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Effective techniques for eliminating antibiotics from
water environments are in high demand. The peracetic acid (PAA)- }:Iy‘
based advanced oxidation process has recently drawn increasing
attention for its effective antibiotic degrading capability. However,
current applications of PAA-based techniques are limited and tend C
to have unsatisfactory performance. An additional catalyst for PAA U@'
activation could provide a promising solution to improve the N 2 one- pot %
performance of PAA. Bulky metal—organic framework gels ‘ Mn synthesis ~b
(MOGs) stand out as ideal catalysts for PAA activation owing to .
their multiple advantages, including large surface areas, high s Po. "
porosity, and hierarchical pore systems. Herein, a bimetallic
hierarchical porous structure, i.e., FeMn13BTC, was synthesized through a facile one-pot synthesis method and employed for
PAA activation in ofloxacin (OFX) degradation. The optimized FeMn MOG/PAA system exhibited efficient catalytic performance,
characterized by 81.85% OFX degradation achieved within 1 h owing to the specific hierarchical structure and synergistic effect
between Fe and Mn ions, which greatly exceeded the performance of the only PAA-catalyzed system. Furthermore, the FeMn
MOG/PAA system maintained >80% OFX degradation in natural water. Quenching experiments, electron spin resonance spectra,
and model molecular degradation revealed that the primary reactive oxygen species responsible for the catalytic effect was R—0O°,
especially CH;C(=0)00?®, with minor contributions of *OH and 'O,. Overall, introduction of the MOG catalyst strategy for PAA
activation achieved high antibiotic degradation performance, establishing a paradigm for the design of heterogeneous hierarchical
systems to broaden the scope of catalyzed water treatment applications.
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based advanced oxidation has become an emerging AOP
technique for water treatment in recent years. PAA
demonstrates a similar oxidation potential as H,O,, with
values of 1.76 and 1.77 V, respectively.® Nevertheless, PAA has
a much lower O—O bond energy (159 kJ mol™") than that of
H,0, (213 kJ mol™"), indicating that PAA can be more easily
activated.” Additionally, the disinfecting capability of PAA
makes it particularly attractive in water treatment.” To date,
PAA-based advanced oxidation has displayed excellent
degradation capacity for dyes, endocrine disrupters, antibiotics,
etc,” although its application in antibiotic degradation has
mainly focused on f-lactam and sulfonamide antibiotics.”'® In
order to expand the application range and improve the
catalytic performance of PAA-based techniques, researchers
have developed new systems, such as the use of UV/PAA for

Ofloxacin (OFX), a typical synthetic broad-spectrum quino-
lone antibiotic, has been widely used in the treatment of
human diseases such as skin, respiratory, and urinary
infections." However, OFX exhibits low biodegradability, can
linger in nature for a very long time, and is frequently detected
in soil and water.” OFX concentrations of >1000 ng/L have
been measured in the influents and effluents of sewage
treatment plants, although its concentrations in surface water
are generally lower by more than an order of magnitude.’
Persistent OFX in the environment could impede micro-
organism growth and development and elevate the risk of
antibiotic resistance developing in the biosphere, posing a
threat to ecosystems and ultimately endangering humanity.”
Given its limited biodegradability and associated risks,
developing efficient degradation techniques for the OFX is

imperative. July 22, 2023 Bvaowmaa, B
Among current treatment options for OFX degradation, November 7, 2023 T T

such as adsorption and biodegradation, advanced oxidation November 8, 2023

processes (AOPs) are powerful techniques, in which pollutants December §, 2023

are decomposed through the production of strong oxidants,
thereby avoiding secondary pollution.” Peracetic acid (PAA)-
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fluoroquinolone degradation. Nonetheless, further investiga-
tion is warranted for the use of PAA-based advanced oxidation
for OFX degradation.' "'

Apart from external energy sources such as ultraviolet
irradiation, ultrasonic irradiation, and heat, utilization of an
additional catalyst for PAA activation proves to be an ideal
solution. Co-, Fe-, and Mn-based materials have demonstrated
efficient PAA activation in AOPs.® The FeMn bimetallic
system has been widely recognized as a highly efficient catalyst
with superior performance compared to monometallic
materials owing to its dual reaction site construction and
electron transfer acceleration, and the excellent catalytic
properties of such bimetallic materials have been proven in
Fenton-like reactions and persulfate-based AOPs. '3 Notably,
application of the FeMn bimetallic system in PAA-based AOPs
has not been previously reported. For these reasons, we
hypothesized that PAA activation by such a bimetallic system
would be key to enhancing the performance of the PAA-based
advanced oxidation technology.

Apart from the choice of catalytic elements, the selection of
the specific additional catalyst also requires careful consid-
eration. Metal—organic frameworks (MOFs), composed of
organic ligands and metal nodes, stand out as candidate
catalysts in AOPs with a number of advantages, including their
large specific surface areas, hégh porosity, tunable constitution,
and abundant active sites.'>'® Recently, Liu et al. first reported
the use of a cobalt MOF (ZIF-67) as a catalyst to activate PAA
for sulfachloropyridazine degradation, shedding light upon the
potential applicability of MOFs in PAA-based AOPs.'’
Nonetheless, MOFs have certain limitations in actual practice.
For example, the micropore-dominated pore structure of
MOFs restricts mass transfer during catalysis, thereby
suppressing degradation performance, while powder-phase
MOFs are potentially problematic, as they can easily disperse
in the environment and are difficult to recycle. Very recently,
metal—organic framework gels (MOGs) have gained increas-
ing attention, leading to hierarchical porous structures without
templates or post-treatment and macroscopic monoliths. The
introduction of MOGs is considered a potential breakthrough
for industrial applications of MOF materials."®

However, maintaining the hierarchical porous structure of
MOG materials requires an activation method, such as
supercritical CO, and freeze drying, because intense capillary
forces generated during common thermal activation can lead to
macropore and mesopore collapse. These rigorous activation
conditions limit the production and application of such
materials. Recently, Fu et al. reported a method to control
the crystalline state of MOGs by adjusting the reactant
concentration, reaction time, and reaction temperature, which
preserved the hierarchical porous structure of MOGs through
common drying activation.” Meanwhile, modulating the MOF
structure via defect engineering, such as the employment of
heterogeneous metal ions, is recognized as an efficient strategy
to generate hierarchical porous structures and improve
catalytic performance.”’

Herein, an FeMn bimetallic MOG with a hierarchical porous
structure (FeMn13BTC) was carefully prepared and used as a
catalyst to activate PAA for OFX degradation. The monolithic
hierarchical MOG, obtained through one-pot synthesis
followed by common drying, was produced by deliberately
adjusting the metal salt ratio and synthetic temperature rather
than using traditional supercritical CO, or freeze drying. The
simple synthetic strategy contributes to optimal application of
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MOGs and their scaled-up production. Additionally, the
chemical composition, crystallinity, specific surface area, pore
diameter distribution, and morphology of the catalyst were
characterized. Subsequently, OFX degradation performance
based on the MOG/PAA system was investigated, taking into
account factors such as the choice of the catalyst, PAA
concentration, pH, catalyst dosage, coexisting substances, and
OFX concentration. Due to the hierarchical porous structure
and synergistic effect between Fe and Mn, the optimized
catalyst exhibited enhanced degradation performance com-
pared to other catalysts, achieving >80% degradation in natural
water. Analysis of the degradation mechanism indicated that
OFX was disintegrated through three possible pathways, with
attack mainly from R—O°, especially CH;C(=0)OO". The
efficient catalytic performance of synthetic MOGs for PAA-
based AOPs increases their applicability in water treatment and
supports the effectiveness of the FeMn bimetallic system for
PAA-based AOPs as well as PAA-based AOPs for OFX
degradation.

All solvents and reagents used in this study were commercially
attained. Ferric nitrate nonahydrate (Fe(NO;);9H,0, 98%),
manganese dinitrate hexahydrate (Mn(NO;),-6H,0, 98%), and 2,4-
hexadiene (>95%) were supplied by TCI Shanghai Co. Ltd.
(Shanghai, China). Hydrogen peroxide (H,0,, 30%), N,N-dimethyl-
formamide (DMF), and tert-butyl alcohol (TBA) were analytic grade
and provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Trimesic acid (H;BTC, 97%) and ofloxacin (OFX, 98%)
were purchased from Shanghai Wokai Pharmaceutical Co. Ltd.
(Shanghai, China). Carbamazepine (CBZ, 99%) was provided by
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Peracetic
acid (PAA) was supplied by Haianfushen Pharmaceutical Co., Ltd.
(Nantong, China). S,5-Dimethyl-1-pyrroline N-oxide (DMPO) and
4-amino-2,2,6,6-tetramethylpiperidine (TEMP) were provided by
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).
Deionized water was produced via an ultrapure water system (Master
touch-S1S; Hitech, Beijing, China).

Powder X-ray diffraction patterns were collected via a Rigaku Ultima
IV X-ray powder diffractometer equipped with Cu Ka radiation (4 =
1.5418 A) and a scanning rate of 2°/min. Fourier-transform infrared
spectra (FTIR) were recorded via a Thermo Scientific Nicolet iSS.
Scanning electron microscopy (SEM; Regulus8100) and transmission
electron microscopy (TEM; Tecnai G2 20) were used for
microstructure observation. N, adsorption—desorption measurements
were conducted with a Belsorp-Max instrument. The materials
underwent pretreatment by heating at 120 °C under vacuum for 12 h
before testing. The specific surface areas and pore sizes were
calculated based on Brunauer—Emmett—Teller (BET) and Barret—
Joyner—Halenda (BJH) theories, respectively. The concentrations of
OFX and carbamazepine were identified via an Agilent 1220 liquid
chromatograph equipped with a Waters BEH C18 column. X-ray
photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha with Al
Ka radiation) was used to characterize the chemical states of the
materials. The catalyst used for XPS characterization was obtained
after FeMn13BTC was employed for 1 h as a catalyst (OFX S mg/L,
PAA 1.034 mM, catalyst 10 mg/L, pH 7). Electron spin resonance
(ESR) spectra were obtained with a Bruker EMXplus-6/1 instrument.

The FeBTC MOG was synthesized following a procedure similar to
that described by Lohe et al, with a small modification.”’ First,
Fe(NO;);9H,0 (15 mmol) was dissolved in 20 mL of ethanol, while
H;BTC (10 mmol) was dissolved in another 20 mL of ethanol. Then,
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Figure 1. (a) FTIR spectra, (b) N, adsorption—desorption isotherms, and (c) pore diameter distributions (analyzed by BJH theory, x-axis in the
logarithmic scale) of the FeMnBTC MOGs synthesized at different temperatures.

the two solutions were mixed and reacted for 24 h at 25 °C. After the
reaction, the resulting product was washed three times with ethanol
and dried in air.

The bimetallic FeMn MOG was synthesized by altering the synthetic
temperature and metal salt ratio while keeping a fixed total amount of
metal salts at 15 mmol. The metal salts, (Fe(NO;);9H,0 and
Mn(NO,),-6H,0), and H;BTC were separately dissolved in 20 mL
of DMF. The solutions were then mixed together and heated at a
specific temperature for 24 h. After the reaction, the product was
washed three times with ethanol and dried in air to obtain the final,
synthesized bimetallic FeMn MOG.

The PAA solution was prepared by mixing solution A (containing
acetic and sulfuric acids) and solution B (containing H,0,) in a ratio
of 27:23 (V,/V3). The mixture was left for 24 h for reaction. The
resulting PAA solution was used 24 h after production. To identify the
PAA and H,O, concentrations in the prepared PAA solution, a
titration method was employed.'® Initially, the total PAA and H,O,
concentrations were measured via indirect iodometric titration.
Potassium iodide and ammonium molybdate were added to the
prepared PAA solution, resulting in the production of iodine, which
was titrated against sodium thiosulfate. Next, the H,O, concentration
in the prepared PAA solution was identified by using potassium
permanganate as the titrant. Finally, the PAA concentration in the
PAA solution was calculated by subtracting the H,0, concentration
from the combined PAA and H,O, concentrations obtained from the
previous titrations.

Beaker experiments were carried out to examine OFX degradation
by the MOG/PAA system at room temperature (approximately 25
°C). The procedure involved the addition of a catalyst to a solution of
OFX, with a total volume of 100 mL. Sodium hydroxide (NaOH) and
hydrochloric acid (HCI) were used to adjust the pH of the solutions.
A certain amount of PAA was then added to the suspension with
magnetic stirring at 400 r/min. At certain time intervals during the
reaction, aliquots of solution were withdrawn using an injection
syringe and were subsequently passed through a 0.22 um filter. To
quench the reaction, 10 L of 100 mM Na,S,0; was added to the
filtered samples. The OFX concentration in the samples was identified
by liquid chromatography. For OFX detection, mobile phase A was
0.1% formic acid, while mobile phase B was acetonitrile (ACN). The
mobile phase was an 80:20 mixture (V,/Vy) and the detector
wavelength was set at 275 nm. For carbamazepine detection, the
mobile phase ratio was changed to 40:60 and the detector wavelength
was shifted to 285 nm.

The intermediates of OFX degradation were identified via high-
performance liquid chromatography quadrupole time-of-flight mass
spectrometry (HPLC-QToF-MS; Agilent 1290 UPLC, Agilent 6550
Q-TOF). The mobile phase consisted of 0.1% aqueous formic acid
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(phase A) and ACN (phase B) at a flow rate of 0.3 mL/min. The
column was eluted with 5% ACN for 2.0 min, followed by a gradual
increase in the ACN ratio to 80% at 10.0 min, which was held for 6.0
min. Finally, the ACN ratio was decreased back to 5% in 2.0 min,
which was held for 2.0 min. Mass spectrometry was operated in
positive ion mode with a voltage of 4000 V.

The bimetallic FeMn MOG was fabricated at 1:1 metal salt
ratio and reacted at 25, 80, and 120 °C, resulting in materials
named FeMnBTC-25, FeMnBTC-80, and FeMnBTC-120,
respectively. The XRD spectra of these materials exhibited a
similar pattern as that of the monometallic MOG FeBTC. This
similarity suggested that incomplete coordination between
organic ligands and metal ions (Fe, Mn) might have influenced
the crystallinity of the bimetallic MOG”* (Figure S1). The
FTIR spectra of the fabricated materials presented in Figure 1a
show information about the functional groups present. As
shown in Figure la, characteristic peaks for all materials were
observed at 711, 760, 1380, and 1630 cm™". The peaks at 711
and 760 cm™" were attributed to the C—H stretching on the
benzene ring. The peak at 1380 cm™ corresponded to the
bending vibration of C—O bonds, while that at 1630 cm™! was
attributed to bending of the C=0 bond.” Interestingly, as the
synthetic temperature was increased to 120 °C, the intensity of
the characteristic peak at approximately 1710 cm™ was
significantly reduced, which was attributed to the C=O
bending of uncoordinated H;BTC. This finding suggested that
there was less unreacted H;BTC and a higher degree of
coordination between metal ions and H;BTC ligands at higher
temperatures, indicating more complete incorporation of the
ligand into the bimetallic MOG at higher temperatures.”” The
specific surface areas and pore structures of the fabricated
materials were characterized using N, adsorption—desorption
measurements>” (Figure 1b,c). FeMnBTC-25 exhibited
extremely low N, adsorption, indicating the absence of
accessible micropores in the structure. FeMnBTC-80 showed
increased N, adsorption, at 15.92 cm®/g. The fully coincident
adsorption and desorption curves indicated the sole presence
of micropores in the material. As the synthetic temperature was
further increased, FeMnBTC-120 displayed a significantly
higher N, adsorption, especially in the low-pressure region.
Moreover, the appearance of a hysteresis loop in the
adsorption—desorption curves suggested the coexistence of
micropores and mesopores in the material. In the case of the
monometallic FeBTC MOG, Fe ions were capable of
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coordinating with H;BTC at room temperature (approx-
imately 25 °C), leading to the formation of a gel structure.”’
However, the introduction of Mn ions into the bimetallic
FeMn MOG disrupted the original crystal nucleus growth,
preventing network structure formation at room temperature.
Consequently, the resulting bimetallic MOG did not possess
micropores. As the synthetic temperature was increased, Mn
ions gradually participated in the coordination process, giving
rise to a continued crystal nucleus growth. Eventually, a gel
structure with a network arrangement was formed in the
bimetallic MOG. In accordance with the findings presented in
Table 1, the specific surface areas and pore volumes (especially

Table 1. Comparison of Surface Areas, Total Pore Volumes,
and Mesopore Volumes between MOGs Synthesized at
Different Temperatures

materials Sper (m*/g) Vieral (cm*/g) Vesopore (em?/g)
FeMnBTC-25 2.99 9.2964 x 107*
FeMnBTC-80 47.14 0.0233 2.3648 X 1073
FeMnBTC-120 621.88 0.3728 0.1679

mesopore volumes) of the synthesized products §radually
increased along with increased synthesis temperature.”” These
results indicated that the optimal synthetic temperature for
achieving a hierarchically porous structure in the FeMn
bimetallic MOG was 120 °C.

By adjusting the metal salt ratio, the properties of the
synthetic FeMn bimetallic MOGs were further controlled.
Three different compositions, i.e., FeMn31BTC, FeMn11BTC,
and FeMnl13BTC, were synthesized at 120 °C with molar
ratios of Fe(NO;);-9H,0/Mn(NO,),-6H,0 at 3:1, 1:1, and

1:3, respectively. By contrast, FeBTC was synthesized at room
temperature (approximately 25 °C). Although all of the
materials exhibited similar broad peaks as FeBTC, the XRD
pattern of FeMn31BTC displayed multiple small sharp peaks
within the range of 30—55° (Figure.S2). The presence of these
small sharp peaks was attributed to two factors. First, because
the proportion of Fe ions was relatively high in FeMn31BTC
(molar ratio of Fe(NO;);-9H,0/Mn(NO,),-6H,0 = 3:1), the
inhibition of crystal nucleus growth by Mn ions was negligible.
Second, the increased temperature further enhanced the
crystallinity of Fe ions coordinated with ligands compared
with FeBTC, which was synthesized at room temperature. The
combination of a higher Fe proportion and an elevated
temperature contributed to the formation of small sharp peaks
in the XRD pattern of FeMn31BTC. FTIR spectral analysis
revealed that the synthesized materials retained characteristic
peaks of FeBTC, such as C—H stretching on the benzene ring
(711 and 760 cm™'), C—O bending vibration (1380 cm™),
and C=0 bending vibration (at approximately 1630 cm™"), as
previously mentioned (Figure 2a). Furthermore, with an
increasing proportion of Mn ions in the bimetallic MOG, the
peak corresponding to the C=0 bending vibration exhibited a
gradual red shift toward 1619 cm™ (Figure 2b). This shift
indicated that Mn ions progressively coordinated into the
MOG structure.”* As a result, the Fe and Mn ions coordinated
with H;BTC, forming a bimetallic organic framework gel. The
coordination of Fe and Mn ions in the bimetallic MOG
resulted in significant changes in the specific surface area and
pore structure. Although the specific surface area decreased as
the proportion of Mn ions increased, the presence of hysteresis
loops in the N, adsorption—desorption curves indicated that
mesopores were present in the material (Figure 2c). When the
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Figure 2. (a) FTIR spectra, (b) detailed C=0O bending in FTIR spectra, (c) N, adsorption—desorption isotherms, and (d) pore diameter
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molar ratio of Fe(NO;);-9H,0/Mn(NO;),-6H,0 was higher
than 1:3, the pore diameter distribution was mostly limited to
within 10 nm (Figure 2d). However, the upper limit of the
pore diameter extended to 60 nm when the ratio declined to
1:3, while the pore volume and average pore diameter
increased to 1.0953 cm3/ g and 5.27 nm, respectively, with a
higher proportion of mesopores. These values were 2.17 and
3.54 times larger than those of FeBTC, respectively (Table 2).

Table 2. Comparison of Surface Areas, Pore Volumes, and
Pore Diameters between MOGs Synthesized with Different
Metal Salt Ratios

SpET Vil average pore
materials (m*/g)  ( cmg/ g) diameter (nm) V! Vo]
FeBTC 1027.10 0.5049 1.49 4.442
FeMn31BTC 982.62 0.6044 1.99 1.563
FeMnl1BTC 621.88 0.3728 1.84 1.906
FeMn13BTC 615.70 1.0953 5.27 0.117

The morphologies of FeBTC and FeMnl3BTC were
characterized via SEM and TEM. FeBTC (Figure 3a)
consisted of ball-like nanoparticles of <50 nm size. These
nanoparticles exhibited a dense packing arrangement, and no
significant porosity was observed. By contrast, FeMn13BTC
(Figure 3b) comprises spherical nanoparticles with varying
sizes, ranging from 30 to 100 nm. Moreover, a higher degree of
porosity was evident for FeMn13BTC, with the formation of
interspaces among the packed particles. TEM analysis provided
further evidence of the network structure of FeMnl3BTC,
exhibiting abundant mesopores and a few macropores cross-
linked by spherical aggregates (Figure 3c). High-resolution
TEM was utilized to observe the microstructure of
FeMn13BTC; however, no obvious lattice fringe was found
(Figure S3). The results obtained from electronic microscopy
and pore diameter distribution analysis indicated that
FeMn13BTC had a hierarchical micro—meso—macroporous
structure. The successful fabrication of a hierarchical porous
bimetallic MOG was attributed to the introduction of
heterogeneous metal ions.”

XPS analysis was conducted to examine the chemical
environment and valence states of the elements in FeBTC
and FeMn13BTC. The XPS spectra (Figure S4) displayed the

characteristic peaks of C 1s, O 1s, and Fe 2p at approximately
286, 532, and 712 eV, respectively, in both FeBTC and
FeMnI13BTC. In FeMn13BTC, an additional peak at 640 eV
indicated the presence of Mn ions. Further analysis of the C 1s
spectrum revealed subpeaks corresponding to C—C, C—0, and
C=O0 bonds (Figure 4a). The results suggested the existence
of benzene rings and carboxyl groups derived from the
coordinated ligemds.26 Deconvolution of the O 1s spectrum
resulted in peaks at 531.8 and 533.5 eV, which were attributed
to C—O and C=O0 bonding, respectively (Figure 4b). The Fe
2p orbital exhibited double peaks at approximately 712 and
725 eV, indicating the valence state of Fe as Fe(III) (Figure
4¢).”” However, the coordination of Mn ions changed the
chemical environment of the Fe element, reflected as the Fe 2p
orbital of FeMnl3BTC having increasingly higher energy
compared to that of FeBTC (Figure 4c). The Mn 2p orbital of
FeMn13BTC displayed two characteristic peaks and one
satellite peak (Figure 4d), with the peak at 641.5 eV indicating
the presence of Mn(II), while the peak at 643.2 eV suggested
the presence of Mn(IV). The high intensity of the satellite
peak at 646.9 eV, corresponding to Mn(II), demonstrated the
crucial role of Mn(II) in FeMn13BTC.*®

3.2.1. Catalytic Performance of Different MOGs.
FeBTC, FeMn31BTC, FeMn11BTC, and FeMn13BTC were
used as catalysts to activate PAA for OFX degradation. The
results in Figure Sa show that the FeBTC/PAA system
achieved approximately 56.78% OFX degradation within 1 h.
Moreover, OFX degradation was continuously enhanced as the
proportion of Mn ions was increased in the synthesis system.
Among the tested materials, the FeMn13BTC/PAA system
displayed the highest OFX degradation with 78.41%, indicating
a 38% increase in catalytic performance compared to the
monometallic MOG FeBTC. The degradation data of the fast
reaction stage (within 20 min) were fitted using kinetic models
(Table S1), which indicated that the pseudo-second-order
model was more suitable for describing the OFX degradation
kinetics. The FeMn13BTC/PAA system exhibited the highest
degradation efficiency with a rate constant of 0.03172 L mg™
min~’, while the other systems exhibited lower efficiencies with
rate constants <0.021 L mg™" min~". The above-mentioned
results indicated that FeMnl3BTC demonstrated the best
catalytic performance for PAA activation in the OFX

Figure 3. SEM images of (a) FeBTC and (b) FeMn13BTC, and (c) TEM image of FeMn13BTC.
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Figure S. (a) Comparison of OFX degradation catalyzed by different MOGs, OFX S mg/L, pH 7, catalyst 0.1 g/L, and PAA 0.689 mM. (b) Impact
of the PAA amount on OFX degradation based on the FeMn13BTC/PAA system, OFX 5 mg/L, pH 7, and catalyst 0.1 g/L.

degradation. The superior catalytic performance of
FeMnl13BTC was attributed to two main factors: pore
structure and the Fe/Mn ratio. As previously discussed with
regard to N, adsorption—desorption, although FeMn13BTC
did not have the highest specific surface area, it exhibited a
significantly larger average pore diameter, at least 2.6 times
larger than that of the other materials tested. Additionally,
FeMn13BTC displayed a wider pore diameter distribution.
These characteristics of FeMn13BTC, including its abundant
mesopores and macropores, contributed to mass transfer
during the catalytic reaction, leading to a faster reaction rate
compared to other synthesized materials.”” Meanwhile, the
proportion of Mn in the product increased as the metal salt
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ratio (Fe(NO;);9H,0/Mn(NO;),-6H,0) decreased. This
adjustment strengthened the synergistic effect between Fe
and Mn, ultimately leadin§ to the enhanced catalytic
performance of FeMn13BTC.”

3.2.2. Factors Influencing the Catalytic Performance
of FeMn13BTC. As shown in Figure Sb, the influence of the
PAA concentration on the catalytic performance of
FeMn13BTC was not significantly pronounced. Within the
range of 0.345—1.379 mM PAA, OFX degradation showed
minor fluctuations between 78.41 and 81.85%. Notably, at an
optimal PAA concentration of 1.034 mM, OFX degradation
reached its highest value at 81.85%, accompanied by the
highest kinetic constant of 0.03433 L mg™" min~" (Table S2).
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Figure 6. (a) Impact of the catalyst amount (OFX S mg/L, pH 7, PAA 1.034 mM), (b) pH (OFX S mg/L, catalyst 0.1 g/L, PAA 1.034 mM), (c)
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0.1 g/L, PAA 1.034 mM) on OFX degradation based on the FeMn13BTC/PAA system.

Nevertheless, a slight decrease in OFX degradation was
observed upon a further increase in PAA concentration,
which may have been attributed to radical quenching resulting
from excessive PAA.® However, the kinetic constant increased
to 0.04182 L mg™" min~' under such conditions.

The impact of the catalyst dosage on the performance of the
FeMn13BTC/PAA system was found to be twofold: a low
catalyst dosage had a detrimental effect on degradation
performance, while a high catalyst dosage primarily accelerated
the reaction kinetics, as evidenced in Figure 6a and Table S3.
When the catalyst dosage was decreased to 0.05 g/L, OFX
degradation dropped to 70.15%. Nonetheless, within the
dosage range of 0.1-0.15 g/L, OFX degradation did not differ
significantly and remained >80%. At a dosage of 0.15 g/L, the
kinetic constant increased by 61% compared to a dosage of 0.1
g/L (0.03433 L mg~' min"), reaching 0.05540 L mg™" min~".

The pH influence experiments revealed that the
FeMn13BTC/PAA system was hindered by the presence of
H* ions, indicating that OFX degradation was more effective in
an alkaline environment. Figure 6b illustrates the decrease in
OFX degradation based on the FeMn13BTC/PAA system as
the solution became more acidic, with values of 61.68% at pH
3 and 73.07% at pH 5. At pH 9, the total OFX degradation
remained similar to that at pH 7, but the kinetic constant
increased by 18%, reaching 0.04054 L mg™' min~'. A more
significant improvement was observed at pH 11, achieving
nearly 90% OFX degradation and a kinetic constant of 0.04995
L mg ' min~" (Table S4). OFX exists as a cation at pH < 5.97
and an anion at pH > 9.28 and is neutral at pH values between
5.97 and 9.28.°" The dissociation constant of PAA is
approximately 8.2 and PAA™ becomes the predominant species
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when the pH exceeds this value.”> As shown in Figure S5, the
isoelectric point of FeMnl3BTC was at pH 2.81, and its
surface was negatively charged above this pH. However, OFX
degradation under alkaline conditions was not suppressed by
electrostatic repulsion between FeMn13BTC, PAA™, and OFX.
The increased OFX degradation may be attributed to increased
PAA hydrolysis with rising pH, resulting in more efficient PAA
activation based on the FeMnl3BTC/PAA system in an
alkaline environment.”> In addition to less PAA hydrolysis,
deteriorating OFX degradation may be caused by the
dissolution of metal ions under acidic conditions. Thus,
although electrostatic attraction may promote the OFX
adsorption on the surface of FeMnl3BTC, collapse of the
catalyst structure caused by metal ion dissolution is destructive
to the OFX degradation performance.”

The presence of various inorganic anions and organic
substances in natural water can potentially affect the
degradation performance of FeMnl3BTC/PAA. Therefore,
OFX degradation based on the FeMn13BTC/PAA system was
investigated in the presence of CI, $0,*~, HCO;, and humic
acid (HA). As shown in Figure 6c, these coexisting substances
had minimal effects on the degradation performance of
FeMn13BTC/PAA. OFX degradation remained >77%, and
the kinetic constants displayed only slight fluctuations within
the range of 0.02785—0.03495 L mg ' min~' (Table SS).
Among them, SO,>~ had the greatest impact on OFX
degradation and kinetics, decreasing to 77.03% and 0.02785
L mg™' min~!, respectively. To evaluate the practical potential
of FeMn13BTC/PAA in natural water, water samples were
collected from the Dianshan Lake and artificially spiked with 5
mg/L OFX. The results indicated that the FeMn13BTC/PAA
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catalyzed by (b) FeMn13BTC/PAA system and (c) FeMn13BTC/H,0, system.

system was able to degrade >80% OFX. Additionally, the
catalytic performance of the FeMn13BTC/PAA system at low
OFX concentrations was investigated by reducing the initial
OFX concentration to 1 mg/L. As presented in Figure 6d, the
FeMn13BTC/PAA system exhibited satisfactory degradation
at both high and low OFX concentrations, with >73%
degradation. These findings preliminarily suggested that the
FeMn13BTC/PAA system is promising for practical applica-
tions in water treatment scenarios. A comparison of the
FeMn13BTC/PAA system with other PAA-based AOP
techniques is presented in Table S6.

The stability of FeMn13BTC was tested in cycle experi-
ments and assessed via XRD and ICP. The XRD patterns were
almost consistent before and after catalysis, demonstrating the
firm structure of FeMnl13BTC during catalysis (Figure 7a).
Metal ion leaching measured by ICP indicated that while the
level of residual Fe ions in solution was too low to detect, that
of leached Mn ions was 2.403 mg/L. In the cycle experiments,
the catalyst was filtered from the degradation system and dried
for use in the next cycle. As shown in Figure 7b, the
degradation efficiency showed a small decrease but remained at
approximately 74% after four cycles, indicating effective
regeneration of FeMn13BTC.

Since porous materials often exhibit a certain degree of
pollutant adsorption, OFX adsorption by FeMn13BTC was
evaluated. As depicted in Figure 8a, 17.00% of OFX was
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removed after 30 min of preadsorption with FeMn13BTC, and
then, PAA was introduced to the system to initiate catalytic
degradation. Within 2.5 min of PAA addition, 46.97% of OFX
was degraded, and the OFX concentration decreased to
36.03% compared to the initial concentration. After reaction
for 1 h, the residual OFX was 30.54%. Additionally, the
chromatographic peak changed from a single signal before
catalysis to multiple signals after catalysis (Figure 8b),
indicating the generation of degradation products. The
significant decrease in OFX concentration after catalysis as
well as the appearance of multiple chromatographic peaks
collectively suggested that the main cause of the decrease in
OFX concentration was predominantly catalytic degradation
based on the FeMnl3BTC/PAA system, even though
adsorption played a role in OFX removal. The effect of
homogeneous catalysis was also investigated. After 30 min of
preadsorption, FeMn13BTC was filtered from the solution and
PAA was subsequently added, resulting in 37.54% OFX
degradation within 1 h (Figure 8a), which indicated that
homogeneous catalysis also played a role in OFX degradation.

The reagent for PAA production contained H,0,, and the
production process also generated H,0,. Since H,0, is known
to be an oxidant capable of decomposing pollutants,”* this
study sought to exclude potential OFX degradation resulting
from H,O,. Titration experiments revealed that the mass
fraction of H,O, in the prepared PAA solution was 10.91%. As
a control group, 5.455 uL of 30% H,0, was used as the
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Figure 10. (a) Fe 2p and (b) Mn 2p spectra of FeMn13BTC before and after catalysis.

oxidant instead of PAA. The chromatograms obtained from
OFX degradation based on the FeMn13BTC/H,0, system did
not exhibit noticeable signal peaks corresponding to
degradation products (Figure 8c). These results indicated
that H,O, had little effect on OFX degradation in the
FeMn13BTC/PAA system, further demonstrating that OFX
degradation was primarily attributed to the reactive oxygen
species (ROS) generated through the reaction between
FeMn13BTC and PAA, instead of the presence of H,O,.

To identify the ROS involved in the FeMnl3BTC/PAA
system, TBA was utilized as a quenching agent for -OH, while
2,4-hexadiene was used to quench *OH and R-0°’"*
However, due to OFX adsorption by FeMn13BTC, quantify-
ing the contributions of *OH and R—O*® was challenging. OFX
degradation exhibited only a slight decrease when both
quenching agents were employed (Figure S6). To precisely
identify the ROS involved, ESR measurements were conducted
under different conditions. First;, DMPO was used as a
trapping agent in the water matrix, with the spectrum
displaying a weak *OH peak (Figure 9a). Neither CH,C(=
0)OO0* nor *CH; could be observed directly under these
conditions.***” The identification of CH,C(=0)00* was
completed in an ethanol solution with DMPO (Figure 9a). To
exclude any possible influence of *OOCH; (which displayed a
similar spectrum as CH;C(=0)O0O0"* in the system), the
measurement was repeated under deprivation of oxygen
(nitrogen introduction). The peak intensity of the DMPO
adduct did not change considerably after introducing nitrogen,

64

indicating that CH ,C(=0)0O0* contributed most to the
signal (Figure 9a).’® However, the reaction between CH;C(=
0)O* and PAA as well as self-decay and self-coupling made
CH,C(=0)0" difficult to detect.”” When TEMP was used as
a trapping agent, the characteristic three-line spectrum with
relative intensities of 1:1:1 confirmed the presence of '0,*®
(Figure 9b). Nevertheless, the weak signal indicated that 'O,
was not the primary ROS in the FeMn13BTC/PAA system.
Carbamazepine (CBZ) is known to react rapidly with *OH
and 'O, while remaining inert to R—0®.*>*" As depicted in
Figure 9¢, CBZ degradation in the FeMn13BTC/PAA system
was only 9.67%. The above-mentioned results indicated that
while *OH and 'O, contributed to the degradation perform-
ance of FeMn13BTC/PAA to some extent, R—O°®, especially
CH,C(=0)00°, played a significant role in the degradation
system.

XPS analysis was conducted to study the chemical structure
and valence changes of FeMnl3BTC before and after the
catalytic reaction. The spectra exhibited characteristic peaks
corresponding to C, O, Fe, and Mn before and after the
reaction (Figure S7). Deconvoluting the Fe 2p spectrum
(Figure 10a) revealed that the Fe element existed in the form
of Fe(III) before the reaction, according to the double peaks at
712.2 and 726.0 eV, which, respectively, corresponded to the
Fe 2p;,, and Fe 2p,/, orbitals. After the catalytic reaction, a
new pair of peaks emerged at 710.9 and 723.7 eV, indicating
the presence of Fe(II) in the structure.”’ Approximately 9.4%
of Fe(Ill) in the original FeMn13BTC transformed into
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Figure 11. Presumed mechanism of OFX degradation based on FeMn13BTC activating PAA.

Fe(Il), giving rise to the coexistence of Fe(Il) and Fe(Ill) in
the structure after the catalytic reaction. Furthermore, the
proportions of Mn with different valences also changed. Prior
to the reaction, the ratio of Mn(1l)/Mn(IV) was 52.8:47.2%.
However, during the reaction, Mn(IV) gradually became
dominant, leading to the ratio decreasing to 47.4:52.6% after
the reaction (Figure 10b).

Based on the above-mentioned findings, a reasonable
mechanism for OFX degradation based on the
FeMn13BTC/PAA system was proposed (Figure 11). When
FeMn13BTC is introduced into the OFX-polluted solution,
OFX molecules rapidly diffuse through the catalyst’s macro-
pores and mesopores. The catalyst’s micropores provide
abundant adsorption sites, which allow rapid capture of
OFX. Following this step, PAA is introduced into the solution
and would quickly spread along the hierarchical porous
structure of the catalyst. First, PAA reduces Fe(IIl) to Fe(II)
and produces the primary radical, CH;C(O)00°* (eq 1).
Then, the generated Fe(II) further reacts with PAA to generate
CH;C(0)O" (eq 2).* Although Fe(III) can react with H,0,
existing in the PAA solution, the slow reaction rate suggests
that it is not the primary reason for degradation (eq 3).**
Moreover, PAA oxidizes Mn(Il) into Mn(IV) through
continuous electron transfer, producing CH;C(O)O* (eq
4).% Mn(IV) is reduced back to Mn(II) by H,0,, forming a
redox cycle (eq 5).** What is more is that the standard redox
potential of Mn(IV)/Mn(II) is higher than that of Fe(III)/
Fe(1I) (1.23 vs 0.77 V), resulting in electron transfer from
Fe(Il) to Mn(IV) (eq 6). This electron transfer process
generates Mn(1I) and Fe(III), which in turn accelerates the
redox cycle and formation of primary radicals."”*® However,
both Fe(II) and Mn(II) may react with PAA to generate *OH,
which could be negligible in the process (eqs 7 and 8).***
The generated CH;C(O)O® rapidly reacts with PAA and
forms more CH;C(O)OO?®, which plays a vital role in OFX
degradation (eq 9). Other secondary radicals, most likely
contributing minor effects to OFX degradation, are produced
by reactions between primary radicals with PAA and H,O,
(egs 10 and12)** According to the literature, *CH; could be
produced by self-decay of CH;C(O)O*® (eq 13); however, this
trait is not obvious in the process, plausibly because of its low
concentration.”” 'O, could form via the decomposition of PAA
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attacked by peroxy groups, which aligns with the observed
increase in the characteristic ESR signal of 'O, over time (eq
14).*” In short, with the synergistic effect of Fe and Mn ions,
CH;C(0O)O0*® produced by reactions between PAA with
metal ions and CH;C(O)O® plays a vital role in OFX
degradation based on the FeMn13BTC/PAA system. Environ-
mental theoretical calculations could be applied in future

analysis to further support the mechanism mentioned above.**

Fe(III) + CH,C(O)OOH

— Fe(Il) + CH,C(0)00" + H* (1)
Fe(1I) + CH,C(O)OOH

— Fe(IlI) + CH,C(O)0O® + OH" (2)
Fe(Ill) + H,0, — Fe(Il) + HO," + H' (3)
Mn(1I) + 2CH,C(0)OOH

— Mn(IV) + 2CH,C(O)O°® + 20H" (4)
Mn(IV) + 2H,0, — Mn(II) + 2HO,® + 2H* (s)
Mn(IV) + 2Fe(II) — Mn(II) + 2Fe(III) (6)
Fe(II) + CH,C(O)OOH

— Fe(III) + CH,COO + ‘OH (7)
Mn(II) + 2CH,C(O)OOH

— Mn(IV) + 2CH,COO™ + 2°OH (8)
CH,C(O)OOH + CH,C(0)0O*

— CH,C(0)00"® + CH,C(O)OH (9)
H,0, + CH,C(0)0* - HO,* + CH,C(O)OH (10)
CH,C(O)OOH + *OH — CH,C(0)OO* + H,0  (11)

CH,C(O)OOH + *OH — CH,C(0)" + H,0 + O,
(12)
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Figure 12. Possible degradation pathways of OFX in the FeMn13BTC/PAA system.

CH,C(0)0" — °CH, + CO, (13)
CH,C(O)OOH + CH,C(0)00™
— CH,C(O)OH + CH,C(0)O™ + 'O, (14)

The intermediates formed during OFX degradation by the
FeMn13BTC/PAA system were analyzed by using HPLC-
QToF-MS (Figure S8 and S9), and three potential degradation
pathways were proposed, as shown in Figure 12. In pathway I,
degradation is initiated with detachment of the carboxyl group
located on the right side of OFX, leading to the formation of
product P1 with m/z = 318." P1 undergoes successive attacks
from ROS, leading to the loss of a methyl group on the
leftmost N atom. The piperazine group undergoes hydroxyl
addition followed by elimination reactions, resulting in the
formation of the C=C bonds (P2, m/z = 300).” P2 can
either undergo sequential methyl group detachment, hydroxyl
addition, and elimination reactions to form P3 or lose a
fluoride group to form P4. ROS attack the double bond in the
pyrazine ring of P3, leading to cleavage of the C—N bond and
generating Ps.” P4 undergoes oxidation based on ROS,
leading to the detachment of the methyl group at C14 to form
P6. The ring-opening reaction of the leftmost aromatic ring in
PS5 occurs at the double bond, followed by the loss of specific
functional groups, leading to the formation of P7 and P8.
Further detachment of the methyl group from P7 leads to the
formation of P9. In pathway II, degradation is initiated with
the cleavage of the piperazine ring, followed by the detachment
of the methyl group. ROS attacks lead to oxidation and
elimination of the aldehyde group, which in turn lead to the
formation of P12 with m/z = 278.°° The intermediates
mentioned above are further oxidized to form P10 and P11. In
pathway III, the piperazine and oxygen-containing rings in
OFX undergo successive reactions, including detachment of
the methyl group, hydroxylation, and formation of the double
bond through the elimination reaction, leading to the
formation of P13 with m/z = 310.>" Subsequently, when the
carboxyl group is removed from P13, a ring-opening reaction
takes place at the C14—C1S position, followed by
demethylation, leading to the formation of P14. P15 is then
produced through a ring-opening reaction at the C12—C13
position, along with removal of the branch chain containing
the carbonyl group. Further elimination of the branch chain at
C8 yields P16, which can be epoxidized to form P17.
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Herein, the hierarchical micro—meso—macroporous MOG
FeMn13BTC was deliberately fabricated to efficiently catalyze
PAA activation in order to enhance the antibiotic degradation
performance. The MOG synthesis procedure dispensed with
supercritical CO, and freeze drying, which are typically used to
maintain the intact hierarchical porous structure of the MOG
during activation, and is thus suitable for future large-scale
applications. FeMn13BTC was demonstrated to be an effective
catalyst for PAA activation, leading to 81.85% OFX
degradation within 1 h. Even in natural water, >80% OFX
degradation could be maintained. Cycle experiments proved
FeMn13BTC’s firm regeneration capability. Characterization
analysis and experimental results indicated that Mn ions
contributed to the formation of the hierarchical porous
structure and facilitated electron transfer between Fe and Mn
ions. The two effects collectively produced large amounts of
ROS, dominated by R—O°® especially CH;C(=0)00°",
leading to the superior catalytic performance of FeMn13BTC
MOGs compared to the monometallic FeBTC MOG. In
conclusion, the study’s fabrication strategy for hierarchical
porous MOGs through one-pot synthesis and design of a
bimetallic catalyst for PAA oxidation should be universally
applicable. Moreover, our research sheds light on the
fabrication of future hierarchical porous MOF materials and
use of the FeMn bimetallic system for PAA-based AOPs as well
as PAA-based AOPs for water treatment.

The Supporting Information is available free of charge at
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XRD of the synthesized MOGs; high-resolution TEM
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