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Abstract: Tribocatalysis is a promising environmental remediation technique that utilizes the tribo-
electric effect, produced when dissimilar materials interact through friction, to generate charges pro-
moting catalytic reactions. In this work, the tribocatalytic degradation of an organic dye—Rhodamine
B (RhB)—has been experimentally realized using pure and 2 mol.% La-modified /ZnO powders,
synthesized via a simple hydrothermal method. The effects of annealing on the tribocatalytic activity
of the La/ZnO catalysts are also studied at 100 and 500 °C. The La/ZnO-modified catalysts showed
an enhanced RhB degradation efficiency with 92% removal within 24 h, compared to only 58% for
the pure ZnO. The effects of annealing were found to be detrimental, with RhB removal efficiencies
dropping from 92 to 69% in the 100-500 °C range. The catalysts’ cycling stability was found to
be excellent within three cycles. Ultimately, it is demonstrated that by utilizing La/ZnO powders,
contaminated wastewater can be efficiently treated through employing tribocatalysis.

Keywords: tribocatalysis; ZnO powder; lanthanum ions

1. Introduction

The organic pollutants and complex components found in dye wastewater discharged
from textile, printing, and other industries are difficult to degrade and are typically present
in high concentrations [1,2]. As a result, these pollutants seriously harm the environ-
ment, disrupt the ecological balance [3-5], and pose a health risk to humans [6]. Physical
adsorption [7], biological techniques [8], and chemical methods [9] have all been used
to treat dye wastewater to alleviate these concerns. Nevertheless, these techniques have
several drawbacks, including high costs, high energy usage, and secondary pollution.
The three catalytic processes—photocatalysis, piezocatalysis, and tribocatalysis—that use
energy from the environment (such as solar and mechanical energy) to initiate chemi-
cal reactions have steadily emerged as the primary technologies for treating wastewater
containing dyes. With its low energy consumption and environmental friendliness, photo-
catalysis has been used to reduce carbon dioxide [10], produce hydrogen [11], and degrade
contaminants in wastewater [12,13].

Nevertheless, photocatalytic systems cannot function in low-light conditions indoors,
on cloudy days, or at night because photocatalysis depends on light irradiation at the ap-
propriate intensity and wavelength range. Mechanical energy, such as tidal and hydraulic
energy, is far more consistent and continuous than solar energy and can be used as a suffi-
cient complement to photocatalysis. Based on the piezoelectric effect, which is caused by
strain-induced built-in polarity that inclines the conduction and valence bands, oxidation
and reduction reactions are triggered relative to the piezoelectric catalyst’s surface [14,15].
Most of the time, piezocatalyst deformation is achieved through high-frequency ultra-
sonic energy, which is inapplicable in natural settings. Additionally, it is common for
the piezocatalysts to require specific morphologies, such as nanowire and nanosheets,
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which are easily deformable and offer a degree of preferential orientation required for the
piezoeffect [16-18]. For example, Ning et al. reported a 38% degradation efficiency for ZnO
nanoparticles against Methylene blue in 3 h [19]. Jiang et al. reported on the degradation of
Methyl orange dye using ZnO@PVDF (1:3, w/w) with 52% efficiency in 360 min [20]. A
55% degradation of Rhodamine B within 80 min using ZnO hollow pitchfork structures
was presented by Sharma et al. [21]. Porwal et al. reported 78% degradation of Methylene
blue in 240 min Bi;O3-ZnO-B,03 piezocatalyst [22]. Zhang et al. studied different ZnO
contents in the 0-5 wt.% range for the BiFeO3/ZnO heterostructure system and found an
increasing trend of 73.4 to 96.9% Rhodamine B removal within 180 min up to 2 wt.% ZnO
content, dropping to 55.1% with further increases [23].

Tribocatalysis is a novel catalytic technique that has been developed recently [24-29],
which transforms mechanical energy into chemical energy using a small quantity of me-
chanical energy from the surroundings. It works by rubbing tribocatalysts, which can
convert mechanical energy into electrical energy and chemical energy. According to the fric-
tional electrification mechanism, electrostatic charges will be created between the surfaces
of two heterogeneous materials when they rub against one another. It is commonly known
that the difference in the work function of two materials acts as a catalyst for charge transfer.
Other factors that may also influence the amount of triboelectric charge include particle size,
surface roughness, and environmental conditions. Depending on its relative polarity, the
triboelectric properties can predict whether a material is positively or negatively charged
after being rubbed [30].

Tribocatalysis makes it simple to use the abundant mechanical energy present in the
environment because the process requires a small amount of it. Additionally, a wide variety
of tribocatalysts are available because contact electrification is frequently observed in
various materials. Since its initial application to dye degradation in 2019 [24], tribocatalytic
degradation has garnered substantial research attention. Tribocatalysts like ZnO [31],
CdS [32], NiC0,04 [33], and Bi,TiOyg [34] have been used in numerous studies examining
the tribocatalytic degradation of organic pollutants.

In this study, we employed hydrothermal ZnO and La/ZnO powders as tribocatalysts
and examined their properties while stirring. The effects of lanthanum ions, annealing
temperatures, and recycling of modified samples are estimated factors influencing tribo-
catalysis in the breakdown of Rhodamine B. This study offers fresh perspectives on the
tribocatalysis of ZnO semiconductors, enhancing ZnO’s activity for catalytic degradation
through modification with La3* oxide to remove organic pollutants from wastewater.

2. Results and Discussion
2.1. Catalyst Properties

The morphology and microstructure of the samples synthesized at various tempera-
tures (between 100 and 500 °C) were examined in detail using scanning electron microscopy
(SEM). The resulting micrographs are displayed in Figure 1. According to the images, there
are no morphological differences between the pure and La-modified ZnO products.

Energy-dispersive X-ray spectroscopy (EDS) was used to determine the elements Zn,
O, and La present in the modified ZnO powders and were estimated as zinc (54.28 wt.%),
oxygen (42.45 wt.%), and lanthanum (3.27 wt.%).

The surface area of the ZnO and La-modified ZnO powders was estimated via
Brunauer-Emmett-Teller (BET) analysis, with the representative BET adsorption isotherms
shown in Figure 2. The La-modified powder has a higher BET surface area (32.34 m?/g)
compared to the ZnO sample (10.30 m?/g), annealed at 100 °C, which may suggest that
the former case will have an increased expected tribocatalytic activity. The tribocatalytic
experiments for Rhodamine B’s breakdown demonstrate the impact of this parameter.
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Figure 1. SEM images of powders annealed at different temperatures: (a) ZnO, 100 °C; (b) La/ZnO,
100 °C; (¢) La/Zn0O, 200 °C; (d) La/ZnO, 300 °C; (e) La/Zn0O, 400 °C; and (f) La/Zn0O, 500 °C.
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Figure 2. BET adsorption isotherm data obtained for: (a) pure ZnO, (b) La/Zn0O, 100 °C.

The XRD patterns of the ZnO and La/ZnO after annealing at 100 °C, 300 °C, and
500 °C are shown in Figure 3. Every diffraction peak is consistent with PDF #96-230-0117,
the standard card, and indicates that the zinc oxide phase is hexagonal wurtzite [35]. The
lack of impurity diffraction peaks indicates the high purity of the samples. Strong, sharp
peaks in the XRD patterns of the pure and La/ZnO samples indicate a high degree of
crystallinity. The XRD patterns of ZnO catalysts modified with La are almost identical to
the pure ZnO, suggesting no change in the crystal structure [36], which may indicate that
the LayO3 phase is evenly dispersed throughout ZnO nanoparticles as small, surface-bound
oxide clusters. Additionally, its absence as a distinct phase observable in the XRD patterns
of the modified ZnO composites could be attributed to the low concentration (2 mol %).
The possibility of surface-bound LayOj is confirmed via Rietveld refinement of the XRD
data, employing PowderCell software version 2.3 and a standard wurtzite ZnO datafile,
with the resulting data listed in Table 1. The results show that no changes are made to the
crystalline lattice parameters; however, a marked effect of the annealing temperature on
the average crystallite size is observed.



Catalysts 2024, 14, 527

40f13

" — 7ZnO

—_— — k.
(ST - N
T

i o120, — La/ZnO, 100°C
* ¢ Zno —— La/ZnO, 300°C

[—
(=]}

T
[ ]

La/Zn0, 500°C

Intensity, cps

=29 e =
(R -

=
o

25 35 45 55 65 75
2 0, degree

Figure 3. XRD pattern of ZnO and La/ZnO powders annealed at 100, 300 and 500 °C.

Table 1. Crystallite size and parameters of the crystalline lattice of pure and La-modified

ZnO powders.
Sample Powders Crystallite Size, nm nyﬁiﬁﬁ:ﬁ;ﬁ;&f i Micr:ifains’
ZnO 36.9 a'c b53’2350 8.27 x 104
La/ZnO, 100 °C 423 a'c }:3:5?2'(2);9 832 x 1074
La/ZnO, 300 °C 63.9 RO 1.87 x 10—+
La/ZnO, 500 °C 78.0 a'c %?2'318 358 x 1074

The average crystallite size was obtained via the Debye-Scherrer equation (Equation (1)).
1)

where Dy, is the average crystallite size (nm), A is the X-ray wavelength of CuK« radiation
(A =0.154056 nm), B is the full width at half maxima and 6 is the Bragg diffraction angle.

To confirm that the La;O3; phase is located on the surface of ZnO, transmission
electron microscopy (TEM) images of La/ZnO powder, annealed for one hour at 100 °C
(later shown to exhibit the best tribocatalytic characteristics), are presented in Figure 4.
The figure displays the well-defined ZnO particles and the resulting surface decoration
with LapO3. These results demonstrate the homogeneous distribution of lanthanum on
the zinc oxide particles and the interface formed between them. This finding is in line
with other literature examples of lanthanide-modified ZnO catalysts, which consistently
show that due to the large difference in ionic radius, in-lattice substitution of Zn with
the dopant under mild conditions is unlikely and usually results in a surface-formed
separate phase [37,38].
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Figure 4. TEM micrographs from selected areas of samples La/ZnO powders annealed at 100 °C at:
(a) low and (b) high magnification.

2.2. Tribocatalytic Efficiency of ZnO and La/ZnO Powders

The tribocatalytic efficiency of ZnO and La/ZnO powders is estimated by tribocatalytic
decomposition of Rhodamine B dye in darkness under the action of a magnetic stirrer
with a PTFE magnetic bar at 500 rpm. The dye concentrations in all friction tests are the
same (10 mg/L). The RhB molecule exhibits a characteristic absorbance at a wavelength of
546 nm, which was used to determine the concentration of the dye solution.

In the absence of the catalyst, there was only a very slight decrease in the 546 nm ab-
sorption peak when the magnetic bar was rotated at 500 rpm, as presented in Figure 4. This
result showed that the friction between the magnetic bar and glass beaker had little effect
on the tribocatalytic process. The effective Rhodamine B degradation was observed only in
the presence of ZnO and La/ZnO tribocatalysts, where, within 24 h of magnetic stirring,
the distinctive RhB peak gradually diminished, indicating that the dye had degraded.

The tribodecomposition of RhB solution using pure and La-modified ZnO powders
annealed at 100 °C is shown in Figure 5a. The results of the degradation process demon-
strated that the dye is broken down under the tribocatalytic action. After 24 h of friction,
91.69% of the Rhodamine B is decomposed by the La/ZnO powder.
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Figure 5. (a) Stirring degradation of Rhodamine B solution using ZnO and La/ZnO powders annealed
at 100 °C by magnetic stirring conditions, 500 rpm; (b) kinetic fitting.

Compared to pure ZnO, the catalytic efficiencies of La/ZnO powders are superior.
The results show that specific surface area has a major impact on tribocatalysis. The BET
assay expectations are thus confirmed by the tribocatalysis data. The rate constant values
(Figure 5b) are determined from the In(Ct/Cy) = —kt pseudo-first order approximation
and match the trend. The La/ZnO sample exhibits a higher reaction rate (k = 0.0946 h~1)
compared to the ZnO sample (k = 0.0298 h—!). Better tribocatalysis efficiency possibly
results from the separation of tribo-generated charge pairs and increased carrier participa-
tion in the redox reaction, both facilitated by the higher specific surface area, which has
more active sites to participate in and allows more dye to be adsorbed in the reaction [34].
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Electrons represent excited e~ and holes represent the formed h* that results from ZnO
absorbing mechanical energy during friction. During the decomposition of the dye, oxygen
molecules react with the electrons, forming superoxide radicals—O,°*~. The holes interact
with OH™ and are then transformed into hydroxyl radicals—OH?®. These radicals attack
the RhB molecule, leading to its degradation.

The effective electron-hole separation across the ZnO/La;O3 interface and greater
production of O,*~ and OH?* radicals could account for the enhanced activity of the La-
modified ZnO sample. The higher efficiency can be attributed to an increased number of
oxygen vacancies in the La-modified ZnO, caused by the differing charge and electroneg-
ativity of lanthanum and zinc ions, as well as the stronger hydroxyl ion adsorption onto
the ZnO surface [39,40]. The reaction between the holes and OH™ aids in the creation of
OH*. Hydroxide radicals and other tribogenerated active spaces are potent non-selective
oxidants that cause degradation of the organic pollutants on the surface of La-modified
ZnO [41,42].

The modification of ZnO with lanthanum oxide phase results in the formation of spe-
cific energy levels, leading to increased catalytic efficiency, possibly due to the suppression
of the tribogenerated charge recombination. Thus, the lanthanum phase is beneficial to
incorporate in order to trap electrons, stop electron-hole recombination reactions, and
increase the amount of hydroxyl and superoxide radicals, thereby increasing the rate of
pollutant degradation.

Evidence for the contribution of hydroxyl and superoxide radicals is provided via
a radical scavenger assay that we performed. The data are presented in Figure 6. The
contribution of superoxide (O,°~) and hydroxyl (OH®) radicals in the Rhodamine B dye
degradation process was quantified by adding ascorbic acid (AA) and isopropyl alcohol
(IPA) scavengers, which capture the respective reactive species [40,42].

Degradation of Rhodamine B, % Degradation of Rhodamine B, %
91.69%
58.18% 55.14% 82.57%
45.14% 6756%
(@) (b)
No scavenger AR IPA No scavenger AR IPA

Figure 6. Effect of scavengers on Rhodamine B degradation in tribocatalysis process using (a) pure
and (b) lanthanum-modified ZnO powder.

Figure 6 illustrates that the addition of AA and IPA had a similar effect on both tribocat-
alyst systems, where a more pronounced inhibition is observed in the former case, thus sug-
gesting that the superoxide radical has a higher influence on the RhB tribodegradation rate.

2.3. Tribocatalytic Efficiency of La/ZnO Powders Annealed at Different Temperatures

The tribocatalytic properties of a series of powders containing 2 mol% of lanthanum
phase prepared at 100, 200, 300, 400, and 500 °C are shown in Figure 7a. The figure
illustrates how the efficiency of all catalysts decreases as the annealing temperatures rise.
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Figure 7. (a) Tribocatalytic decomposition of Rhodamine B by La/ZnO powders annealed at different
annealed temperatures; (b) kinetic fitting; (c) degrees of RhB dye degradation versus preparation
temperature of La-modified ZnO samples.

The corresponding rate constant values (Figure 7b) support the trend of increased
tribocatalytic efficiency at lower preparation temperatures. The modified catalyst an-
nealed at 100 °C yielded the highest reaction rate: kiggoc = 0.0946 h™1, kyppoc =0.08 h ™1,
k3go°c = 0.0718 h™1, k409 oc = 0.058 h~1, and ksgg oc = 0.0469 h~!. Aggregation of the nanos-
tructures at higher annealing temperatures, resulting from sintering and crystal growth,
leads to recombination losses and reduced active surface area, which may cause a decrease
in tribocatalytic activity for the catalyst treated at higher temperatures.

Figure 7c confirms and compares the tribocatalytic properties of La/ZnO powders
with respect to the degradation of RhB dissolved in distilled water. The decomposition
of dye with La/ZnO annealed at 100 °C is 91.69%, while it decreases to 86.33%, 83.11%,
77.48% and 69.44% at 200, 300, 400, and 500 °C, respectively.

To gain further insights into the apparent differences in activity between the pure
ZnO and La/ZnO tribocatalysts annealed at different temperatures, attenuated total reflec-
tion Fourier transform infrared (ATR-FTIR) spectroscopy measurements were conducted.
Figure 8 presents the fingerprint region (900-2000 cm~!) of ATR-FTIR spectra, taken from
powder samples aliquoted at the beginning, 12th, and 24th hour of the tribocatalytic
Rhodamine B tribodegradation experiments.

In the case of the pure ZnO tribocatalyst (Figure 8a), the only spectral features ob-
served are a broad doublet peaking at 1210 and 1150 cm~!, which becomes more intense
throughout the experiment. These bands can be associated with aromatic C-H bending and
stretching modes and their appearance has been observed in other studies on the adsorp-
tion and degradation of Rhodamine B via heterogeneous photocatalysis [43]. Given that, in
the pure ZnO case, they gain intensity as a function of the tribocatalytic process duration, it
may be assumed that they are caused by tightly binding intermediates accumulating on
the ZnO surface, which may explain the poor activity of the pristine ZnO tribocatalyst.
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Figure 8. ATR-FTIR spectra obtained for the Oth, 12th and 24th hour of Rhodamine B tribodegradation
for: (a) pure ZnO; (b) La/ZnO 100 °C; (c) La/ZnO 200 °C; (d) La/ZnO 300 °C; (e) La/ZnO 400 °C;
(f) La/ZnO 500 °C.

A drastic difference is observed in the ATR-FTIR spectra obtained for the La/ZnO
tribocatalysts (Figure 8b—f), where, in all cases, regardless of the annealing temperature,
two observations can be made: (i) notable features appearing in the 13001600 cm ™!
spectral region; and (ii) the formation of the 1210 and 1150 cm ! peaks is almost completely
suppressed. These observations suggest both a stronger molecular bonding of the RhB dye
with the La;O3 phase and more efficient removal of the RhB intermediates, preventing their
accumulation on the La/ZnO surface. For the La/ZnO case annealed at 100 °C (Figure 8b),
a poorly resolved doublet is observed with peaks at 1384 cm~! and 1476 cm~!, which lose
intensity at the end of the 24 h tribocatalytic run. Increasing the annealing temperature
from 200 °C (Figure 8c) to 500 °C (Figure 8d—f) improves the definition of this spectral
feature and makes the contributions at 1340 cm 1, 1372 cm~1, 1476 cm~!, and 1568 cm ™!
more distinguishable, which can be associated with the C-N stretching and C=C modes
of the RhB molecule [44]. This suggests that annealing at higher temperatures possibly
leads to the recrystallization of the La;O3 phase and the formation of structurally uniform
RhB adsorption sites, which could explain the improved definition of the FTIR spectra
in the tribocatalyst annealed at 500 °C. In all cases, the RhB peaks in the 1300-1600 cm ™!
range not only lose intensity but also become broader up to the 24th hour, suggesting
that the degradation of the RhB molecule actively takes place on the La,Oj3 surface. This
aligns with our initial expectation that the La phase in the La/ZnO tribocatalyst provides
tribogenerated charge accumulation centers, which are associated with the improved
tribocatalytic efficiency.

2.4. Tribocatalytic Effect of Recycle Times of La/ZnO Powders

Tribocatalysis is an environmentally friendly technology that typically poses minimal
ecological concerns. Therefore, it is crucial to maintain high efficiency throughout each
usage cycle. In this study, we evaluated the stability of the magnetic stirring degradation
of RhB by the La/ZnO powders annealed at various temperatures, across multiple cycles.
Each cycle involved magnetically agitating 50 mL of RhB solution (10 mg/L) containing
50 mg of La/ZnO sample at a speed of 500 rpm. Following the tribocatalysis process, the
powders and RhB were centrifuged, and the La/ZnO sample was dried, rinsed multiple
times with distilled water, and then used in subsequent cycles.

Figure 9 shows the results of a study on the regeneration and reuse of hydrothermal
powders of La/ZnO. With each cycle, it is clear that the powders’ catalytic qualities progres-
sively declined. For each of the five types of catalysts in distilled water, the tribocatalytic
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degradation of the dye dropped by about 2% after three cycles. However, throughout these
cycles, the dye’s tribocatalytic degradation rate remained within an acceptable margin,
indicating that the La/ZnO powders exhibited good cycling stability for RhB degrada-
tion. The findings confirmed the high degree of tribocatalytic activity of La/ZnO (100 °C)
nanostructures even after three cycles of experiments.

100
B 100°C
) ® 200°C
Zed m 300°C
)
= 2 60 B 400°C
s E
g E 4 B 500°C
23
[}
H
= 20
0

Number of cycle

Figure 9. Tribocatalytic degradation rate of Rhodamine B for three consecutive cycles using La/ZnO
powders, annealed at different temperatures.

2.5. The Reaction Pathway for the Degradation of Rhodamine

A plausible degradation pathway of Rhodamine B, induced by a reaction with radicals,
has been reported in the literature [45]. Initially, the RhB molecule undergoes de-ethylation
in response to oxidizing h*™ and the related OH® radicals, producing intermediate com-
pounds such as C1-C6 (viz. Figure 10). Subsequently, the conjugated structure of these
de-ethylated products is continuously broken down, forming phthalic acid, resorcinol, and
2,5-dihydroxybenzoic acid.

c2
m/z =443 —— s
/ ¥ m/z =416 K
c1 i i l
AN N
A o=t N C5 oo 0O OH O
o5 AL
” /\u NH; o H
C3 l OOH m/z =360 Giutaric ac :‘o Gas
. H ~_OH
/\n k Butenedioic acid
mz =432 c6 m/z =116
OOH
OH
i
HN H,

Resorcinol
Eg / Ho\)\/o"'
ca oOH /A mz =331 2.5-dihydroxybenzoic acid miz =92
. Glycerol
HN » OT.H : “OH

Figure 10. Plausible tribocatalytic degradation pathway of Rhodamine B. Mechanism adapted with
permission from Ref. [45].

Further degradation of the benzene ring in C7-C9 (viz. Figure 10) results in the forma-
tion of small-molecule organic acids, such as glutaric acid, butenedioic acid, glycerol, and
butanediol, devoid of benzene rings. Ultimately, these small organic molecules decompose
into water and carbon dioxide.
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3. Materials and Methods

The primary substances utilized in this study were Rhodamine B (RhB; CpgH31CIN;O3,
Amax = 546 nm), zinc oxide commercial powder (ZnO, >99.0%), lanthanum (III) oxide (LayOs3,
>99.0%), and absolute ethanol (Co,H5OH, >98.0%), all of which were obtained from Fluka,
Buchs, Switzerland. Distilled water was used in all experiments.

La/ZnO composite powders were produced via a simple and ecologically friendly
hydrothermal process. La-modified tribocatalysts were prepared by mixing commercial
ZnO powder with La;O3 (2 mol%) in a glass vessel, using ethanol as a solvent. The La/ZnO
powders required for tribocatalytic testing were created by stirring the materials for ten
minutes, sonicating them for thirty more minutes, and then annealing them for an hour at
100 °C. To examine the impact of preparation temperature on the tribocatalytic activity, the
remaining La/ZnO materials were annealed for one hour at different temperatures: 200,
300, 400, and 500 °C.

X-ray diffraction (XRD) patterns of the catalysts were obtained on a Siemens D500
diffractometer (CuK« radiation within 20 range 25-75° at 20 step of 0.05° and integra-
tion time of 2 s/step, Karlsruhe, Germany). The average crystallite sizes were estimated
accord-ing to Scherrer’s equation and via Rietveld analysis with the PowderCell 2.3 soft-
ware package and a standard ZnO datafile. Scanning electron microscopy (SEM, Hitachi
TM4000, Krefeld, Germany, 10 kV acceleration voltage) equipped with an energy dispersive
X-ray spectrometer (EDS, EDXdetector: Quantax 200, Bruker Resolution 126 eV, Berlin,
Germany) was used to explore the morphology and element distribution of tribocatalysts.
Transmission electron microscopy was performed on a JEOL JEM-2100 (JEOL Ltd., Tokyo,
Japan), operating at 200 kV. Based on Brunauer-Emmett-Teller (BET) N, absorption (Quan-
tachrome Instruments NOVA 1200e, Boyton Beach, FL, USA), the surface area of pure
and RE/ZnO composite powders was estimated. The samples underwent a four-hour
degassing process at 150 °C before the N, adsorption.

Tribocatalysis was used for the decomposition of RhB (50 mL) solution. The dye was
prepared with distilled water in a 100 mL glass beaker, equipped with a magnetic stirrer.
In the absence of light, the tribocatalytic reaction was carried out under constant room
temperature conditions (23 4= 2 °C). Rhodamine B was initially present at a concentration of
10 ppm. A glass reactor holding dye solution was filled with 50 mg of catalyst (pure or La>*-
modified ZnO). The suspension was then magnetically stirred using a magnetic bar that
was sealed with polytetrafluoroethylene (PTFE). The resultant mixture was magnetically
stirred with a PTFE for 30 min in the dark to achieve adsorption equilibrium between the
Rhodamine B solution and tribocatalysts. Subsequently, the reactor is triggered, spinning
at 500 revolutions per minute at first. Two-milliliter aliquot samples of the reaction solution
were taken regularly. Then, at 6000 rpm, the tribocatalyst was centrifuged. The UV-vis
spectra of RhB were obtained using an Evolution 300 Thermo Scientific spectrophotometer
(Madison, WI, USA) in the 300-700 nm range.

Additional information about the tribodegradation of the Rhodamine B dye was ob-
tained via attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy.
FTIR spectra were obtained on the powdered samples employing a Cary 630 spectrom-
eter, equipped with a Diamond ATR accessory (Agilent Technologies, Inc., Santa Clara,
CA, USA).

Furthermore, blank experiments without stirring were performed—there was no sign
of any direct degradation of the dye.

A scavenger test was used to look into the reactive species that were causing the
Rhodamine B dye to degrade. As scavengers, isopropyl alcohol (IPA) and ascorbic acid
(AA) were employed to capture hydroxyl and superoxide radicals, respectively. Then,
6 mM of each scavenger was added in separate runs to pinpoint the precise reactive species
that underwent tribocatalysis-induced degradation of the organic dye (50 mL).
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4. Conclusions

The La/ZnO samples annealed at 100 °C exhibited the highest degradation efficiency
among the five La/ZnO powders tested at various annealing temperatures. These samples
demonstrated effective Rhodamine B decomposition under magnetic stirring in a dark en-
vironment, highlighting the significant influence of preparation conditions on tribocatalytic
performance. Increasing the annealing temperature was observed to adversely affect the
degradation rate, likely due to changes in material structure and surface area that diminish
tribocatalytic activity.

Additionally, cyclic stability experiments revealed that La/ZnO samples maintained
strong tribocatalytic performance over multiple cycles, indicating their robustness and
reusability. The results suggest that the absorbed mechanical energy from friction effectively
excites electrons and holes in the La/ZnO powders, enhancing the generation of reactive
radicals responsible for dye degradation.

The study confirms that tribocatalysis offers an eco-friendly and sustainable pathway
for environmental pollutant management by harnessing mechanical energy from ambient
sources. This approach not only provides an alternative method for degrading organic
pollutants but also aligns with green chemistry principles, presenting a promising solution
for addressing environmental challenges associated with dye pollution.
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