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Peroxymonosulfate (PMS) activation by solid catalysts for ciprofloxacin (CIP) removal is a promising method
for decontaminating wastewater. However, mainstream catalysts suffer from efficiency and durability issues
due to mechanical fragility and structural instability. Here, we have developed a durable calcium alginate
hydrogel encapsulating fluorinated cobalt oxyhydroxide (FCO/CAH), fabricated by a simple hydrogen-
bond-assisted cross-linking reaction, to enhance PMS activation for complete CIP removal. The
optimized 2-FCO/CAH could generate abundant singlet oxygen (*O,) and sulfate radicals (SO4° ) with
PMS, resulting in 0.433 min~! kinetic constant and approximately 100% CIP degradation within 10
minutes. This exceptional degradation efficiency is due to the even distribution of 2-FCO, which
maximizes catalytic sites for PMS activation, and the multichannel cavity structure of CAH, which
effectively enriches both PMS and CIP. Furthermore, the durability of 2-FCO/CAH was proved by its
negligible decay in CIP removal efficiency (~100%) and good microstructure retention after 6
consecutive cycles, facilitated by a stable surface reconstructed interphase on the 2-FCO surface and
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Introduction

The rise in the number of micropollutants in aquatic ecosys-
tems poses a significant threat to environmental health and
human safety, prompting an urgent need for effective remedi-
ation strategies.'” Ciprofloxacin (CIP), a representative of these
emerging contaminants, is found in water bodies at extremely
low concentrations, making it challenging to treat using
conventional methods.**® Due to the high chemical stability of
CIP, advanced oxidation processes (AOPs) are now considered
a more effective alternative for decomposing such refractory
compounds than conventional chemistry methods.”® Among
these processes, peroxymonosulfate (PMS)-based AOPs are
becoming popular for their ability to generate highly reactive
species, particularly the potent SO,"~, which plays a crucial role
in degrading CIP.>*°
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durable hydrogel catalysts that improve PMS-mediated antibiotic degradation.

The efficacy of AOPs depends on the catalysts' ability to acti-
vate PMS and generate reactive species, and developing catalysts
is thus a key focus in advancing AOPs for antibiotic removal."***
Among explored diverse catalysts (e.g., carbonaceous materials,
transitional metals, and derived compounds),"*** cobalt-based
catalysts are highly efficient in activating PMS, leading to
ongoing exploration of cobalt-containing materials. Cobalt-
contained materials can efficiently decompose PMS to generate
a plethora of active species, especially the long-lived and highly
active SO,"~ and singlet oxygen (‘O,), which can rapidly and
completely remove CIP. Therefore, the development of such
cobalt-based materials is a hot topic among researchers. Ma
et al."” unveiled the structure-activity relationship between cobalt
species and PMS to generate 'O, for complete removal of
pollutants. Zhang et al.* demonstrated that cobalt oxyhydroxide/
activated carbon composites, synthesized through wet chemical
sedimentation, could rapidly degrade CIP with PMS activation,
outperforming individual components by significant margins.

Currently, these cobalt-included materials in form of powder,
widely studied in the mainstream, face significant challenges
such as aggregation and loss during recycling. Furthermore, their
dissolution in water can lead to cobalt leaching, posing a risk of
secondary contamination. These issues significantly hinder the
ease of scaling up and operational efficiency, thereby limiting the
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extensive application of powdered cobalt-containing materials in
sewage water purification in practical scenarios.**** Membranoid
materials and non-woven fabrics used for immobilizing powdery
catalysts have been considered acceptable strategies to solve the
drawbacks of powdery catalysts and prevent their secondary
environmental pollution.”* Zeng et al. used a polyvinylidene
fluoride (PVDF) membrane to immobilize carbon nitride oxide
nanorods, effectively degrading tetracycline while preventing
catalyst leakage.'* current membranoid catalysts
generally compromise removal efficiency and material structural
stability compared to powdered counterparts because of reduced
contact with pollutants, enlarged mass transfer resistance, and
inferior activity.®® Very recently, Zhan et al.>* successfully used
calcium hydrogel to trap photo-responsive carbon nitride
powders, achieving nearly complete CIP degradation within 12
minutes under visible light irradiation, a performance compa-
rable to that of powdered nanocatalysts. This work provides new
insights into designing highly efficient and robust hydrogel-
based catalysts for activating PMS to remove CIP.

Herein, we synthesized a calcium alginate hydrogel encap-
sulating fluorinated cobalt oxyhydroxide (FCO/CAH) through
collective hydrogen-bond-assisted cross-linking reactions
among sodium alginate (SA), Ca*>*, and FCO (Scheme 1). The
optimal formulation (i.e., 2-FCO/CAH) exhibits approximately
100% degradation of CIP in the presence of 2 mM PMS. The
superior removal efficiency is due to the enhanced activation of
PMS facilitated by the unique multichannel cavity structure of
CAH and the evenly distributed 2-FCO. The 2-FCO/CAH has
good catalyst durability due to its strong mechanical properties
and a compact, surface reconstructed interphase formed during
cycling. We systematically determined degradation mecha-
nisms, intermediates, and associated toxicities using high-
performance liquid chromatography-mass spectra (HPLC-MS),
electron paramagnetic resonance (EPR) and biological tests.

However,

Experimental section
Chemicals

Ammonium fluoride (NH,-F, 99.5%), cobalt nitrate hexahydrate
(Co(NO3),-6H,0, 99.5%), calcium chloride (CaCl,, 99.9%), urea
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(CO(NH,),, 99.5%), sodium alginate (CsH,NaOg, 100 kDa, 90%),
sodium chloride (NaCl, 99.5%), peroxymonosulfate (PMS,
KHSO;-1KHSO0,1K,S0,), ciprofloxacin (CIP, C,;;H;gFN;0s3,
98%), L-histidine (i-his, 99%), isopropyl alcohol (IPA, =99.5%),
methanol (MeOH, 99.5%), sodium carbonate (Na,CO3, 99.5%),
sodium bicarbonate (NaHCO;, 99.5%), benzoquinone (BQ,
97%), humic acid (HA, =90%), bovine serum albumin (BSA),
5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%) and 2,2,6,6-
tetramethyl-piperidine (TEMP, 97%) were purchased from
MACKLIN. Deionized water (DI water) was used throughout the
process unless specified.

Synthesis of fluorinated cobalt oxyhydroxide

1.2 g of Co(NO3),-6H,0, 0.8 g of CO(NH,),, and 0.2 g of NH,-F
were added to 100 mL of DI water and stirred for 30 min, then
transferred to Teflon container at 140 °C for 2 h. After cooling to
room temperature, the mixture was centrifuged to remove the
transparent solution to obtain a solid catalyst (Co(OH)F,
abbreviation: 1-FCO). 2-FCO and 3-FCO were prepared with the
same hydrothermal conditions of 1-FCO. The 2-FCO was
prepared using 2.4 g of Co(NO3),-6H,0, 1.6 g of CO(NH,),, and
0.4 g of NH,'F, and 3-FCO was prepared using 3.6 g of
Co(NO3),-6H,0, 2.4 g of CO(NH,),, and 0.6 g of NH,-F

Fabrication of 2-FCO/CAH

First, we added 1.0 g of sodium alginate and a certain 2-FCO to
100 mL DI water, stirred for 30 min, and subsequently placed in
a water bath at 85 °C for 2 h to form a homogeneous solution.
Then, CaCl, (0.1 g mL ") was added to the mixture. Afterward,
the alginate hydrogel monolith spheres encapsulating fluori-
nated oxyhydroxide were prepared and named 2-FCO/CAH. The
blank calcium alginate hydrogel (CAH) monolith spheres
without 2-FCO were prepared using a similar procedure.

Characterizations

The microstructures of catalysts were characterized by scanning
electron microscopy (SEM, ZEISS, Germany) and transmission
electron microscopy (TEM, FEI TECNAI F20). The functional
groups

were detected by Fourier transform infrared

HO\/O
HU\&O
O
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Zooming in the hydrogen bonding interactions

2-FCO/CAH with surface reconstructed interphases

Scheme 1 Design principles of highly durable 2-FCO/CAH synthesis by collective hydrogen bonds and surface reconstructed interphase.
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Fig.1 SEM images of (a and b) 2-FCO, (c and d) CAH and (e and f) 2-FCO/CAH.

spectroscopy (FT-IR). The crystal phase was verified by X-ray
powder diffraction spectrum (XRD, Rigaku, Japan) with Cu Ka
radiation (A = 1.5406 A). The element content, distribution, and
bonding energy were conducted by energy dispersed X-ray
spectrum (EDS). At room temperature, the reactive species
were detected based on electron spin resonance (ESR, Bruker).
The degradation intermediates were characterized by high-
performance liquid chromatograph-mass spectrum (HPLC-
MS, Ultimate 3000 UHPLCQ Exactive, Thermo Scientific) with
a mass spectrometer (Thermo Scientific Q Exactive) in a positive

mode using a HESI source. The risk of intermediates was
assessed by Toxicity Estimation Software Tool (T.E.S.T.5.1.1).

Degradation tests

The degradation tests involved a CIP solution (100 mL,
20 mg L"), PMS (2 mM), and FCO-CAH catalysts (equivalent to
20 mg of FCO) under room temperature. At first, FCO-CAH
catalyst (equivalent to 20 mg of FCO) mixed with CIP solution
(100 mL, 20 mg L") and kept for 35 min to arrive in adsorption-
desorption equilibrium. Next, high concentrated PMS was

Fig. 2

34940 | RSC Adv, 2024, 14, 34938-34947

(a and b) TEM image, (c) lattice spacing, (d—h) Co, O, F and C elemental mappings and (i) EDS (inset: element content) of 2-FCO/CAH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) C/Cq of CIP over time, (b) removal efficiency and first-order kinetic constant, and (c) cycling CIP degradation of 2-FCO/CAH (Cq

represents the initial concentration of CIP, not the abbreviation Co for cobalt).

added into FCO-CAH/CIP mixed solution and started timing
simultaneously. At specific intervals, 1.0 mL of the mixture was
withdrawn by a syringe and filtered via a 0.20 pm filter. For the
catalyst durability test, the catalyst was reused after multiple
washes with water. The concentrations of CIP throughout the
experiment were analyzed using a high-performance liquid
chromatograph equipped with a UV-vis detector (HPLC, Pri-
maide, HITACHI).

Biological toxicity test

First, mung bean seeds are rinsed three times with deionized
water and then soaked overnight in fresh deionized water. They
are then divided into three portions and placed on pure cotton

cloth, stored in the dark. They are watered with fresh TC solu-
tion, TC degradation solution, and deionized water, respec-
tively, twice daily. The length of the mung bean sprouts is
measured, and the total mass is weighed.

Discussion and result

Morphologies and chemical composition

The successful synthesis of 2-FCO/CAH was validated through
XRD analysis, with the spectra (Fig. S11) displaying the char-
acteristic peaks of Co(OH)F (PDF# 50-0827) in both the 2-FCO
and 2-FCO/CAH samples. The presence of CAH peaks within the
2-FCO/CAH XRD pattern corroborated the encapsulation of 2-
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(a) Mechanical tensile test of CAH and 2-FCO/CAH (inset: mechanical tensile test of CAH), (b) Young's modulus of CAH and 2-FCO/CAH,

(c) FT-IR and (d) hydrogen bonding interaction between 2-FCO and CAH in 2-FCO/CAH catalyst.
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FCO by the hydrogel matrix of CAH. Further SEM examinations
revealed the morphological features of 2-FCO, CAH, and 2-FCO/
CAH. The powdery 2-FCO consists of uniform, fiber-like struc-
tures with diameters consistently less than 0.2 um (Fig. 1a and
b). On the other hand, CAH appears as individual monoliths
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(a) XRD pattern, (b and c) TEM images, (d) HAADF-STEM image and (e—i) elemental mappings of used 2-FCO/CAH after long-term cycling

with a curved shape and a thickness of about 500 um (Fig. 1c).
SEM images at higher magnification (Fig. 1d) reveals a smooth
surface on CAH, indicating its spherical structure with a smooth
surface interface. In comparison, the multi-cavity structure con-
sisting of hydrogen bond network can better enrich PMS and
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Fig. 6 Capturing test in the presence of various sacrificial agents: (a) CIP degradation, (b) removal efficiency and kinetic constants, (c) contri-
bution efficiency of reactive species to CIP removal; EPR signals of (d) DMPO--OH, DMPO-SO,4 ~, (e) TEMP-'0O, and (f) CIP degradation

mechanisms by 2-FCO/CAH/PMS.
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LC_50 (96_h), (d) developmental toxicity and (e) bioconcentration of CIP and all resulted intermediates P1-P6.

antibiotics.”> When 2-FCO is encapsulated by CAH (i.e., 2-FCO/
CAH), the interface becomes rough with an abundance of the
cavity and shows a one-dimensional fiber structure (Fig. 1e),
where the fiber-like 2-FCO is clearly embedded, creating
a continuous connection with the hydrogel of CAH (Fig. 1f).
The detailed morphologies, composition and crystal plane
structures were studied by TEM. Fig. 2a presents a uniform,
one-dimensional fiber-like morphology of the 2-FCO-CAH with
an average diameter of 100 nm. High-resolution TEM further
provides detailed local structural information (Fig. 2b),
revealing a regular fiber-like shape of 2-FCO and amorphous
CAH adhering to the edges of the one-dimensional 2-FCO fibers.
Furthermore, the lattice spacing of 2-FCO, denoted by the
orange dashed rectangle in Fig. 2c, measures 0.365 nm, corre-
sponding to the (210) plane of 2-FCO, which aligns with the XRD
analysis. In addition to the lattice structures and shapes of 2-
FCO-CAH, chemical compositions are worthy of being

© 2024 The Author(s). Published by the Royal Society of Chemistry

considerable. Elemental mapping images exhibit a consistent
distribution of Co, O, F, and C elements within the 2-FCO/CAH
(Fig. 2d-h). This elemental distribution is corroborated by
energy-dispersive X-ray spectroscopy (EDS) mapping, verifying
the 2-FCO/CAH composition (Fig. 2i).

PMS activation and catalyst durability

The PMS activation is intricately linked to the efficiency of CIP
removal. Consequently, assessing CIP elimination rates can
indicate the potential of catalysts to intensify the PMS activa-
tion. Fig. S21 shows that the 2-FCO had the highest activity.
Thus, powdered 2-FCO was used for the upcoming study and
discussion. Furthermore, Fig. 3a demonstrates that while CAH
alone degrades CIP slowly in the presence of PMS, 2-FCO/CAH
degrades CIP more rapidly than CAH alone due to 2-FCO/CAH
with multi-cavity structure can enrich more PMS and CIP. The
removal efficiency and kinetic constant of CIP is nearly 100%

RSC Adv, 2024, 14, 34938-34947 | 34943
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and 0.433 min~" for 2-FCO/CAH, significantly demonstrating
the strengthening of PMS activation (Fig. 3b). Additionally,
Fig. 3c shows that 2-FCO/CAH sustains robust activity over 6
consecutive cycles, maintaining a ~100% removal efficiency
without decline. The degradation rate of CIP accelerates in long-
term testing, suggesting that a self-optimizing phenomenon
and robust mechanical property (we will discuss later) within
the 2-FCO/CAH system improved its durability.

Mechanical property and interfacial stability

Mechanical tensile strength testing was employed to identify
the mechanisms behind the enhanced performance of 2-FCO/
CAH. Fig. 4a shows that the stress-strain curve of CAH gradu-
ally increases, reaching a maximum stress of 0.012 MPa at
141.5% strain (inset Fig. 4a). This indicates that pure CAH is
highly compliant and susceptible to fracture, with relatively
poor mechanical properties. In contrast, 2-FCO/CAH exhibits
a significantly enhanced maximum stress of 4.02 MPa at 68.0%
strain, marking a 335-fold increase over CAH. This enhance-
ment suggests that the encapsulated 2-FCO significantly
bolsters the tensile strength of CAH, indicative of the compos-
ite's robust mechanical properties and the inherent rigidity of
the one-dimensional 2-FCO fibers. In addition, Young's
modulus is a physical quantity describing the ability of a mate-
rial to resist deformation within the elastic range. It is defined
as the ratio of stress to strain when the material is under force,
with the specific formula:

y=12
&

1)

Y is Young's modulus, o is stress (the internal force per unit
area), and ¢ is strain (the amount of deformation per unit
length).
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The Young's modulus of 2-FCO/CAH is 9.02 MPa, 531-fold
larger than 0.017 MPa of CAH (Fig. 4b), implying an outstanding
mechanical property of 2-FCO/CAH.

The mechanical tensile test also reveals a strong interaction
between 2-FCO and CAH, as evidenced by a marked increase in
tensile strength. To further probe this interaction, FT-IR analysis
was conducted. In Fig. 4c, the —-OH stretching vibrations (in the
light blue region) at 3429 and 3503 cm ™" correspond to CAH and
2-FCO, respectively.***” The encapsulation of 2-FCO within CAH
leads to a noticeable broadening and downshift of the -OH peak
in the FT-IR spectrum of 2-FCO/CAH, characterized by a wave-
number displacement of 143 cm™'. The shifted -OH peak
confirms the presence of robust collective hydrogen bonding
interactions between CAH and its encapsulated 2-FCO along their
interface.”** Additionally, the -C=0 peak at 1642 cm ™" in CAH
shifts to 1620 cm™" in the spectrum of 2-F-CoO/CAH (Fig. 4c),
further supporting that the involved hydrogen bonds mainly form
between -COOH of CAH and -OH of 2-FCO. We have provided
a rational explanation for the hydrogen bonding mechanism
between CAH and FCO at the molecular level, as depicted in
Fig. 4d. Abundant hydrogen bonding between CAH polymer
chains and 2-FCO fibers facilitates the even distribution of
encapsulated 2-FCO, circumventing the aggregation typical of
solid powders and enhancing the accessibility of catalytically
active sites for PMS activation.®*' Consequently, beyond the
intrinsic rigidity of the 2-FCO fibers, the robust collective hydrogen
bonding interactions further enhance the 2-FCO/CAH composite's
mechanical tensile properties, rendering them exceptional.

The robust mechanical properties of the 2-FCO/CAH catalyst
underpin its sustained high efficiency in CIP removal, with
mechanical stability vital to maintaining the catalyst's struc-
tural integrity. Understanding the structural and compositional
evolution of 2-FCO/CAH is crucial for elucidating the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanism behind the cyclic durability. XRD analysis (Fig. 5a)
on the used 2-FCO/CAH after six cycles revealed that the crys-
tallographic planes, including (002), (210), (111), (211), (221),
(420), and (601), remained consistent with the fresh 2-FCO/CAH
and the standard PDF# 50-0827,*> indicating a stable physi-
ochemical property 2-FCO/CAH. TEM analyses further
confirmed the retention of the one-dimensional fiber-like
morphology of 2-FCO/CAH, with fibers approximately 100 nm
in diameter (Fig. 5b). High-resolution TEM identified a ~40 nm
thick solid surface interphase enveloping the 2-FCO fibers with
(210) exposure (Fig. 5c), a feature not apparent in the fresh
catalyst and attributed to the long-term recycling process. We
refer to this generated interface as the surface reconstructed
interphase, which likely correlates with the self-optimizing
phenomenon of catalyst performance mentioned earlier. Simi-
larly, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) has also well demonstrated
the surface reconstructed interphase (indicated by the red
dashed line frame) encapsulating 2-FCO (Fig. 5d). Moreover, the
fiber-like image constructed by the elemental mapping of C, O,
and F reaches a diameter of 242.6 nm (Fig. 5e-h), which is
significantly larger than the elemental mapping image of Co
(173.5 nm) (Fig. 5g). This indicates that the surface recon-
structed interphase primarily comprises C, O, and F (Fig. 5i).
This surface reconstructed interphase effectively sequesters
leaching cobalt ions, mitigating the release of 2-FCO during
cycling.

Interfering factors that affecting activity

In practical wastewater treatment, the activity of the 2-FCO/CAH
is influenced by various factors such as pH, inorganic ions, and
organic matter, which can modulate the activation of PMS. As
depicted in Fig. S3a,7 the CIP degradation efficiency under
highly acidic conditions (pH 2.3) is not significantly different
from that observed under neutral simulated conditions (pH
7.0). Conversely, at pH 11.7, the degradation process is
impeded, suggesting that the 2-FCO/CAH catalyst is suboptimal
for CIP removal under highly alkaline conditions (Fig. S3b¥).
Interestingly, chloride ions (Cl™) significantly enhanced CIP
degradation, indicating that these ions did not deactivate but
promoted PMS activation (Fig. S3ct). However, the addition of
carbonate (CO,>7) and bicarbonate (HCO;~) ions marginally
inhibits CIP degradation, likely due to their reaction with
sulfate and hydroxyl radicals to form secondary radicals (i.e.,
HCO; and CO;" ") with lower oxidation potential (eqn (2)-(5)),
which slightly dampen the degradation efficiency (Fig. S3d+).

HCO;™ + S0, - HCO; + SO,* (2)
HCO;~ + HO —»HCO; + HO™ 3)
CO5;*™ + S04~ — CO3" ™ + SO~ (4)
CO;*” + HO' — CO;"~ + HO™ (5)

Organic substances such as humic acid (HA) and bovine
serum albumin (BSA) exhibit a negligible inhibitory effect,
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maintaining high degradation rates and removal efficiencies
(Fig. S3e and f}). These findings indicate that the 2-FCO/CAH
catalyst exhibits robust resistance to interference, demon-
strating its potential for effective CIP degradation in complex
aquatic environments.

PMS-activated mechanism and biological toxicity

The high removal efficiency of CIP is determined by the
enhanced activation of PMS. Fig. 6 illustrates the degradation
mechanisms of CIP by reactive species generated from the 2-
FCO/CAH PMS system. Generally, the reactive species involved
in CIP removal are transient, dissipating shortly after their
production from PMS decomposition. To ascertain their roles,
methanol (MeOH), r-histidine (r-His), benzoquinone (BQ), and
isopropanol (IPA) were used as scavengers for SO, 10,, 0,"~
and "OH, respectively. As shown in Fig. 6a and b, a significant
decrease in CIP concentration was observed after adding IPA or
BQ to the system, with nearly complete removal within 10
minutes, suggesting that O, and "OH play minor roles in CIP
degradation. In contrast, adding MeOH results in a slower
degradation rate, stabilizing at a 58.6% removal efficiency,
whereas the presence of 1-histidine leads to the slowest degra-
dation but still achieves a high removal efficiency of 99.8%.
Therefore, the 'O, is identified as the most influential reactive
species, followed by SO,"~, with O,"” and "OH being the least
significant (Fig. 6¢). Compared to short-lived, easily interfered
OH and O, ", long-lived, highly selective '0, and SO, are
more suitable for removing CIP.** The EPR signals of DMPO--
OH, DMPO-SO,"~ and TEMP-'0, are detected and increase
over time (Fig. 6d and e), providing direct evidence of SO,"~ and
'0, generation from 2-FCO/CAH PMS system. We combined
these findings from scavenger experiments and EPR tests to
create a diagram illustrating the reactive species involved in the
CIP degradation process (Fig. 6f).

HPLC-MS analysis has delineated two principal pathways of
CIP degradation by the 2-FCO/CAH PMS system, as outlined in
Fig. 7a. For pathway I, the process starts with the dehydrox-
ylation of CIP to form intermediate P1 (m/z 355.19), which then
undergoes propyl ring opening and hydroxylation to yield P3 (m/
z 373.20). Subsequently, further hexagonal ring cleavage and
dehydroxylation produce P5 (m/z 333.24), culminating in
mineralization to CO, and H,O. Alternatively, Pathway II CIP
begins with the opening of CIP's cyclopropane ring to generate
P2 (m/z 333.15), followed by hydroxylation and ring opening to
form P4 (m/z 371.19) and P6 (m/z 391.21), which also mineral-
izes to CO, and H,0.

The possible risk of intermediate P1-P6 is evaluated by
Toxicity Estimation Software (T.E.S.T.5.1.1) based on the
quantitative structure-activity relationship (QSAR) theory.
Fig. 7b reveals that daphnia magna LC_50 of intermediates
gradually increased from 8.66 mg L™ (CIP) to 2240 mg L™ (P6).
Similarly, fathead minnow LC_50 of P1-P6 increases from
0.48 mg L™ (CIP) to 80.49 mg L ™" (P6) in Fig. 7c. The biological
toxicity to daphnia magna and fathead minnow test verifies that
the resulted intermediates have lower toxicities than CIP,
reflecting the environmental benign of the 2-FCO/CAH PMS
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system. Most intermediates show reduced developmental
toxicity (Fig. 7d) and bioconcentration potential (Fig. 7e),
highlighting that 2-FCO/CAH PMS has a universal environment-
friendly nature.

To provide a clear and impactful demonstration of the effects
of degradation products on biological growth and development,
we utilize mung bean sprouts as a benchmark for toxicity
assessment. We immersed mung bean seeds, previously soaked
overnight, in three different solutions—DI water, degradation
solution of CIP, and one with pristine CIP at a concentration of
20 mg L™ '—and monitored the sprouts' length (AL) and weight
(Am) throughout the study. The results in Fig. 8a show that the
sprouts grown in the degraded CIP solution exhibited notably
better growth than those in the initial CIP solution, approach-
ing the sprouts grown in DI water. Fig. 8b adeptly quantifies the
temporal changes in sprout growth, showing that the growth of
sprouts across all three groups is nearly identical in the first 3
days. However, significant differences emerged after that, with
the degraded CIP group's sprouts notably outperforming those
of the initial CIP group in length. Consistent with the growth
length trends, the fluctuations in the weight of the bean sprouts
adhere to an analogous pattern (Fig. 8c). Taken together, these
findings indicate that the biological toxicity of degraded CIP is
significantly reduced compared to the initial CIP (20 mg L),
highlighting the environmental safety of the 2-FCO/CAH PMS
system.

Conclusion

We developed a fluorinated cobalt oxyhydroxide (FCO) encap-
sulated within a calcium alginate hydrogel (FCO/CAH) via
a straightforward physical mixing approach. The encapsulation
ensures an even distribution of FCO, facilitated by hydrogen
bonding with the hydrogel, which maximizes the exposure of
active sites for PMS activation and thus enhances CIP degra-
dation. The optimal formulation (ie., 2-FCO/CAH) shows
a nearly 100% CIP removal efficiency. Notably, the long-term
cyclic durability of 2-FCO/CAH is achieved by the enhanced
mechanical properties and surface reconstructed interphase
formed during cycling. The obtained 2-FCO/CAH can be used in
a complex water environment and present a low toxicity and risk
potential to the water environment. Our study also identifies the
highly reactive species (i.e., 'O, and SO,"~) for enhanced PMS
activation and proposes plausible degradation pathways for the
CIP degradation process.
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