-(OH)2 have been identified, but in
varying quantities, providing insights into the generation mechanisms
and production efficiency of these reactive species.

DMPO-OH adducts were identified as a four-line (1:2:2:1) pattern
with hyperfine coupling constants (aN = 15.2 ± 0.2 G and aH =
14.8 ± 0.2 G). On the other hand, the 1:1:1 triplet signal suggests the
presence of three equivalent hydrogens of the CH3 group and two OH
groups to unpaired electrons on the NO fragment, characteristic of the
DMPO-(OH)2 adduct [80]. The coupling constants for the DMPO-(OH)2
adduct are aN = 15.1 ± 0.2 G, aH = 0.80 ± 0.05 G (H of OH), and aH
= 0.61 ± 0.05 G (H of CH3). The triplet signal corresponding to the
DMPO-(OH)2 adduct may be the result of two consecutive addition re-
actions involving •OH radicals [80] and/or the dimerization of the
DMPO molecule [81].

A higher relative intensity of the EPR signals for reactive radicals in-
dicates a higher yield of these species [82]. In the NOR photolysis ex-
periment, a lower amount of DMPO-OH and DMPO-(OH)2 adducts was
observed. This can be attributed to the limited production of •OH radi-
cals by the direct decomposition of NOR under UV-C irradiation. In con-

trast, the irradiation of ZnO nanogranules under UV-C light resulted in
a higher concentration of DMPO-OH and DMPO-(OH)2 adducts, indicat-
ing that the •OH radicals can be generated on the surface of the ZnO
nanogranules by the reaction of the photogenerated holes in the va-
lence band and hydroxyl groups with water. It is interesting to note that
in the presence of NOR, the amount of •OH radicals captured by DMPO
decreased compared to the photocatalytic experiment conducted in the
absence of the target contaminant. This suggests that there is a competi-
tive reaction between NOR and DMPO for the •OH radicals. Similar re-
sults have been observed in previous studies for other FQs compounds
[83].

Under photocatalytic reaction, the reduction in the intensity of the
DMPO-OH adduct suggests that NOR degradation occurs mainly due to
the direct attack of NOR molecules by the •OH radicals generated on
the photocatalyst surface before these radicals are captured by DMPO.
The •OH radical is known for its electrophilic nature and has a strong
affinity for electron-rich sites of molecules, in particular for aromatic
molecules[84], as NOR.These findings provide valuable insights into
the mechanisms involved in the photocatalytic degradation of nor-
floxacin and the interactions of free radicals with the reaction medium.

In EPR analysis, DMPO is a non-selective spin trap widely used to
detect free radicals, such as, the hydroxyl radical and superoxide. The
hydroxyl radical, in particular, tends to react more quickly with DMPO
than the superoxide radical. This may result in a predominance in the
concentration of DMPO-OH adducts in the EPR spectrum, making it dif-
ficult to identify the DMPA-OOH from the superoxide radical. Further-
more, DMPO-OOH adducts, formed from the reaction between DMPO
and superperoxide radicals, are less stable and can decompose quickly
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Fig.9. (a) NOR degradation efficiency in the presence of different scavengers (e−, h+, •O2
−, and •OH); (b) Identification of radicals by EPR; (c) Proposed mecha-

nism of ROS photocatalytic production for NOR degradation; (d) Degradation pathways of NOR using ZnO nanogranules as a photocatalyst.

or undergo other secondary reactions that do not allow their detection
in such an effective manner in the aforementioned technique [85]. The
DMPO-superoxide adduct is unstable and spontaneously decomposes,
yielding a non-radical species and DMPO-OH [86]. Radicals, such as,
HO2• and •O2

− are highly unstable in water and tend to undergo dis-
proportionation rapidly rather than reacting slowly with DMPO [87].
Although superperoxide radicals have not been detected by the EPR
technique, their formation cannot be ruled out since they were identi-

fied when ascorbic acid was used in scavenger experiments. The results
of EPR as well as the scavengers suggest the determining role of hy-
droxyl radicals in the photocatalytic degradation of NOR when ZnO
nanogranules were used as a photocatalyst.

To describe the possible photocatalytic degradation mechanism of
norfloxacin under UV-C light, the energy levels of the conduction band
(ECB) and valence band (EVB) of ZnO nanogranules were determined us-
ing the following equations:
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(2)
(3)

where Eg is the semiconductor band gap, EVB and ECB are the VB and
CB edge potentials, respectively. Ee is a constant relative energy of free
electrons on the standard hydrogen electrode potential (Ee = 4.5 eV),
and χ, also known as Mulliken electronegativity, is the geometric mean
of the absolute electronegativity of each atom within the semiconduc-
tor. Since χZn = 4.5 eV and χO = 7.54 eV, so χZnO = 5.79 eV [88]. The
energy gap (Eg) value for ZnO nanogranules was determined to be
3.32 eV from the Tauc plot (Fig. 4b). Therefore, the EVB and ECB values
for the nanogranules were calculated as + 2.95 eV and −0.37 eV, re-
spectively, relative to the normal hydrogen electrode (NHE).

Fig. 9c illustrates the photocatalytic process using ZnO nanogran-
ules. When exposed to UV-C light with energy higher than the band
gap, electronic transfer occurs, promoting an electron from the VB to
the CB and generating an electron-hole pair. These charge carriers −
electrons (e−) in the CB and holes (h+) in the VB − migrate to the sur-
face of the ZnO photocatalyst, where redox reactions take place. As the
energy level of the VB (EVB = 2,95 eV) of ZnO nanogranules is more
positive than the standard redox potential of H2O/•OH (E0 =
+2.33 eV vs. NHE), •OH radicals are formed by the reaction of h+ with
water molecules in the VB. Simultaneously, the CB energy level is more
negative than the standard redox potential of O2/•O2

− (E0 = -0.33 eV
vs. NHE). Consequently, excess electrons on the ZnO surface can inter-
act with dissolved oxygen molecules, forming the •O2

− radical due to
its lower conduction band edge potential (−0.37 eV vs. NHE) compared
to the standard potential E0 (•O2

−/O2) (−0.33 eV vs. NHE). The EPR
spectra of ZnO nanogranules confirm significant signals of the •OH rad-
ical. Two plausible explanations exist for this observation: firstly, pho-
togenerated holes may capture OH− ions to produce •OH radicals [89].
Secondly, the resulting •O2

− radical undergoes protonation, leading to
the formation of hydroperoxyl radicals (HO2•), and subsequently,
H2O2, which dissociates into highly reactive •OH species [27]. The
main reactions involved in NOR degradation can be summarized as fol-
lows:

(R2)
h+ + OH− → •OH (R3)
h+ + H2O → •OH + H+ (R4)
e− + O2 → •O2

− (R5)

NOR+ h+ + •OH + •O2
−→ Intermediates of NOR degradation (R6)

3.4. Investigation of NOR degradation pathways

As shown in Table 1, the LC-MS results indicate degradation with
ZnO-Cl at pH 8, resulting in the generation of thirteen primary com-
pounds (Figs. S1–S13). Seven of those intermediates (2, 4–9) have al-
ready been reported in other studies on the photocatalytic degradation
of NOR [90,91,92], whereas intermediates 1, 3, 10–13 are being re-
ported for the first time.

According to the structures of the intermediates identified, the
degradation of NOR via ZnO-Cl pH = 8 proceeded through four distinct
pathways (Fig. 9d), namely, I) elimination of fluoroquinolone ring sub-
stituents, II) modification of the quinolone ring, and III) alteration of
the piperazine ring. The latter two routes occurred separately and in
conjunction, leading to pathway IV and yielding compounds 10, 11,
and 13.

In pathway I, the oxidizing species (•OH and •O2
−) generated on the

photocatalyst surface attack several carbon bonds within the fluoro-
quinolone ring, leading to the formation of the following intermediate
compounds: compound 5 (m/z 318), generated through a fluorine elim-
ination process; compound 4 (m/z 274), produced via simultaneous de-

Table 1
LC-MS/MS data for the intermediate compounds detected during photocataly-
sis of norfloxacin by ZnO-Cl pH=8.
Intermediate Rt

(min)
Molecular Ion

[M+H]+
Main Fragments (m/z)

1 0.50 349 306, 275, 232, 191, 102, 83,
59

2 1.01 292 275, 100, 83, 59
3 2.48 275 100, 83, 59
4 6.30 274 100, 83, 59
5 6.40 318 100, 83, 59
6 7.35 284 100, 83, 59
7 7.85 306 100, 83, 59
8 7.96 354 115, 100, 83, 59
9 8.11 146 105, 83, 59
10 8.37 365 105, 83, 59
11 8.42 444 400, 146, 105, 83, 59
12 8.79 312 146, 105, 74, 59
13 8.94 413 146, 105, 74, 59

fluorination and decarboxylation reactions; and compound 7 (m/z
306), formed from the release of a methyl group (–CH3) [90,91].

In pathway II, the attack of oxidizing radicals resulted in the cleav-
age of the C-N bond of the piperazine ring, followed by addition and
elimination reactions within the ring. The formation of intermediate 8
with m/z 354 is proposed to occur through oxidation and hydroxylation
of the piperazine ring [92]. The subsequent release of OH and acidic
groups from 8 generated compound 2 with m/z 292. Pathway II also oc-
curred in conjunction with defluorination, as evidenced by compounds
1 (m/z 349) and 3 (m/z 275). The proposed formation of 1 involves hy-
droxylation of the NOR molecule, followed by fluorine elimination, oxi-
dation, and removal of the ammonia moiety from the piperazine ring.
Decarboxylation and subsequent release of the hydroxyl unit, as water,
from compound 1 gave rise to 3.

The lower molecular intermediate quinolinone (9) is a derivative of
pathways I and II [90]. Its proposed formation with a molecular ion of
m/z 146 involves the elimination of fluorine from compounds 2 and 7
or hydroxyl from 4, along with de-carboxylation, de-piperazinylation,
and de-methylation or de-ethylation from the quinolone ring from com-
pounds 2, 3, 4, or 7.

During the degradation of NOR with the use of ZnO-Cl pH=8, an
initial hydroxylation reaction was observed in the fluoroquinolone ring
of the molecule, leading to the rupture of the structure (Pathway III).
Under such conditions and with the loss of a methyl group, compounds
with m/z 312 (12) and m/z 284 (6) were detected.

Pathway IV was detected in intermediates 10 (m/z 365), 11 (m/z
444), and 13 (m/z 413). Their formation involves the attack of OH on
the C=C double bond adjacent to the carboxylic acid group on the
quinolone ring, cleavage of the C-N bond with the opening of the piper-
azine ring, and successive oxidation and hydroxylation reactions on the
rings with the elimination of functional groups. The cleavage of C=C
with subsequent oxidation of the carbons involved in this bond is
among the mechanisms reported in the literature for the generation of
NOR intermediates [91,93,94]. Additionally, the opening of the piper-
azine ring, accompanied by oxidation and/or hydroxylation of the car-
bons bonded to the nitrogens, as well as oxidation and/or hydroxyla-
tion of the methyl group linked to the quinolone ring, has been reported
in other studies on NOR degradation [91,93,94,95].

3.5. Investigation into the superior photocatalytic performance exhibited by
ZnO nanogranules compared to other synthesized morphologies

EIS, employing Nyquist impedance plots and Bode-phase analysis,
was used to investigate the interfacial properties and charge recombi-
nation behavior of synthesized ZnO NPs. The analysis of the Nyquist
data (Fig. 10a) and the simulated circuit (Fig. 10b) suggests that ZnO-Cl
(85.6 KΩ) has the lowest electron transfer resistance compared to ZnO-
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Fig.10. (a) EIS curves, (b) equivalent circuits used to simulate the EIS experimental data (c) Bode-phase plots, (d) chronoamperometry curves, and (e) PL spectra of
ZnO samples.

A (106.0 KΩ) and ZnO-N (91.5 KΩ) NPs. This translates to faster degra-
dation kinetics of the NOR drug by the photocatalytic activity of these
NPs, potentially explaining the findings of this work [96].

Following these observations, the Bode-phase plots for the synthe-
sized ZnO NPs (Fig. 10c) were analyzed. Interestingly, a shift in the
maximum phase angle frequency (f) was observed between the ZnO-A,
ZnO-Cl, and ZnO-N samples, which exhibited peak frequencies of 10.0,
6.31, and 7.94 Hz, respectively. Considering this analysis, the lifetime
of the photogenerated electrons (te) for these NPs was then calculated
using Equation (2) [97].

te = 1/(2 π f) (4)
The calculated te for ZnO-A, ZnO-Cl, and ZnO-N were 0.016, 0.025,

and 0.020 s, respectively, and these results indicate that ZnO-Cl
(nanogranules) possesses the longest charge carrier lifetime. A longer
lifetime signifies a beneficial separation of charges, leading to a re-
duced recombination rate and increasing their photocatalytic activity
[98]. Long-lived photogenerated carriers can quickly reach active sites
on the surface to participate in photocatalytic reactions [89].

To further investigate the photocatalyst profile for these ZnO NPs,
photocurrent measurements were performed using chronoamperome-
try, as shown in Fig. 10d. Upon illumination with an 8 W UV-C lamp, all
three synthesized ZnO NPs exhibited an initial current response of ap-
proximately 0.3 μA·cm−2. However, ZnO-Cl displayed a current decay
of 0.13 μA·cm−2 during irradiation, while ZnO-N lost 0.09 μA·cm−2, and
the ZnO-A NPs maintained a stable current. The observed current decay
corresponds to the ease of electron generation and release in the
medium. This finding aligns with degradation tests, indicating that
ZnO-Cl NPs exhibit superior photocatalytic activity attributed to their
efficient charge separation [99].

Photoluminescence spectroscopy (PL) is a valuable technique for
evaluating the separation efficiency of the photogenerated charge carri-
ers in semiconductors as well as identifying the formation of defects
[100,101]. Fig. 10e shows the PL spectra of ZnO nanostructures synthe-
sized from different zinc precursors. The measurements were carried
out with an excitation of 325 nm, which corresponds to an energy of
3.81 eV, higher than the energy band gap of ZnO (Eg = 3.19 –
3.32 eV). This allows electrons in the ZnO valence band to easily transit
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into the conduction band when excited, creating electron-hole pairs
[102]. PL spectra reveal emissions in three distinct regions: one in the
UV and two in the visible. The emission in the UV region is attributed to
the transition near the edge of the ZnO energy band [103], while the
visible emissions are associated with nanostructured ZnO surface defect
states [104]. The emission in the UV region is due to radiative recombi-
nation of electrons and holes in the conduction band and valence, re-
spectively, known as near-end emission of the band (NBE), which was
observed around 400 nm [105,106,107]. A weak intensity of PL attrib-
uted to the NBE band is generally assigned to a lower electron-hole re-
combination rate under light irradiation [108]. Among the obtained
morphologies, ZnO nanogranules exhibit a lower radiative recombina-
tion of photogenerated electrons and holes. This reduced rate of hole-
electron pair recombination in ZnO nanogranules can be attributed to
their smaller particle size. Small particles offer shorter paths for charge
carriers to reach the surface where photocatalytic activity occurs [109].
This reduction in carrier migration distance decreases the likelihood of
recombination of active charges (electron-hole pairs), thereby enhanc-
ing the photocatalytic efficiency [109]. The broad green emission band
observed at 550 nm in ZnO nanostructures is attributed to the presence
of defects, particularly ionized oxygen vacancies [106]. The intensity of
this green emission is notably higher in ZnO nanogranules (ZnO-Cl)
compared to other morphologies, indicating a greater concentration of
oxygen vacancies [106]. Oxygen vacancies are known to act as traps
that capture photo-excited electrons, thereby reducing recombination
with holes [109,110]. Surface oxygen vacancies also serve as charge
traps and adsorption sites, facilitating the transfer of charges to ad-
sorbed compounds [111]. This mechanism effectively suppresses the re-

combination of photogenerated charge carriers, leading to enhanced
photocatalytic performance [111]. In addition, the red emission around
650 nm observed for ZnO nanostructures is attributed to the presence
of oxygen interstitials, indicating the existence of additional structural
defects [104]. The highest concentration of defects on the surface of
ZnO nanogranules can be attributed to the smaller particle size and
larger surface area, consistent with the results of SEM/MET and BET,
respectively.

3.6. Reusability and stability of ZnO nanogranules as a photocatalyst

In practical applications, the reusability of photocatalysts is a cru-
cial aspect to be considered. As shown in Fig. 11a, the degradation effi-
ciency of the most efficient photocatalyst, i.e., ZnO-Cl pH = 8
(nanogranules), remained virtually unchanged even after three cycles.
No insignificant reduction in photocatalytic activity was observed,
since it decreased only 3 % from the first to the third cycle, suggesting a
notable cycling stability of the studied photocatalyst. Additionally, the
stability of ZnO nanogranules was assessed by comparing the degrada-
tion rate constants over three consecutive reaction cycles. It was found
that there was no significant decay in the kinetic constants from one cy-
cle to another, with values of k1, k2, and k3 were 0.07350
(R2 = 0.99917), 0.07244 (R2 = 0.99201), and 0.07076
(R2 = 0.99525), respectively. After three cycles of recycling, the crys-
tal structure of ZnO nanogranules was examined using XRD to assess
their stability. No significant changes in peak shape were observed, and
all peaks were indexed according to the crystallographic data (JCPDS
No. 36–1451), indicating the structural stability of the hexagonal

Fig.11. (a) Recycle efficiency, (b) XRD patterns, and (c, d) TEM images after the use of ZnO nanogranules as a photocatalyst under multiple cycles of NOR degrada-
tion.
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Table 2
Comparative studies of NOR photocatalytic degradation using different photocatalysts under UV-light irradiation.

Photocatalyst Morphology Illumination
source

NOR initial
concentration

(mg·L−1)

Photocatalyst
dosage (g·L−1)

Photocatalysis
pH

Degradation
efficiency (%)

Time of
degradation

(min)

k · 10−2

(min−1)
Ref.

ZnO/ZnS@BC irregular circles and
tetragonal crystals

UV lamps, n/a 25 0.5 7 55 180 2.12 [28]

CuO/ZnO/
g-C3N4

spherical UV-A (3 W,
395 nm)

7.5 2.0 7 93.7 120 n/a [65]

Ni doped ZnO Nanoparticle UV-A (9 W,
390 nm)

5 n/a n/a 98 120 n/a [113]

Fe3O4/C/ZnO Nanoparticle UV-A (20 W,
365 nm)

10 1.0 n/a 97 60 n/a [114]

ZnO/ZnS spherical UV (125 W,
n/a)

10 0.25 n/a 45 240 0.02 [29]

TiO2 P25 n/a UV-A (250 W,
365 nm)

150 n/a 7 45 210 n/a [115]

TiO2/Ti film sheet-like UV-C (10 W,
254 nm)

10 n/a n/a 98.9 90 5.04 [116]

ZnS-rGO 3D ZnS nanospheres
decorated with rGO

nanosheet

UV (300 W,
n/a)

20 1.0 n/a 92 240 n/a [117]

Ni5P4 coupled g-
C3N4 quantum
dots (GCNQDs)

porous flower
spherical

UV (1000 W,
n/a)

30 0.6 7 92 120 2.18 [69]

Mn:ZnS QDs nanoparticle UV (40 W, UV-
C)

15 2.4 10 86 60 3.21 [64]

BiOCl spherical UV (125 W,
n/a)

10 0.25 n/a 92 240 1.80 [118]

SDS capped BiOCl spherical UV (125 W,
n/a)

10 0.25 7.54 94 240 1.14 [16]

BiOCl nanosheets UV (300 W,
n/a)

10 1.0 n/a 84 180 1.0 [119]

CTAB capped BiOCl microsphere UV (125 W,
n/a)

10 0.25 7.54 98 240 4.81 [16]

ZnO nanogranules UV-C (15 W,
254 nm)

5 0.25 8 100 70 7.35 This
work

wurtzite phase (Fig. 11b). Furthermore, morphological evaluation via
TEM was conducted after the third cycle, revealing no significant
changes in relation to the initial microstructure (Fig. 11c–d). Thus, the
ZnO nanogranule-based photocatalysts synthesized in this study exhibit
outstanding stability and efficiency after multiple cycles of photocat-
alytic NOR degradation.

3.7. Comparative photocatalytic performance of ZnO nanogranules with
other photocatalytic materials for NOR degradation under UV-light

ZnO nanogranules exhibit exceptional performance and offer sev-
eral advantages over other photocatalysts, as shown in Table 2. Most
studies in Table 2 investigate degradation at concentrations much
higher than those typically found in the environment. For example, this
pollutant has been detected in different water matrices of India, with
concentrations of 420 μg·L−1 in treated wastewater, 520 μg·L−1 in sur-
face water, and 0.145 μg·L−1 in groundwater [112]. In new photocatal-
ysis experiments using ZnO nanogranules at 20 ppm and 30 ppm of
NOR, degradation reached 88.2 % and 66.6 % in 70 min (Fig. S14), re-
spectively, outperforming the listed materials. Although these concen-
trations are higher than environmental levels, our results demonstrate
that nanogranules perform well across a wide range of contaminant
concentrations. They achieved a remarkable 100 % degradation effi-
ciency within 70 min when 5 mg·L−1 of NOR was used, surpassing all
other photocatalysts.

These nanogranules exhibit impressive reusability, maintaining
structural and morphological stability after multiple recycling tests, as
detailed in § 3.6. Their stability ensures prolonged efficacy, making
them a reliable choice for continuous environmental remediation appli-
cations. They are cost-effective and involve a simpler composition since
they do not require complex combinations with other materials, such as
forming heterostructures or doping strategies. The formation of com-

posite materials and heterostructures has been a commonly employed
strategy to enhance photocatalytic performance. However, achieving
practical applications with these photocatalysts often requires long
degradation times and/or high-powered lamps, as shown in Table 2.
Moreover, their simplicity in synthesis and single-material composition
not only reduces costs but also enhances reproducibility and scalability
for large-scale implementation in wastewater treatment systems. There-
fore, their outstanding performance, coupled with their cost-
effectiveness and simple synthesis, underscores their potential as highly
efficient and practical photocatalysts for NOR degradation and other
environmental remediation applications.

4. Conclusions

This investigation employed a straightforward hydrothermal
method to induce morphological variations in pure ZnO nanostruc-
tures, guided by the alteration of zinc precursor salts. Such morphologi-
cal changes, influenced by counterions, significantly impacted the sur-
face area. Notably, the limited documentation on the use of pure ZnO
nanostructures for an effective and swift degradation of NOR under UV-
C light underscores the novelty of this study. According to the findings,
pure ZnO nanoparticles demonstrated photocatalytic activity compara-
ble to or surpassing that of ZnO nanocomposites, heterojunctions, and
doped ZnO in Norfloxacin degradation under UV-light conditions. Fac-
tors such as photocatalyst dosage, initial contaminant concentration,
and pH in photocatalysis experiments were meticulously investigated.
Optimal dosages for ZnO-A, ZnO-Cl, and ZnO-N were determined by
considering both efficient degradation and cost-effectiveness. The ini-
tial NOR concentration significantly impacted degradation efficiency,
with a 5 mg·L−1 optimal concentration. Additionally, the solution pH
played a crucial role, with alkaline conditions (pH = 8) proving most
favorable for enhanced degradation due to minimized electrostatic re-
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pulsion between the surface charges of ZnO and NOR molecules. ZnO
synthesized from the chloride precursor showed the highest degrada-
tion rate of Norfloxacin under UV-C light, e.g., 100 % in 70 min. Based
on BET, EIS, and PL measurements, the superior photocatalytic perfor-
mance exhibited by ZnO nanogranules can be attributed to the synergis-
tic effects of reduced electron-hole pair recombination, increased sur-
face area, and higher concentration of crystalline defects.
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