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A simple and scalable solid-state chemical reaction method was employed to fabricate the BiOIOz
piezocatalyst. Notably, the BiOlOz piezocatalyst, in conjunction with ultrasonic vibration (US) and the
peroxymonosulfate (PMS) system, exhibited exceptional catalytic performance in the degradation of
pollutants (rhodamine B (RhB) and tetracycline (TC)). The BiOIO3/PMS/US system achieved an impressive
reaction rate constant (RhB dye: 0.4958 min~! and TC: 0.1983 min~Y and high degradation efficiency
(RhB dye: 88.8% within 4 min and TC: 86.3% within 10 min) and demonstrated good stability, surpassing
the performance of the single BiOIOs and other material systems. Radical quenching and EPR
spectroscopy experiments further identified the contributions of non-free radicals and free radicals in
the BiOIO3z/PMS/US system. Finally, a mechanism was proposed for the BiOIOs/PMS/US system. This
work not only offers insights into the design of high-performance piezocatalysts but also advances high-
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1. Introduction

There is an increasing recognition of the significant impact of
urbanization on natural aquatic ecosystems. Recently, the
extensive use of chemical products in different sectors,
including agriculture, medicine and urban areas, has led to the
presence of organic contaminants in water bodies, posing
threats to surface and groundwater resources.' As such, there
is a pressing need to explore highly efficient and cost-effective
methods for wastewater treatment. The advanced oxidation
processes (AOPs) have emerged as a well-established approach
for the removal of pollutants from water. This process is char-
acterized by the generation of highly reactive radicals to oxidize
organic molecules into small compounds, ultimately resulting
in the formation of carbon dioxide and water.*’

Piezocatalysis, as an emerging catalytic method, utilizes the
property of piezoelectric materials for converting mechanical
energy into chemical energy. This is increasingly recognized as
an innovative approach to effectively address issues related to
environmental pollutants and energy shortages.*'* However,
despite some advancements, piezocatalytic activity still does not
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efficiency approaches for sustainable wastewater remediation.

meet the application requirement. Therefore, there is an urgent
need to explore an efficient strategy to develop high-
performance piezocatalysts. Additionally, piezocatalysis has
shown significant promise for the activation of PMS, demon-
strating considerable potential for environmental purification
and the reutilization of wastewater resources. Particularly, it
could effectively degrade refractory organic pollutants in
aqueous environments into small and less toxic molecules.**™*”

As a result, piezocatalysis is positioned to play a crucial role
as a pre-treatment unit on AOPs and as a vital component in the
future of water pollution control engineering. Its distinctive
capacity to harness weak mechanical forces present in nature
distinguishes it from traditional resource and energy-intensive
methodologies, marking it as a transformative innovation in
AOP technology. To enhance the activation of PMS, it is essen-
tial to explore more efficient materials. Additionally, developing
other materials that exhibit inherent asymmetry for the piezo-
electric activation of PMS has considerable potential. Modula-
tion of the production of active species for piezocatalysis
coupled with PMS is also critical. The active species involved in
AOPs include a variety of free radicals (e.g. O, and -OH) and
non-free radicals (e.g. '0,). The generated radical species are
electrophilic and nucleophilic, displaying relatively stable
reactivity without distinct selectivity. In contrast, the produced
non-radical species show electrophilic characteristics, allowing
controlled reactivity strength and specific reaction selectivity.
Recently, some investigations have highlighted the potential of
novel material design strategies and other approaches to exert
control for the production of active species.”® These
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advancements are promising for directing reaction pathways to
achieve desired products, thus enhancing the efficiency and
selectivity of piezocatalytic coupled PMS activation in address-
ing the complexity of organic pollutants in real water bodies.

Bismuth-based catalysts, such as BiOx (where X = Cl, Br, and
I), Bi,WO¢ and BiOIO;, have garnered significant attention in
the fields of energy conversion and wastewater purification
owing to their characteristic layered structure, which endows
them with exceptional physicochemical properties.””*” BiOIO;
exhibits significant advantages, such as a noncentrosym-
metrical crystal structure, which facilitates charge carrier
separation more effectively than other bismuth-based mate-
rials. This enhanced performance is attributed to internal
electric fields generated by its layered configuration.”® More-
over, the synthesis methods of bismuth-based materials are
focused on solvothermal, precipitation and wet chemical reac-
tions. Notably, the low-heat solid-state chemical reaction has
emerged as an effective and facile method for preparing func-
tional nanomaterials, as it avoids the need for solvents and
complicated procedures, which is suitable for large-scale
industrial production.”**' Therefore, it is of interest to explore
a solid-state chemical reaction method for the synthesis of
BiOIO; and to investigate its potential applications in waste-
water purification.

In this work, we employ a straightforward strategy to prepare
the BiOIO; catalyst for the activation of PMS under external
ultrasound irradiation. The system exhibits remarkable efficiency
in treating wastewater pollutants. Radial quenching experiments
and EPR technology confirm the presence of reactive species
involved in both radical and non-radical reaction pathways
during the piezocatalytic coupled PMS activation process. These
results indicate that the coupled system significantly enhances
PMS utilization efficiency, demonstrating superior oxidation
effectiveness compared to the individual systems.

2. Experimental section

The synthesis of the BiOIO; catalyst was accomplished through
solid-state chemical reaction and post-annealing methods.
Specifically, 10 mmol of Bi(NO3);-5H,0 and 20 mmol of KIO3
were weighed and ground into a fine powder. Two reagents were
then thoroughly mixed and ground for approximately 60 min.
Subsequently, 4 ml of PEG400 was added to the reaction
mixture. The above mixture was sealed in a conical bottle and
placed in a water bath at 80 °C for 20 h to ensure complete
reaction. Following this, the resultant powder was washed
sequentially with distilled water and absolute ethanol. This
precipitate was collected and dried. Ultimately, the desired
product, BiOIO3, was obtained through calcining the precursor
at 350 °C for 2 h. The material characterizations, piezocatalytic
performance and activation of PMS for the degradation of
pollutants are given in the SI in detail.

3. Results and discussion

XRD was adopted to analyze the crystal structure of the BiOIO;
sample. Fig. 1(a) indicates that all diffraction peaks are indexed
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and correspond to the orthorhombic BiOIO; phase (ICSD
#262019).*> The presence of intense and sharp peaks demon-
strates the well-crystallized nature of BiOIO;. Furthermore, the
absence of other peaks suggests high purity.

Additionally, the chemical composition and valence states of
BiOIO; were examined using XPS, as illustrated in Fig. S1 and
1(b-d). The XPS survey spectra confirm the presence of
elements Bi, I and O in BiOIO; in Fig. S1. In Fig. 1(b), the high-
resolution Bi 4f spectrum of BiOIO; shows peaks at 159.08 and
164.36 eV, which are attributed to Bi 4f,,, and Bi 4f5,, with the
Bi*" oxidation state, respectively.**** The I 3d XPS spectrum of
BiOIO; presented in Fig. 1(c) displays binding energies of
623.81 (I 3ds);) and 635.25 €V (I 3d,,), corresponding to the I**
oxidation state in BiOIO;. Finally, two peaks in the O 1s spec-
trum of BiOIO; (Fig. 1(d)) are observed at binding energies of
530.04 eV and 532.12 eV. The primary peak at 530.04 eV is
attributed to lattice oxygen (Oy), associated with a stronger Bi-O
bond, while the peak at 532.12 eV is attributed to surface-
absorbed oxygen (O,, -OH and chemisorbed oxygen-
containing species).*® To investigate the morphology of
BiOIO;, SEM was performed. SEM images presented in Fig. 1(e
and f) reveal that BiOIO; exhibits an irregular plate-like two-
dimensional structure, with sizes ranging from tens to
hundreds of nanometers. The thickness of the BiOIO; nano-
plates is approximately 20-30 nm.

The piezocatalytic performance of BiOIO; was evaluated by
degrading pollutants, specifically MB and RhB dyes, under
strain by ultrasonic vibration. UV-visible absorption spectra of
MB and RhB dye solutions at various time intervals when using
BiOIO; are presented in Fig. 2(a and b). The plots clearly indi-
cate that the absorption peaks of both MB and RhB decrease
over time. Notably, Fig. 2(b) demonstrates that the character-
istic peak of RhB declines more rapidly than that of MB, sug-
gesting higher degradation efficiency for RhB. The degradation
curves of the various dye solutions (C/C, vs. time) using BiOIO;
are illustrated in Fig. 2(c and d). It is evident that BiOIO;
exhibits superior piezocatalytic activity in degrading RhB
compared to MB.

To analyze the kinetics of the piezocatalytic degradation
reaction, first-order kinetic fitting was conducted to obtain the
kinetic coefficients (k). Fig. 2(e) presents kinetic coefficients (k)
for the degradation of MB by BiOIO; under different conditions.
Through fitting the data to a first-order kinetic model repre-
sented by the equation In(C/C,) = —kt, the values of k for BiOIO;
in the presence of MB and RhB dye solutions are calculated to
be 0.00776 and 0.01215 min~". Notably, the k value for BiOIO;
in relation to RhB is significantly higher than that for MB.
Furthermore, Fig. 2(f) illustrates the degradation efficiency of
BiOIO; for various dyes under ultrasonic vibration. The degra-
dation efficiency for MB is 56.6%, while that for RhB is 77.3%
after 120 min.

The development of efficient and straightforward
approaches to activate PMS for the degradation of organic
pollutants is crucial for advanced sewage treatment tech-
nology.** Thus, the application of ultrasonic vibration to
investigate the piezocatalytic activation of PMS by BiOIO; for
the degradation of pollutants is of particular interest. Fig. 3(a)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern of BiOIOs. High-resolution XPS spectra of (b) Bi 4f, (c) | 3d, and (d) O 1s for BiOlOs. (e—f) SEM images of BiOIOs.

presents the RhB degradation curves (C/C, versus time) for PMS,
BiOIO;, and the BiOIO;/PMS system under US conditions.
Notably, the BiOIO;/PMS system exhibits a significantly faster
degradation rate compared to either PMS or BiOIO; alone after
just 4 min. Based on pseudo-first-order kinetic fitting, the
reaction rate constant values for PMS, BiOIO;, and the BiOIO;/
PMS system are determined to be 0.01868, 0.01247, and
0.49582 min ', as shown in Fig. 3(b). The k value for the BiOIO;/
PMS system is approximately 40 times greater than that of
BiOIO; under ultrasonic conditions.

Fig. 3(c) illustrates that the BiOIO;/PMS system achieves
a degradation ratio of approximately 88.8% within 4 min, which
is significantly higher than the 6.9% observed for BiOIO; alone.
This finding indicates that ultrasonic vibration effectively
induces piezocatalytic activation of PMS, facilitating the
degradation of the pollutant. Compared to the individual

© 2025 The Author(s). Published by the Royal Society of Chemistry

components, BiOIO;/US and PMS/US treatments, the catalytic
kinetics and degradation efficiency of the BiOIO;/PMS/US
system are notably enhanced. This demonstrates a strong
synergistic effect among BiOIO;, PMS, and US in the degrada-
tion of RhB, highlighting the efficacy of piezocatalytic PMS
activation techniques for pollutant degradation. As reported in
previous results, the synergistic effect between the catalyst and
PMS improves both the pollutant degradation activity and PMS
utilization efficiency.">** Consequently, piezocatalysis repre-
sents a promising and efficient method for persulfate activation
in novel wastewater treatment technology. To evaluate the
stability of the BiOIO;/PMS/US system, cycling tests were con-
ducted, as shown in Fig. 3(d). The degradation ratio of the
BiOIO;/PMS/US system reaches 88.8% after 4 min. Although
a slight decrease in degradation ratio is observed within three
cycles, this system still presents a high efficiency of 84.2%. This
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zocatalytic degradation curves (C/Cg vs. time) of the strain (only) and BiOlOs towards (c) MB and (d) RhB solutions. (e) Piezocatalytic degradation
kinetic constants and (f) corresponding degradation efficiency of BiOlOs towards MB and RhB solutions.

decline may be attributed to the unavoidable loss of catalyst
during the cyclic process.*® Additionally, the XRD analysis
(Fig. S2) result demonstrates that the structure of the BiOIO3/
PMS/US system remains largely unchanged after the cyclic
runs, further confirming its excellent stability. Fig. S3 presents
the impact of solution pH, ranging from 3 to 11, on the degra-
dation efficiency of RhB in the BiOIO;/PMS/US system, indi-
cating that the degradation efficiency remains relatively stable
across all tested pH values. This suggests that the BiOIO3/PMS/
US system exhibits a high level of effectiveness for RhB decon-
tamination over a broad pH range.

Tetracycline antibiotics present a significant threat to
human health due to their widespread application since their
discovery. This extensive use enables these antibiotics to enter
aquatic systems through various wastewater sources, including

40384 | RSC Adv, 2025, 15, 40381-40388

medical and industrial effluents. Consequently, the removal of
tetracycline residues from the environment is essential for
safeguarding both ecological integrity and human health.’**
Thus, we investigated the degradation performance of several
systems for TC removal, specifically BiOIO;, PMS, and the
BiOIO3/PMS system, with results presented in Fig. 4(a-d).

Fig. 4(a) presents the TC degradation curves (C/C, versus
time) for the PMS, BiOIO;, and BiOIOs;/PMS system under US
conditions. The BiOIO;/PMS system also shows a significantly
faster degradation activity than that of PMS or BiOIO; alone
within 10 min. In Fig. 4(b), the BiOIO;/PMS system exhibits the
highest k value and the order is as follows: BiOIO3;/PMS
(0.19837 min~ ') > PMS (0.00682 min ') > BiOIO,
(0.00476 min~"). Thus, the BiOIO;/PMS system displays supe-
rior TC decomposition performance compared to BiOIO; alone.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The results indicate that only 7.9% of TC is degraded after
10 min in the presence of PMS alone, highlighting its limited
oxidation capacity. Meanwhile, the use of BiOIO; without PMS
achieves a mere 5.3% TC removal efficiency. However, the
BiOIO;/PMS system significantly improves degradation effi-
ciency to 86.3% as shown in Fig. 4(c). Moreover, Fig. 4(d) also
proves the good stability of the BiOIO;/PMS/US system towards
TC in recycling tests. Our findings demonstrate that BiOIO; is
a highly efficient piezocatalyst for PMS activation in the degra-
dation of organic contaminants, outperforming other recently
reported materials systems as displayed in Table S1. Further-
more, this technology toward pollutants degradation over
BiOIO;/PMS/US system exceeds some single and coupled tech-
nologies (e.g. photocatalysis, piezo-photocatalysis, and Fenton-
like reactions).>*>2%33

To further assess the practical applicability of the BiOIOs/
PMS/US system, we conducted degradation experiments for
RhB and TC under real wastewater conditions, as illustrated in
Fig. S4(a-b). These results reveal that fluctuations in water
quality can somewhat diminish the degradation efficiency of
RhB and TC, likely due to the interference of competing inor-
ganic ions with the degradation processes.***® Overall, the
BiOIO;/PMS/US system demonstrates excellent removal capa-
bilities for a wide range of contaminants, indicating its poten-
tial for effectively addressing pharmaceutical and industrial
pollutants in environmental remediation efforts.

Radical scavenging experiments were conducted to study the
dominant reactive species generated over the BiOIO;/PMS/US
system. The experiment aims to elucidate the significance of
active species for understanding the piezocatalytic mechanism.
Various scavengers were employed to identify the reactive
species: 1,4-benzoquinone (BQ) as the -O,  scavenger, tert-
butanol (TBA) as the -OH scavenger, methanol (MeOH) as both
the -OH and SO, scavenger and furfuryl alcohol (FFA) as the
'O, scavenger.*™* Fig. 5(a) indicates that the addition of FFA
and MeOH greatly inhibits the degradation of RhB, while BQ
and TBA exhibited only minor inhibitory effects. Fig. 5(b)
illustrates that the degradation efficiency is markedly affected
by the presence of these scavengers, underscoring the vital
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influence of reactive species on RhB degradation. The degra-
dation efficiency can be ranked in the following order: control >
BQ > TBA > MeOH > FFA. These findings indicate that 'O,, - OH,
SO, -, and -0, are involved in the reaction, with *O,, -OH and
SO, -~ contributing most significantly to RhB removal. In
summary, the synergy of non-radical and radical species
suggests their adaptability for the degradation of other organic
pollutants and highlights their environmental feasibility.

To further confirm the generation of active radicals over the
BiOIO;/PMS system under ultrasonic vibration, we employed
EPR spectroscopy to detect radicals and singlet oxygen. As
illustrated in Fig. 6(a), DMPO--OH and DMPO-SO,-~ adducts
are detected using DMPO as the spin-trapping reagent. These
findings suggest that the -OH and SO,-~ are produced in the
piezocatalytic-driven BiOIO; system for PMS activation. Besides,
the characteristic peaks corresponding to the DMPO--O,"
adduct signal are observed in Fig. 6(b), confirming the genera-
tion of -0, ™. As a potent electrophile, 'O, can oxidize TEMPO,
resulting in the formation of a distinct spin-adduct of TEMPO.
In Fig. 6(c), a strong 1:1:1 triplet signal for TEMP-'0, is
detected, with increasing intensity as the reaction progresses,
further corroborating the generation of *0,.*

Based on experimental results and pertinent literature,
a mechanism for the piezocatalytic activation of PMS by BiOIO;
to enhance pollutant degradation performance is proposed, as
shown in Fig. 6(d).**° Initially, the application of external
strain by ultrasonic vibration induces deformation and polari-
zation in BiOIO;. This deformation generates a piezoelectric
field, leading to the separation of electrons and holes. Piezo-
generated holes (h") can oxidize H,O, producing -OH. Addi-
tionally, h* could react with PMS to generate 'O, and SO, .
Concurrently, the piezo-generated electrons (e~) participate in
two vital reactions: one reaction involves the reduction of O, to
produce O, , while the other activates PMS to yield SO,-~ and
-OH. Furthermore, the generated -OH and -O," also contribute
to the production of 'O, within the BiOIO;/PMS/US system.
Ultimately, the combined action of 10,, -OH, SO,-, and -O,~
facilitates the decomposition of pollutants into intermediates
that subsequently convert into innocuous products such as CO,
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and H,0.**° The development of this piezocatalytic AOPs
system will not only introduce an innovative technique for PMS
reactions but also broaden the application of piezocatalysis in
wastewater purification.

4. Conclusions

The BiOIO; piezocatalyst was synthesized using a facile solid-
state chemical reaction method. A piezocatalytically driven
PMS activation system based on BiOIO; was established for the
degradation of pollutants, demonstrating high degradation
efficiency and good stability. These results also prove that the
coupled system greatly improves PMS utilization efficiency.
Both non-radical and radical species made significant contri-
butions to the piezocatalytic activation of the PMS process. This
work presents an effective and straightforward strategy for the
removal of wastewater pollutants.
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