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Abstract

Cephalexin is a widely used antibiotic frequently detected in hospital wastewater and
aquatic environments near pharmaceutical facilities, where its persistence contributes to
the spread of antibiotic resistance. Mechanically driven advanced oxidation processes,
including piezocatalysis and tribocatalysis, represent sustainable alternatives for pollutant
removal because they operate without external light or heat sources. In this study, ZnO
catalysts with controlled morphologies were synthesized via sol-gel and mechanochem-
ical methods using different solvents and activation times (1 and 5 h). The influence of
structural characteristics, surface area, and friction conditions on catalytic performance was
systematically evaluated. The results demonstrated that tribocatalytic efficiency strongly
depends on stirring rate and reactor material, with PTFE systems exhibiting superior
performance. Mechanochemically activated ZnO (1 h) showed the highest degradation
efficiency due to optimized defect density and surface accessibility. All catalysts exhibited
high stability, while radical scavenging experiments identified superoxide radicals as the
primary reactive species in the degradation process.

Keywords: ZnO; mechanochemical activation; tribocatalysis; piezocatalysis; cephalexin
degradation

1. Introduction

Antibiotics are emerging organic contaminants that persist in the environment and
threaten ecosystems and human health at elevated concentrations. Their main sources
include pharmaceutical and personal care products and industrial effluents [1,2]. Contin-
uous release contributes to antibiotic resistance, enabling bacteria to survive otherwise
inhibitory concentrations. Even at low levels (ug/L), cephalexin shows measurable ecologi-
cal effects [3]. Owing to their stability and insufficient removal by conventional treatment
methods, antibiotics are often classified as persistent organic pollutants (POPs) [4].

Advanced oxidation processes (AOPs) provide efficient degradation pathways
through the in situ generation of reactive oxygen species (ROS) with moderate energy de-
mand. Among them, piezocatalysis [5-11] and tribocatalysis [12-16] have attracted increas-
ing attention because they utilize mechanical energy to initiate catalytic reactions [17,18].

Piezocatalysis relies on the piezoelectric properties of non-centrosymmetric materi-
als, which generate electric polarization under mechanical stress [9]. The induced charge
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separation promotes redox reactions: electrons reduce dissolved O, to superoxide radi-
cals (#O, ™), while holes oxidize water or hydroxide ions to hydroxyl radicals (¢OH) [9].
Recent works report improved charge separation efficiency via defect engineering and het-
erostructure design, significantly boosting catalytic activity [19,20]. Tribocatalysis operates
through friction-induced charge transfer between contacting surfaces, similarly leading to
the formation of €O, and eOH radicals [21-24].

ZnO is widely investigated for mechanically induced catalysis due to its combined
piezoelectric and triboelectric properties, wide band gap (~3.37 eV), low cost, abundance,
and environmental compatibility [25,26]. Its catalytic performance strongly depends on
morphology, surface area, and defect structure, and can be further improved through
doping or composite formation [27]. Thermal annealing at 500 °C enhances crystallinity
and charge mobility compared to non-annealed ZnO, resulting in improved degradation
efficiency [28].

In addition to thermal treatment, mechanochemical activation represents an effective
strategy to tailor ZnO properties. Mechanical milling or high-energy grinding can induce
lattice distortion, generate oxygen vacancies, and increase surface defect density, thereby
modifying electronic structure and enhancing catalytic activity [29,30]. Such mechanochem-
ical processes improve surface reactivity and facilitate charge transfer during tribo- and
piezocatalytic reactions. The introduction of structural defects through mechanoactivation
can therefore promote more efficient ROS generation under mechanical stimulation [31,32].

Operational parameters such as reactor material, stirring speed, catalyst morphology,
and synthesis conditions further influence degradation performance. The dominant ROSs
are typically identified using radical scavengers such as isopropyl alcohol and ascorbic
acid [33,34].

This work reviews the degradation of cephalexin using ZnO as both a tribocatalyst and
piezocatalyst, with emphasis on mechanochemical activation, ROS generation pathways,
and structure—performance relationships. The novelty of this study lies in the integrated
analysis of thermal and mechanochemical modifications of ZnO and their combined influ-
ence on mechanically driven catalytic degradation. By systematically correlating structural
defects, charge transfer behavior, and ROS formation, this work provides a comprehensive
perspective on optimizing ZnO-based systems for enhanced antibiotic degradation.

2. Materials and Methods

Zinc acetate dihydrate (Zn(CH3COO),x2H,0, >99.5%), ethanol (C,HsOH, >99.0%),
methanol (CH30H, >99.5%), and sodium hydroxide (NaOH, >99.0%) were sourced from
Fluka (Buchs, Switzerland). Distilled water was employed in all experiments, and all other
chemicals and reagents were of analytical grade.

Cephalexin (C16H17N304S, Amax = 262 nm, Teva, Troyan, Bulgaria) was used as a
model contaminant in all tribocatalytic experiments. Cephalexin is a widely prescribed
-lactam antibiotic frequently detected in hospital effluents and surface waters due to its
extensive consumption and incomplete removal in conventional wastewater treatment
systems [35]. Its persistence in aquatic environments raises environmental concerns, as
continuous exposure may contribute to the development of antibiotic-resistant bacteria
and ecological imbalance. Beyond environmental implications, cephalexin may also induce
adverse physiological effects when present at elevated concentrations. Reported side effects
include increased liver enzyme levels, thrombocytopenia (reduced platelet count), and
eosinophilia, reflecting its potential hematological and hepatic impact [36]. These findings
further justify the need for efficient degradation strategies.

The catalytic experiments were designed to evaluate the degradation behavior of
cephalexin under mechanically induced conditions. Distilled water was used as the reaction
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medium to simulate simplified aquatic systems, allowing controlled assessment of catalyst
performance in the presence of dissolved species.

ZnO nanoparticles were synthesized via a sol-gel method using zinc acetate dihydrate
(Zn(CH3CO0),x2H,0) as a precursor and sodium hydroxide (NaOH) as a precipitating
agent. Two different alcohol solvents—methanol and ethanol—were employed in order to
evaluate the influence of solvent type on nucleation, growth kinetics, and final morphology.
For the methanol-based system, 1.09 g of Zn(CH3COO);x2H,0 was dissolved in 50 mL
of methanol under continuous magnetic stirring (500 rpm) at room temperature until a
clear and homogeneous solution was obtained. In parallel, a second precursor solution
was prepared using ethanol as solvent. Due to the lower solubility of Zn(CH3COO),-2H,0
in ethanol, 0.05 g of the salt was dissolved in 50 mL of ethanol under identical
stirring conditions.

A NaOH solution was prepared separately for each solvent system. For the ethanolic
route, 0.22 g of NaOH was dissolved in 25 mL of ethanol. Because of the limited solubility
of NaOH in absolute ethanol, 8 mL of deionized water was added to facilitate complete
dissolution and ensure uniform alkalinity. For the methanolic route, the same amount
of NaOH (0.22 g) was dissolved directly in methanol without the addition of water, as
sufficient solubility was achieved under stirring.

After complete dissolution of the reagents, the NaOH solution was added dropwise
to the corresponding zinc acetate solution under continuous stirring. The gradual addi-
tion promoted controlled hydrolysis of Zn?* ions and subsequent condensation reactions,
leading to the formation of Zn(OH), intermediates, which transformed into ZnO nuclei.
The reaction mixture became turbid, indicating particle formation. Stirring was maintained
to ensure homogeneous nucleation and growth throughout the solution. The obtained
suspensions were denoted as ZnO/EtOH and ZnO/MeOH, according to the solvent used
during synthesis. The influence of solvent polarity and water content on hydrolysis rate,
particle growth, and defect formation was considered critical for tailoring the structural
and catalytic properties of the resulting ZnO powders.

Mechanochemical activation was performed using a Fritsch Pulverisette 5 mill. The
samples were ground for 5 h at a ball to powder mass ratio of 20:1 and a rotation speed of
500 rpm, under dry conditions. The grinding was divided into cycles of one hour followed
by a pause of 15 min.

The synthesized samples were comprehensively characterized to assess their morphol-
ogy, microstructure, crystallinity, and optical properties. Scanning electron microscopy
(Zeiss Evo 15, Bruker, Resolution 126 eV, Berlin, Germany) coupled with energy-dispersive
X-ray spectroscopy (EDS, Tokyo, Japan) was used to examine surface morphology and
elemental composition. Phase identification and crystallinity were determined by X-ray
diffraction with Cu-K« (1.5418 A) radiation (Empyrean, Malvern Panalytical X-ray diffrac-
tometer, Malvern, UK), at a step of 26 = 0.05° and counting time 4 s/step. The mean
crystallite sizes are calculated using Scherrer’s equation for 101 peak of ZnO [37]. Room-
temperature photoluminescence (PL) spectra were recorded on a Varian Cary Eclipse
Fluorescence UV-Vis spectrophotometer (excitation wavelength 325 nm).

Tribocatalysis was applied to degrade a 50 mL solution of Cephalexin. The drug was
prepared in a 100 mL beaker using distilled water and a magnetic stirrer. The tribocatalytic
experiments were conducted at a constant room temperature of 23 & 2 °C under dark
conditions. The initial antibiotic concentration was 15 ppm. Fifty milligrams of sol-gel or
mechanically synthesized ZnO catalyst was added to the solution, and the resulting suspen-
sion was stirred with a polytetrafluoroethylene (PTFE)-coated magnetic rod. The mixture
was allowed to equilibrate for 30 min without stirring to ensure adsorption equilibrium
between the tribocatalyst and the Cephalexin molecules. Following this, the tribocatalytic
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reaction was initiated at a constant stirring speed of 100 rpm. The piezocatalytic experi-
ments were carried out under identical experimental conditions, with the only difference
being the type of magnetic stirring rod used, namely a glass-coated magnetic rod instead
of a PTFE-coated one.

Aliquots of 2 mL were periodically withdrawn from the reaction mixture, and the catalyst
was separated by centrifugation at 6000 rpm. Except for variations in magnetic stirring
conditions (300 and 500 rpm), and beaker material (glass or PTFE), all other experimental
conditions were maintained consistently across the degradation tests. Enhanced tribocatalytic
efficiency was observed in PTFE-based setups, attributed to increased electron generation
upon contact with the PTFE stirrer and beaker. All catalytic degradation experiments were
performed in triplicate to ensure the reproducibility and reliability of the obtained results. The
degradation curves and kinetic parameters presented in the manuscript correspond to the
arithmetic mean values of the three independent experiments.

The UV-Vis spectra of Cephalexin in the 200-600 nm range were recorded using an
Evolution 300 spectrophotometer (Thermo Scientific, Madison, WI, USA). The contribution
of reactive species to the degradation process was assessed via scavenger tests. Ethylenedi-
aminetetraacetic acid disodium salt (EDTA-2Na), isopropyl alcohol (IPA), and ascorbic acid
(AA) were employed as scavengers for holes, superoxide, and hydroxyl radicals, respec-
tively. To identify the specific reactive species responsible for the tribocatalytic degradation
of Cephalexin, 6 mg of each scavenger was tested separately in the 50 mL drug solution.

3. Results and Discussion
3.1. Structural and Morphological Characterization of ZnO Samples

Figure 1a—d illustrates the morphology of sol-gel synthesized ZnO powders prepared
using two different solvents—methanol and ethanol—before and after annealing at 500 °C.
In the non-annealed samples, (Figure 1a) ZnO/MeOH and (Figure 1b) ZnO/EtOH, pro-
nounced agglomeration of irregularly shaped primary particles is observed. The methanol-
derived sample (Figure 1a) is characterized by larger, densely packed aggregates with
relatively smooth surfaces and limited porosity. In contrast, the ethanol-derived sample
(Figure 1b) exhibits a more heterogeneous morphology, including elongated and plate-like
crystallites. Following calcination at 500 °C (Figure 1c,d), significant morphological evolu-
tion occurs. In both cases, a more finely dispersed and highly porous structure develops
as a result of the thermal decomposition of organic residues and ZnO crystallization. The
ZnO/MeOH sample (Figure 1c) shows a relatively uniform distribution of nanoparticles
with increased surface roughness and a well-developed microporous texture. In compari-
son, the ZnO/EtOH sample (Figure 1d) remains more heterogeneous, with the presence of
larger aggregates, suggesting a partial reduction in specific surface area. These morpho-
logical differences directly affect the catalytic performance of the materials in cephalexin
degradation. The higher specific surface area, increased surface roughness, and greater den-
sity of defect sites in the annealed ZnO/MeOH sample enhance antibiotic adsorption and
promote the generation of reactive oxygen species (ROS), resulting in improved catalytic
activity. Conversely, the more agglomerated structure of ZnO/EtOH limits the accessibility
of active sites, potentially reducing the overall process efficiency.

The SEM images illustrate the morphology of ZnO particles obtained after mechanochem-
ical activation in different liquid media and milling durations: ZnO/MeOH (Figure le) and
ZnO/EtOH (Figure 1f) after 1 h, and ZnO/MeOH (Figure 1g) and ZnO/EtOH (Figure 1h) after
5 h of treatment. At shorter activation time (1 h; Figure 1e,f), the samples consist of relatively
well-dispersed particles with irregular morphology and a broad size distribution. The degree
of agglomeration is limited, and individual grains can still be distinguished, particularly in
the ZnO/EtOH sample (Figure 1f), where a more homogeneous dispersion is observed. Upon
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increasing the activation time to 5 h (Figure 1g,h), significant morphological changes occur,
characterized by pronounced agglomeration of particles, leading to the formation of larger,
more compact aggregates. This effect is especially evident for ZnO/EtOH (Figure 1h), where
dense clusters with reduced surface heterogeneity are formed. The prolonged mechanochem-
ical treatment in the ball mill induces structural rearrangement and partial sintering-like
behavior, resulting in the transformation from loosely packed fine particles into strongly fused
agglomerates. Such agglomeration is attributed to the increased mechanical energy input,
which enhances surface diffusion and interparticle bonding, ultimately reducing the specific
surface area and the number of accessible active sites. These morphological changes have a
direct impact on the tribocatalytic performance of the materials, leading to decreased efficiency
in the degradation of cephalexin due to the limited accessibility of reactive surface sites.

ENT=30.00K  signal A= SE1 Mag= S00KX EHT=30.00K  Signal A= SEL Mag = 5.00KX
15 A 15

WD = 9.41 mm WD = 944 mm

(a) ZnO/MeOH (b) ZnO/EtOH
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Figure 1. SEM micrographs of ZnO sol-gel (a,b—nonannealed; c,d—annealed) and powders after
mechanochemically activated in methanol (MeOH) and ethanol (EtOH) for 1 h (e,f) and 5 h (g,h).
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The SEM observations are consistent with the BET surface area analysis, which re-
vealed slightly higher specific surface areas for the ZnO powders subjected to short-term
mechanochemical activation (12.2 m?/g for MeOH and 11.6 m? /g for EtOH, 1 h), likely
due to particle refinement and increased surface accessibility. In contrast, prolonged
mechanochemical treatment (5 h) resulted in lower BET surface areas (8.8 m?/ g for MeOH
and 8.0 m?/g for EtOH), which can be attributed to the formation of densely agglomer-
ated particle clusters observed in the SEM micrographs. The annealed samples exhibited
intermediate BET values of 10.8 m?/g and 9.5 m?/g for the MeOH- and EtOH-treated
powders, respectively.

The XRD patterns presented in Figure 2 confirm that all synthesized and mechanochem-
ically treated samples crystallize in the hexagonal wurtzite structure of ZnO (space group
P63mc), in accordance with the standard diffraction data reported in JCPDS card No. 36-
1451. The diffraction peaks located at 28 values of approximately 31.7°, 34.4°, and 36.2°
are assigned to the (100), (002), and (101) crystallographic planes, respectively, which are
characteristic reflections of crystalline ZnO. No additional diffraction peaks related to
secondary phases, impurities, or residual precursor compounds were detected within the
instrumental sensitivity, indicating the successful formation of phase-pure ZnO in all inves-
tigated samples [38]. The annealed samples synthesized in methanol and ethanol media
(ZnO/MeOH, 500 °C and ZnO/EtOH, 500 °C; Figure 2a,b) exhibit sharp, narrow, and
highly intense diffraction peaks, suggesting a high degree of crystallinity and the formation
of well-ordered crystal domains [39]. A slight difference in peak profile is observed be-
tween the two solvent systems. In particular, the methanol-derived ZnO displays relatively
narrower and more intense reflections compared with the ethanol-derived counterpart,
indicating larger crystallite dimensions and lower structural disorder. This behavior can
be associated with the physicochemical properties of methanol, such as its lower viscos-
ity and higher polarity, which facilitate faster hydrolysis and nucleation kinetics during
synthesis, followed by more homogeneous crystal growth during thermal treatment [40].
In contrast, ethanol provides a comparatively slower nucleation and growth environment
due to its lower polarity and higher viscosity, which may contribute to the formation of
smaller crystallites and a slightly higher concentration of structural imperfections and
lattice disorder [41].

Zn0/MeOH ZnO/EtOH

h J A 500 °C

ijU L L
L__J\\_J;J _m__8h| A A 5h
4‘0 5‘0 6‘0 7‘0 8

0 20
2 Theta (degrees) 2 Theta (degrees)

(@) (b)
Figure 2. X-ray diffraction (XRD) patterns of ZnO samples synthesized via sol-gel method using

Intensity

T

Intensity

2

methanol (a) and ethanol (b) as solvents, followed by thermal treatment at 500 °C and subsequent
mechanochemically activated (1 and 5 h).

After mechanochemical activation for 1 h and 5 h, noticeable changes in the diffraction
profiles are observed for both solvent-derived ZnO systems. Specifically, progressive
broadening of the diffraction peaks accompanied by a decrease in peak intensity occurs
with increasing milling duration. Such changes are typically associated with a reduction
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in crystallite size, partial loss of long-range crystallographic order, and the accumulation
of microstrain within the ZnO lattice [42]. In addition, high-energy mechanical treatment
can introduce various structural defects, including oxygen vacancies, zinc interstitials, and
surface disorder, which contribute to lattice distortion and enhanced defect density [43].
The effect becomes increasingly pronounced after 5 h of mechanochemical activation,
demonstrating the substantial influence of mechanical milling on the structural evolution
of ZnO particles. Nevertheless, despite the observed peak broadening and crystallinity
reduction, all diffraction peaks remain indexed to the wurtzite ZnO phase, confirming that
no phase transformation or amorphization occurs during the applied mechanochemical
treatment [44].

The average crystallite size (d) of the investigated samples was estimated using
the Scherrer equation based on the most intense diffraction reflections. The calculated
values are summarized in Table 1 and reveal a systematic decrease in crystallite size after
mechanochemical activation. The crystallite size decreases from 86 nm for ZnO/MeOH,
500 °C, and 76 nm for ZnO/EtOH, 500 °C, to 60 and 63 nm after 1 h of milling, respectively,
and further decreases to 48 and 49 nm after 5 h of mechanochemical treatment. This gradual
reduction in crystallite size correlates well with the observed peak broadening in the XRD
patterns and confirms the fragmentation of crystalline domains induced by mechanical
milling. The reduction in crystallite size and the simultaneous increase in structural defect
concentration are expected to significantly influence the catalytic behavior of ZnO. Smaller
crystallites provide a larger specific surface area and a greater number of exposed active
surface sites, which can facilitate adsorption and interfacial redox reactions. Moreover,
the presence of lattice defects, particularly oxygen vacancies, can act as charge trapping
centers that suppress rapid electron-hole recombination and enhance charge separation
efficiency [45]. These structural modifications are highly beneficial for catalytic processes
involving reactive oxygen species (ROS), as they promote the generation of hydroxyl
(#OH) and superoxide (#O;, ™) radicals responsible for pollutant degradation. The obtained
results further demonstrate that the solvent used during synthesis plays an important role
in determining the initial structural characteristics of ZnO, particularly crystallinity and
crystallite size. Methanol-derived samples exhibit larger and more ordered crystallites after
calcination, whereas ethanol-derived ZnO shows comparatively smaller crystal domains.
However, following prolonged mechanochemical activation, the structural differences
between the two solvent systems become considerably less pronounced, suggesting that
mechanical treatment becomes the dominant factor controlling crystallite refinement, defect
formation, and structural modification. Therefore, the combined application of solvent-
controlled synthesis and mechanochemical activation represents an effective approach for
tailoring the structural and catalytic properties of ZnO materials toward enhanced catalytic
and ROS-mediated degradation performance.

Table 1. Band gap energies and crystallite sizes of sol-gel and mechanochemically activated

ZnO powders.
Samples Band Gap, eV Crystallite Size, nm
ZnO/MeOH, sol-gel 3.25 86
ZnO/EtOH, sol-gel 3.27 76
ZnO/MeOH, 1h 3.25 60
ZnO/EtOH, 1 h 3.28 63
ZnO/MeOH, 5 h 3.26 48
ZnO/EtOH, 5h 3.27 49
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3.2. Optical Properties and Electronic Structure

Ultraviolet—visible (UV-Vis) absorption spectroscopy was employed to investigate the
optical properties of the synthesized semiconductor materials, as this technique is widely
applied for assessing the optical behavior of solid-state systems. The band gap energies of
the powder samples were determined via Kubelka-Munk function extrapolation, as shown
in Figure 3. The estimated band gap values for the sol-gel-derived samples are 3.25 eV
for ZnO/MeOH and 3.27 eV for ZnO/EtOH, while for the mechanoactivated samples, the
values are 3.25 eV (ZnO/MeOH) and 3.28 eV (ZnO/EtOH). A consistent trend is observed
in both synthesis approaches, where the use of methanol as a solvent results in slightly
reduced band gap energies.

150 150
Zn0MeOH Yl ——ZnO/MeOH, 1k —

120 | —2ZnO/EtOH / 120 | ——ZnO/EOL, 1h
o 90 o 90 | Eg=3.2SEV
& & E,=3.28eV
& E :

60 60

30 30

0 1 | 1 0 [
3.1 3.2 33 34 3.5 31 32 33 34 335
Eg, eV Eg, eV

(a) (b)

Figure 3. Band gap energies of sol-gel (a) and mechanoactivated (b) ZnO powders prepared with
methanol and ethanol.

This narrowing of the band gap can be attributed to an increased density of structural
defects, such as oxygen vacancies, as well as enhanced microstrain and lattice distortions
induced during synthesis. These factors introduce localized energy states within the band
structure, facilitating electronic transitions at lower energies. As a result, the reduced band
gap contributes to more efficient generation of charge carriers, which is directly linked to
enhanced tribocatalytic activity of the materials.

The photoluminescence (PL) emission spectra were employed to evaluate the effi-
ciency of charge carrier trapping, charge transfer processes, and the presence of surface
defects. In addition, the PL spectra provided insight into the behavior of photoinduced
electron-hole pairs in the synthesized metal oxide semiconductor material. The photo-
luminescence measurements were conducted at room temperature using an excitation
wavelength of 325 nm (UV-A region), as illustrated in the figure. During the tribocatalytic
process, the recombination of mechanically generated electron-hole pairs, accompanied
by photon emission, was observed and can be attributed to the radiative relaxation of
excited zinc-related species induced by frictional energy input. The PL spectra of zinc oxide
samples synthesized via the sol-gel method and subjected to subsequent mechanochemical
activation reveal significant differences in their optical emission behavior, which can be at-
tributed to variations in defect structure and crystallinity. The PL spectra of the as-prepared
sol—gel samples (Figure 4a) exhibit two principal emission regions. A relatively weak, broad
ultraviolet (UV) emission band is observed at approximately 370-380 nm, corresponding to
excitonic recombination. In contrast, a pronounced, broad visible emission band centered at
520-530 nm is detected commonly attributed to deep-level defects, predominantly oxygen
vacancies and related intrinsic defects. The dominance of this green emission suggests
a relatively high concentration of structural defects and incomplete crystallization in the
sol-gel-derived ZnO. Minor differences between samples prepared using methanol and
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ethanol as solvents are observed, mainly in emission intensity, indicating that the choice
of solvent influences defect density and particle morphology, likely due to differences in
hydrolysis and condensation kinetics during synthesis.

600 600
Zn0/MeOH _ ——Zn0O/MeOH, 1h
500 H 500 g
——ZnO/EtOH , g —ZInO/EtOH, 1h
, 5 :
2400 | < 400 M
Z & l
B30 || E : 2300 | =
5 300 ; : 5 3 DE
E @ L" £ 500 3 E
200 200 | g
=] J Z |
100 | 100 \L
0 1 0 1 f
330 430 530 630 330 430 530 630
Wavelength, nm Wavelength, nm
(a) (b)
600

——Zn0/MeQH, 5h

500 ——ZnO/EtOH, 5h

<—— 450 nm

PL intensity, a.u.
2
=
=]

T
<—— 380 nm
<—— 530 nm

100

0 Il
330 430 530 630
Wavelength, nm

()
Figure 4. Photoluminescence spectra of (a) sol-gel and mechanochemically activated ZnO powders
treated in methanol (MeOH) and ethanol (EtOH) for (b) 1 h and (c) 5 h.

The photoluminescence spectra of ZnO powders subjected to mechanochemical ac-
tivation in the presence of methanol (MeOH) and ethanol (EtOH) for 1 h and 5 h are
shown in Figure 4b,c. The PL analysis provides insights into the defect structures and
recombination processes, which are closely related to the tribocatalytic performance of the
materials. All samples show an emission in the UV region (about 330-350 nm), correspond-
ing to excitonic recombination in ZnO. This emission confirms that the crystalline phase is
preserved after mechanochemical treatment. However, a noticeable decrease in intensity is
observed with longer milling times, indicating a partial loss of crystallinity or an increase
in non-radiative recombination pathways caused by prolonged mechanical activation. In
the visible region, a broad emission band centered around 430450 nm is detected in all
samples. This band is typically attributed to intrinsic defects, such as oxygen vacancies and
zinc interstitials, as well as surface states. The presence of these defect-related emissions
indicates that mechanochemical treatment effectively creates defect sites, which can act as
active centers in catalytic processes. A closer comparison shows that the PL intensity in
the visible region is higher for samples treated with ethanol after 1 h of milling, suggesting
a higher concentration of radiative defect centers. However, this does not necessarily
correlate with improved catalytic activity. In fact, the MeOH-treated samples demonstrate
better tribocatalytic performance in degrading cephalexin, indicating that not just defect
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quantity but also the type and accessibility of defect sites are crucial. Moreover, extending
the milling time to 5 h results in similar PL spectra for both solvents, suggesting that the
influence of the solvent diminishes compared to the dominant effect of mechanical treat-
ment. Despite an apparent increase in defect-related emission, the tribocatalytic activity
of these samples declines. This behavior can be explained by considering both electronic
and morphological factors. Although longer milling promotes defect formation, it also
leads to particle agglomeration, as confirmed by morphological analysis. The powders
activated for 5 h show a higher degree of agglomeration, reducing the effective surface
area and limiting active site accessibility. Excessive defect concentration may also promote
charge carrier recombination, thereby decreasing reactive oxygen species (ROS) generation
efficiency. In contrast, the samples milled for 1 h, especially those treated with methanol;
strike a better balance between crystallinity and defect density while maintaining a less
agglomerated morphology. This results in improved charge separation and more efficient
ROS generation under tribocatalytic conditions, ultimately leading to higher degradation
rates. The combined PL and morphological analyses show that optimal tribocatalytic
performance occurs at shorter milling times and with methanol-assisted activation. The
findings highlight that defect concentration and type, charge recombination dynamics, and
particle morphology collectively influence the effectiveness of ZnO-based tribocatalysts.

The results demonstrate that mechanochemical activation plays a crucial role in tailor-
ing the defect landscape of ZnO. While sol-gel synthesis favors the formation of deep-level
defects responsible for green luminescence, mechanical treatment promotes the generation
of shallow defect states and modifies the relative contribution of radiative recombination
pathways. These findings highlight the strong correlation between processing conditions,
defect structure, and optical properties, which is essential for the design of ZnO-based
materials for tribocatalytic applications.

3.3. Tribocatalytic Degradation of Cephalexin Using Sol-Gel ZnO Powders: Effect of Solvent and
Stirring Rate

The tribocatalytic degradation of cephalexin was investigated using sol-gel synthe-
sized, non-annealed ZnO as a catalyst. The material was prepared using two different
solvents, methanol and ethanol, in order to evaluate the influence of solvent-assisted
synthesis on catalytic performance. Particular attention was given to the role of hy-
drodynamic conditions and solvent properties in governing the degradation efficiency.
Tribocatalysis—an advanced oxidation process driven by friction-induced charge
separation—has been demonstrated as a sustainable method for the degradation of organic
pollutants, including antibiotics, in aqueous environments [46].

Figure 5a presents the tribocatalytic degradation of cephalexin as a function of sol-
vent (methanol and ethanol) and stirring rate. At low rotation speed (100 rpm), the
process is kinetically limited, as reflected by the relatively low apparent rate constants of
0.0263 h~! for ZnO/MeOH and 0.0138 h~! for ZnO/EtOH. The reduced efficiency is at-
tributed to limited interfacial contact and insufficient generation of reactive oxygen species
(ROS), consistent with observations in related tribocatalytic systems [47]. A consistent
solvent effect is observed across all studied conditions, with methanol outperforming
ethanol. This behavior is associated with the lower molecular weight and higher polarity of
methanol, which facilitate improved dispersion of ZnO particles, enhanced charge transfer,
and the formation of more reactive radical species [48]. In contrast, ethanol forms less
reactive species and exhibits less favorable mass transport properties.
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Figure 5. Tribocatalysis of Cephalexin at different stirring speed (a) 100, (b) 300 and (c) 500 rpm using
non-annealed ZnO powders, (d) Degree of degradation of Cephalexin.

Increasing the stirring rate to 300 rpm (Figure 5b) results in a noticeable enhancement
of the degradation kinetics, with rate constants rising to 0.0325 h~! (ZnO/MeOH) and
0.0229 h~! (ZnO/EtOH). A further increase to 500 rpm (Figure 5¢) leads to a substantial
improvement, reaching 0.0495 h~! and 0.0314 h~! for methanol and ethanol, respectively.
This trend indicates that tribocatalytic efficiency is strongly dependent on hydrodynamic
conditions, as has been reported in studies varying stirring speed in ZnO tribocatalysis [47].

The enhancement at higher stirring rates can be attributed to intensified frictional
interactions between the tribocatalyst particles, promoting charge separation and electron
transfer. In parallel, improved mixing enhances mass transport, reduces diffusion limi-
tations, and increases the frequency of effective collisions between reactive species and
cephalexin molecules [48]. These effects collectively result in increased ROS generation and
accelerated degradation kinetics.

The observed kinetic trends are consistent with the experimentally determined degra-
dation efficiencies (Figure 5d). At 100 rpm, removal percentages of 41.61% (ZnO/MeOH)
and 24.76% (ZnO/EtOH) were obtained, corresponding to the lower rate constants. At
300 rpm, the degradation increased to 49.82% and 40.12% for methanol and ethanol, respec-
tively, in agreement with the higher kinetic values. The highest efficiencies were achieved at
500 rpm, reaching 61.19% (ZnO/MeOH) and 45.48% (ZnO/EtOH), which further confirms
the direct correlation between the apparent rate constants and the degradation performance.
This agreement supports the validity of the kinetic analysis and demonstrates that the
reaction follows consistent pseudo-first-order behavior under the studied conditions [49].
The results demonstrate that both solvent properties and stirring rate play a decisive role
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in tribocatalytic performance, with methanol and higher rotation speeds (300-500 rpm)
providing optimal conditions for efficient cephalexin degradation.

3.4. Tribocatalytic Degradation of Cephalexin Using Sol-Gel ZnO Powders: Effect of Thermal
Annealing and Reactor Material

The structure and morphology of ZnO tribocatalysts play a critical role in cephalexin
degradation. Parameters such as particle size, crystallinity, surface roughness, and
defect density govern charge carrier generation, separation, and transfer to reactive
species [50,51]. Highly crystalline ZnO with reduced defect density—typically achieved
via thermal annealing—suppresses electron-hole recombination, thereby enhancing charge
availability for oxidative reactions and improving degradation efficiency.

Annealing further promotes grain growth (Figure 1) and partial between particles,
enhancing mechanical stability, interparticle contact, and interactions with the PTFE stir-
ring rod. These effects intensify triboelectric charge generation. Additionally, increased
surface roughness enlarges the effective contact area, strengthening local electric fields and
facilitating the formation of reactive oxygen species (ROS), such as hydroxyl (¢OH) and
superoxide (#O, ™) radicals, which drive the cleavage of the -lactam ring in cephalexin.
Catalyst morphology also influences adsorption behavior. Well-dispersed nanostructures
with high surface area provide more active sites, enhancing pollutant adsorption and inter-
action with ROS, whereas highly defective structures may act as charge traps and reduce
catalytic efficiency.

Kinetic analysis supports these observations, confirming the superior tribocatalytic
activity of annealed samples compared to non-annealed ones, as evidenced by higher rate
constants and degradation efficiencies (Table 1). In the degradation of Cephalexin, annealed
samples has a k value 1.5 times greater than that of non-annealed. Thus, annealed catalysts
exhibits greater tribocatalytic activity for degradation of antibiotic. The same trend is
observed for the annealed powders, the samples prepared with methanol possess higher
catalytic efficiency. At an agitation speed of 500 rpm (Table 2), the ZnO/MeOH system
exhibits a higher apparent rate constant than ZnO/EtOH, indicating more efficient degra-
dation. High R? values (>0.99) confirm excellent agreement with the kinetic model [52].
The lower agitation rates (100 rpm) affect weaker triboelectric interactions and lower ROS
generation [53].

Table 2. Rate constants and degree of decomposition of Cephalexin using non-annealed and annealed

ZnO samples.
100 rpm 300 rpm 500 rpm
Samples
k h-1 D% k h-1 D% k h-1 D%
Glass beak non-annealed 0.0263h! 41.61% 0.0325h~! 49.82% 0.0495h! 61.19%
ass beaker annealed 0.0362 h~! 52.38% 0.0527 h~! 67.02% 0.0746 h~1 78.81%
ZnO/MeOH
PTFE beak non-annealed 0.0363 h~! 51.61% 0.0499 h—! 61.85% 0.0651 h—! 73.69%
caker annealed 0.0516 h! 63.57% 0.0648 h—! 71.55% 0.0924 h—! 86.61%
Glass beak non-annealed 0.0138 h 1 24.76% 0.0229 h ! 40.12% 0.0314 h1 45.48%
ass beaker annealed 0.0282 h~1 44.52% 0.0325 h~! 51.37% 0.0437 h~! 60%
ZnO/EtOH
PTFE beak non-annealed 0.0222h! 37.32% 0.0329 h! 47.86% 0.0436 h! 58.33%
caxer annealed 0.0373 h~! 53.69% 0.047 h—1 63.04% 0.0656 h~! 73.51%

Following the observation that annealed ZnO samples exhibited higher activity in
glass reactor tests, the effect of reactor material was investigated. Comparisons between
glass and PTFE reactors revealed that the PTFE reactor enhanced tribocatalytic performance.
At 500 rpm, cephalexin degradation in the PTFE reactor reached 86.61% for ZnO/MeOH
and 73.51% for ZnO/EtOH; at 300 rpm, 71.55% and 63.04%; and at 100 rpm, 63.57% and
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53.69%, respectively. The superior performance of the PTFE reactor can be attributed to
its higher triboelectric potential relative to glass. During stirring, the stronger triboelectric
interaction between ZnO particles and the PTFE surface promotes more effective charge
transfer, increasing the generation of ROS such as hydroxyl (¢OH) and superoxide (¢O, ™)
radicals. Additionally, the lower surface energy and chemical inertness of PTFE reduce
particle aggregation and facilitate more uniform particle-surface contact, which further
enhances localized electric fields and charge separation. These combined effects lead to
higher ROS formation and more efficient oxidative degradation of cephalexin compared
to glass reactors. These findings highlight that both catalyst morphology and reactor
material significantly influence tribocatalytic efficiency, with annealed ZnO in PTFE reactors
providing the optimal combination for maximizing cephalexin degradation.

Radical scavenging experiments provide a direct means of evaluating the contribution
of reactive oxygen species (ROS) to tribocatalytic activity and comparing the performance
of different reactor materials. In this study, the effects of adding ascorbic acid (AA),
isopropyl alcohol (IPA), and EDTA-2Na to the two tribocatalyst systems (ZnO/MeOH and
ZnO/EtOH) in glass and PTFE reactors were investigated (Figure 6). In the absence of
scavengers, the degradation efficiency ranged from approximately 82-90% for ZnO/MeOH
to 62-78% for ZnO/EtOH, depending on the reactor material. The addition of AA resulted
in the most pronounced suppression of tribocatalytic activity, decreasing the degradation
efficiency to about 66-75% for ZnO/MeOH and 48-60% for ZnO/EtOH. In comparison,
the presence of IPA and EDTA-2Na caused a less significant reduction, with degradation
efficiencies remaining within the ranges of 76-86% and 58-74%, respectively. The stronger
inhibitory effect of AA compared to IPA and EDTA-2Na demonstrates that superoxide
radicals (#O, ™) play a more prominent role in cephalexin degradation than hydroxyl
radicals (¢OH) or photogenerated holes (h*). By selectively quenching the corresponding
reactive species, the experiments enabled the relative contributions of €O, ~, ¢OH, and h*
to be evaluated, confirming that ¢O, ™ radicals predominantly govern the breakdown of
the antibiotic under the tested tribocatalytic conditions. These findings complement the
observed higher degradation efficiencies in PTFE reactors compared to glass reactors. The
enhanced tribocatalytic activity in PTFE reactors can be attributed not only to stronger
frictional interactions and improved charge transfer but also to more effective generation
and utilization of reactive oxygen species, particularly superoxide radicals. Together, these
results highlight the combined influence of reactor material and ROS generation pathways
on the overall tribocatalytic performance.
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Figure 6. Radical scavengers (ascorbic acid and isopropyl alcohol) on cephalexin degradation by
ZnO/MeOH and ZnO/EtOH in (a) glass and (b) PTFE reactors.
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Figure 7 presents the results of a five-cycle recyclability study of ZnO/MeOH and
ZnO/EtOH tribocatalysts conducted in glass and PTFE reactors. A slight decrease in
the tribocatalytic degradation efficiency of cephalexin was observed after successive cy-
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cles, with an overall reduction of approximately 5% after the third run in distilled water
for all catalyst systems. This minor decline indicates a small loss of catalytic activity
upon reuse, likely associated with surface fouling or partial deactivation of active sites
during operation.
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Figure 7. Stability and reusability of annealed ZnO/MeOH and ZnO/EtOH catalysts in repeated
tribocatalytic degradation tests (three cycles) in (a) glass and (b) PTFE reactors.

Nevertheless, the sol-gel-derived samples demonstrated good stability throughout
the cycling experiments, maintaining a high level of degradation efficiency. These results
confirm the satisfactory reusability of the materials and highlight their potential for repeated
application in cephalexin removal. The limited performance loss suggests that the catalysts
retain their structural integrity and do not undergo significant changes or mechanical
degradation during the tribocatalytic process. This stability is a key factor for practical
applications, where long-term operation and cost-effectiveness are essential.

3.5. Tribocatalytic Degradation of Cephalexin Using Mechanochemically Activated ZnO Powders

Following the evaluation of the thermally treated sol-gel-derived ZnO samples, further
improvement of the catalytic performance was pursued via mechanochemical activation.
This approach was employed to enhance the surface morphology and increase the density of
active sites, thereby improving the tribocatalytic efficiency. Mechanochemical treatment by
high-energy ball milling is a powerful method for tailoring the physicochemical properties
of ZnO without altering its chemical composition. During this process, mechanical energy
is transferred into the crystal lattice through repeated impacts between milling media and
powder particles.

One of the primary effects of this treatment is the generation of lattice defects. High-
energy collisions locally disrupt Zn-O bonds, leading to the formation of oxygen vacancies,
dislocations, and partially amorphous regions. These structural defects act as charge
trapping centers, promoting efficient charge separation and suppressing electron-hole
recombination during the catalytic process. In addition, mechanochemical activation
significantly modifies the particle morphology, which is a critical factor in tribocatalysis, as
the degradation reactions are predominantly surface-controlled. The increased density of
unsaturated surface atoms further enhances surface reactivity and facilitates the generation
of reactive oxygen species (ROS).

However, the duration of mechanochemical treatment plays a crucial role in deter-
mining the overall catalytic performance. The results indicate that ZnO activated for 1 h
exhibits superior degradation efficiency (Dglass reactor = 86%, DPTFE reactor = 93%) compared
to the sample treated for 5 h (Dgiass reactor = 81%, DPTFE reactor = 887%) at 500 rpm stirring
rate (Figure 8). The steeper slope observed in the kinetic profiles for the 1 h sample also
suggests a faster degradation rate and improved catalytic activity. Prolonged milling leads
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to pronounced particle agglomeration due to the high surface energy of finely divided
particles, which promotes re-clustering. Moreover, an excessive concentration of defects
may act as recombination centers rather than charge separation sites, thereby reducing
catalytic efficiency.

ZnO/MeOH
ZnO/EtOH

ZnO/MeOH
ZnO/EtOH

Degradation of Cephalexin,, %
@
=3

Degradation of Cephalexin,, %
N
[=]
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(@) (b)

Figure 8. Tribocatalytic degradation of Cephalexin using mechanochemically activated ZnO/MeOH
and ZnO/EtOH catalysts in (a) glass and (b) PTFE reactors.

The superior performance of the 1 h mechano-activated ZnO compared to all
other investigated systems in cephalexin degradation highlights the critical role of con-
trolled mechanochemical pre-activation in optimizing catalyst properties and maximizing
tribocatalytic activity.

3.6. Piezocatalytic Degradation of Cephalexin Using Mechanochemically Activated ZnO Powders

Piezocatalysis involves charge generation through mechanical deformation of piezo-
electric materials, typically using inert stirring elements such as glass rods that induce
limited mechanical stress and minimal triboelectric effects. In contrast, tribocatalysis is
driven by frictional interactions between the catalyst and more triboelectrically active
materials, such as PTFE (Teflon) stirring elements, which promote significant charge trans-
fer due to their strong tendency to gain electrons. Consequently, systems employing
PTFE anchors exhibit enhanced catalytic performance compared to those using glass an-
chors, owing to the combined effects of friction-induced charge generation and improved
charge separation.

The kinetic profiles of cephalexin degradation over the mechanochemically activated
samples (1 h) are presented in Figure 9a as plots of —In(C/Cy) versus reaction time. The
linear relationships obtained (R? ~ 0.99) indicate that the process follows pseudo-first-order
kinetics under the studied conditions, which is commonly reported for antibiotic degra-
dation in heterogeneous catalytic systems [54]. The calculated apparent rate constants (k)
reveal a clear dependence on both the reaction medium and the reactor material. Among
the investigated systems, the highest cephalexin degradation efficiency was achieved for
the ZnO/MeOH/PTEFE reactor system, reaching 81.37%, followed by ZnO/MeOH/Glass
reactor with 73.75% degradation. In contrast, lower degradation efficiencies were observed
in ethanol-containing systems, namely 64.11% for ZnO/EtOH/PTFE reactor and 54.05%
for ZnO/EtOH/Glass reactor (Figure 9b). These results demonstrate that both the sol-
vent nature and reactor composition significantly influence the catalytic performance and
degradation efficiency of cephalexin.

The highest rate constant (k = 0.0712 h™!) was observed for the ZnO/MeOH sys-
tem in a glass reactor, followed by ZnO/MeOH in a PTFE reactor (k = 0.0553 h™1).
Lower degradation rates were obtained in ethanol-containing systems, with k values of
0.0445 h~! (glass reactor) and 0.0322 h~! (PTFE reactor), respectively. These results suggest
that methanol enhances the degradation efficiency, most likely due to its higher ability to
act as a hole scavenger and to promote the formation of reactive oxygen species such as
oOH and eO, ™ radicals [33].
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Figure 9. (a) Kinetic plots and (b) Piezocatalytic degradation of Cephalexin using mechanochemically
activated (1 h) ZnO/MeOH and ZnO/EtOH catalysts.

Despite the observed activity, the piezocatalytic performance of the samples remains
inferior compared to their tribocatalytic counterparts (Figure 9). This difference can be
attributed to the distinct charge generation mechanisms involved in the two processes.
In piezocatalysis, charge carriers are generated through mechanical deformation of the
ZnO crystal lattice, leading to polarization and subsequent redox reactions [55]. However,
this effect is relatively limited in magnitude and strongly dependent on the extent of
applied mechanical stress. In contrast, tribocatalysis involves intensive frictional contact
between the catalyst particles and the stirring medium or reactor components, resulting in
significant triboelectric charge generation [56]. The use of a PTFE (Teflon) stirring element
is particularly important in this context, as PTFE is located at the negative extreme of the
triboelectric series and can readily accumulate and transfer electrons during contact [57].
This leads to enhanced charge separation and a higher density of reactive species, ultimately
accelerating the degradation process.

The slower kinetics observed in piezocatalytic experiments using a glass stirring
element can be explained by the comparatively weak triboelectric properties of glass.
Glass is positioned closer to the neutral region of the triboelectric series and therefore
generates significantly lower surface charge upon contact. As a result, the reaction relies
predominantly on the intrinsic piezoelectric effect of ZnO, which alone is insufficient
to achieve high catalytic efficiency. The results demonstrate that while piezocatalysis
contributes to cephalexin degradation, the synergistic effects of friction-induced charge
generation in tribocatalytic systems—especially in the presence of PTFE components—play
a dominant role in enhancing the reaction kinetics.

Building on these observations, radical scavenging (Figure 10) experiments were
conducted to elucidate the dominant reactive species and to further compare the underlying
mechanisms of piezocatalysis and tribocatalysis. The results confirm that the lower radical
generation in piezocatalytic systems is responsible for their reduced degradation efficiency
compared to tribocatalytic processes.

The kinetic analysis presented in Figure 9 demonstrates that the degradation of
cephalexin follows pseudo-first-order kinetics, with comparatively low apparent rate con-
stants under piezocatalytic conditions. To further clarify the origin of this limited activity,
radical scavenging experiments were performed (Figure 10). As illustrated in Figure 10,
the addition of ascorbic acid (AA), isopropanol (IPA), and EDTA-2Na, acting as scavengers
for superoxide radicals (¢O, ™), hydroxyl radicals (¢OH), and photogenerated holes (h*),
respectively, led to a noticeable decrease in degradation efficiency for both reactor systems.

In the absence of scavengers, the degradation efficiency reached approximately 75-85%
in the PTFE reactor and 55-78% in the glass reactor, depending on the catalyst system. The
presence of AA caused the strongest inhibition, reducing cephalexin degradation to about
60-68% in the PTFE reactor and 42-60% in the glass reactor. In contrast, IPA and EDTA-
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2Na produced a less pronounced suppression, with degradation efficiencies remaining in
the ranges of 70-80% and 50-74%, respectively. The stronger inhibitory effect observed
in the presence of AA indicates that O, radicals play a dominant role in the reaction
mechanism, whereas ¢OH radicals and photogenerated holes contribute to a lesser extent.
Importantly, the overall moderate suppression of the reaction after scavenger addition
suggests a relatively limited generation rate of reactive oxygen species in the piezocatalytic
system. This observation is consistent with the kinetic results shown in Figure 9, where
lower apparent rate constants were obtained compared to tribocatalytic systems. The
correlation between reduced radical formation and slower degradation kinetics confirms
that the limited efficiency of piezocatalysis originates from weaker charge generation
capability. In contrast, tribocatalysis (Figure 6) benefits from friction-induced charge
transfer, which significantly enhances reactive oxygen species formation and accelerates
cephalexin degradation.
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Figure 10. Role of radical scavengers in cephalexin piezocatalytic breakdown by (a) ZnO/MeOH and
(b) ZnO/EtOH catalysts.

3.7. Proposed Mechanism of Tribocatalysis

Figure 11 illustrates the proposed mechanism of tribocatalysis, in which mechanical
friction between ZnO catalysts and a PTFE stirring rod induces the generation of tribo-
electric charges on the surfaces of the contacting materials. Through continuous contact
and separation during stirring, charge transfer occurs at the solid—solid interface, resulting
in the accumulation of both positive (q*) and negative (q~) charges on different regions
of the ZnO particle surfaces. This process leads to a spatial separation of charge, gov-
erned by local surface states and differences in electron affinity between the interacting
materials. The tribogenerated charge carriers subsequently participate in redox reactions
at the solid-liquid interface. Positively charged surface sites of ZnO facilitate oxidation
reactions involving water molecules, leading to the formation of highly reactive hydroxyl
radicals (¢OH). These species are among the most powerful oxidants in aqueous systems
and play a central role in the degradation of organic contaminants. In parallel, negatively
charged regions promote reduction processes by transferring electrons to dissolved oxygen
molecules, resulting in the formation of superoxide radicals (¢O, ™). The synergistic action
of these reactive oxygen species (ROS) enables the progressive breakdown of antibiotic
molecules into intermediate products and, ultimately, their complete mineralization into
inorganic end-products such as carbon dioxide and water.

In comparison, piezocatalysis is also based on mechanically induced charge genera-
tion; however, the underlying mechanism differs fundamentally. In piezocatalytic systems,
charge carriers are generated through deformation of piezoelectric materials, where an
internal electric field is created as a result of strain-induced polarization. Although this pro-
cess also leads to the formation of reactive oxygen species, the overall density of generated
charges and their spatial separation are typically lower compared to tribocatalytic systems.

https://doi.org/10.3390/pr14111760


https://doi.org/10.3390/pr14111760

Processes 2026, 14, 1760

18 of 21

As a consequence, piezocatalysis generally produces a smaller quantity of reactive radicals
(#OH and O, ™), which directly results in a reduced catalytic degradation efficiency for
pharmaceutical pollutants such as cephalexin. Therefore, tribocatalysis can exhibit superior
degradation performance under similar experimental conditions, primarily due to the
higher intensity of charge generation and the enhanced formation rate of reactive radical
species in the reaction medium.
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OH
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q°, positive charge — Friction OH +q*

Figure 11. Proposed mechanism of tribocatalysis using ZnO.

4. Conclusions

The present study systematically evaluates ZnO catalysts synthesized by sol-gel and
mechanochemical methods for degrading cephalexin under mechanically induced con-
ditions. The results show that catalytic performance is governed by a complex interplay
among crystallinity, defect structure, and surface morphology, all of which are strongly
influenced by synthesis parameters and post-treatment strategies. In particular, mod-
erate mechanochemical activation (1 h) was identified as optimal because it enhances
defect-mediated charge separation while preserving sufficient surface accessibility. A clear
distinction between piezocatalytic and tribocatalytic behavior was established, with tribo-
catalysis showing higher efficiency due to more effective charge generation at solid-solid
interfaces. The influence of reactor material further underscores the importance of inter-
facial phenomena in determining catalytic outcomes. Mechanistic analysis confirmed the
predominant role of superoxide radicals, supporting a ROS-driven degradation pathway:.
Taken together, these findings deepen understanding of structure-function relationships in
ZnO-based systems and highlight the potential of mechanically driven catalytic processes
as viable and sustainable alternatives for treating antibiotic-contaminated waters.
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