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ARTICLE INFO ABSTRACT

Editor: C. Han The electro-Fenton (EF) technology holds immense potential for wastewater treatment. However, there persist

certain factors that affect its degradation efficiency, such as the restricted pH range, production of iron sludge

Keywords: and sluggish conversion rate between Fe?* and Fe>*. Herein, 2,3,6,7,10,11-hexahydroxytriphenyl (HHTP) was
Heterogeneous electro-Fenton introduced as the organic ligand to synthesize a series of efficient iron-based MOF catalysts (FexCe;-HHTP (x = 1,
Degradation 2, 3, 4)) with different molar ratios for sulfamethoxazole (SMX) degradation in heterogeneous EF system. HHTP
Bimetallic catalyst . . . . . . . .

Sulfamethoxazole with electron-rich functional groups is beneficial to enhance performance of oxygen evolution reaction. Among
Mineralization these catalysts, FezCe;-HHTP catalyst achieved 97.3 % degradation efficiency in 30 min and mineralization rate

was 89.7 % at 1 h. The introduction of Ce promoted the transition of Fe>* and Fe?" in heterogeneous EF reaction.
The synergistic effects between Fe®'/Fe?" and Ce*'/Ce®" further catalyzed the generation of hydroxyl radicals
and it was proved as the main active species. The heterogeneous catalyst showed good performance in wide pH
range, good stability, and high degradation efficiency to other pollutants. Three possible SMX degradation routes
are suggested on basis of intermediates detected by mass spectrum analysis and theoretical calculations. The
toxicity of these intermediates was assessed using Toxicity Estimation Software Tool (T.E.S.T.). This work pro-
vides valuable guidance for the design of highly efficient and stable heterogeneous EF catalyst for antibiotic

degradation and expand the application potential in wastewater treatment of organic pollutants.

1. Introduction

Antibiotics have gained widespread usage worldwide due to their
potent antibacterial properties and comparatively affordable cost,
effectively supporting the health of humans, animals and plants [1,2].
However, irrational usage and even abuse of a large amount of antibi-
otics, incomplete absorption and metabolism after antibiotic ingestion,
and unintentional discharge of wastewater by pharmaceutical com-
panies and hospitals pose a serious threat to humans and aquatic eco-
systems [3,4]. Traditional wastewater treatment technologies including
adsorption [5], filtration [6], and biological methods [7] can only
partially remove antibiotics. Therefore, developing an efficient method
for eliminating antibiotics from wastewater is of great significance.

Recently, electro-Fenton (EF) technique has proven to be one of the
most effective methods for antibiotic removal [8,9]. EF technology
mainly generates HyO» in situ at cathode, subsequently reacting with
added Fe?" to produce reactive oxide species (ROS), including hydroxyl
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radicals (-OH), thereby enhancing pollutants degradation [10]. EF
technology does not require additional HoO5, avoiding the risks of HoO»
storage and transportation [11,12]. The consumed Fe?' can be regen-
erated by continuous electro reduction of Fe>*, which has been proven
to be a promising approach to eliminate antibiotics [13]. Nevertheless,
widespread practical application of traditional homogeneous Fenton
process is still hindered by some drawbacks, such as limited acidic pH
range and production of substantial iron hydroxide sludge [14,15]. The
development of heterogeneous EF technology based on solid catalysts
alleviates these problems to some extent [16,17]. For many catalysts,
cycling efficiency of Fe>*/Fe®" is relatively low, and they may lose some
of their active sites during degradation process, leading to the dissolu-
tion of excess iron [18]. Hence, it is significant for the development of
efficient and stable heterogeneous EF catalyst.

Metal-organic frameworks (MOFs), characterized by their porosity,
metal sites, and structural diversity, possess the ability to convert HoO,
into -OH [19]. However, due to the poor electrical conductivity of
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120°C, 20 h

Fig. 1. (a) The synthesis of Fe3Ce;-HHTP catalyst; (b) SEM image and (c) TEM image of Fe3Ce;-HHTP; The elemental mapping images of (d) C, (e) O, (f) Fe, (g) Ce.

ligands around metal sites, most MOFs are restricted by the scarcity of
open active sites, sluggish mass transfer, and high resistance, which
limits the application in electro-catalysis [20,21]. 2,3,6,7,10,11-hexahy-
droxytriphenyl (HHTP) is a class of organic molecules that possess large
ring structure and electron-rich functional groups [22,23]. The electron-
rich functional groups can modulate electronic structure of metal active
sites [24]. The conductive MOF material composed of HHTP as an
organic ligand is rich in a large amount of oxygen element, which is
beneficial for improving oxygen evolution reaction (OER) performance
[25,26]. Additionally, there exist many unsaturated sites in MOF
structure, which can bind other metal ions through coordination bonds
[27]. Dong et al. synthesized a Ni-based conductive MOF (Ni-HHTP) that
features numerous Ni®* centers, which has a large electrochemical
surface area and high intrinsic activity in OER [28]. Sun et al. fabricated
Cu-HHTP as an active oxidation reduction reaction (ORR) electro-
catalyst with high selectivity for HoO, production [29]. Li et al. prepared
Cu3(HHTP), to provide large active surface areas for catalytic oxidation,
enhancing charge transfer efficiency in malachite green detection [30].
These properties of HHTP have great potential in Fenton reaction sys-
tems. However, few studies have been reported on the utilization of
HHTP ligand-based MOF in heterogeneous EF degradation.

In this work, Fe,Ce;-HHTP (x = 1, 2, 3, 4) catalysts were prepared by
hydrothermal synthesis, incorporating the organic ligand HHTP. Sulfa-
methoxazole (SMX), a representative broad-spectrum sulfonamide
antibiotic, was chosen as a target contaminant to estimate degradation
efficiency. HHTP with electron-rich functional groups offers possibility
for satisfactory SMX degradation performance. Ce could effectively
accelerate electron transfer rate, which was beneficial for HyO, pro-
duction. The prepared iron-based MOF catalyst in heterogeneous EF
system can facilitate the redox cycling of Fe*>*/Fe?t and Ce*t/Ce3". The

synergistic effect of bimetals significantly improves the catalytic per-
formance and achieves high efficiency mineralization rate. This study
aims to prepare a novel and efficient heterogeneous EF catalyst for
effective degradation of organic pollutants and broaden its application
in water treatment.

2. Materials and methods
2.1. Materials

Details of the reagents and experimental materials are provided in
Text S1 of Supporting Information.

2.2. The synthesis of Fe,Ce;-HHTP (x =1, 2, 3, 4)

The Fe,Ce;-HHTP (x = 1, 2, 3, 4) was synthesized by mixing
FeCl3-6H,0 and Ce(NO3)3-6H0 with different molar ratios, 1.25 mM
HHTP and 30 mL DMF, stirring for 30 min until completely dissolved.
The solution was transferred to a 50 mL Teflon-lined stainless steel
container, reacting at 120°C for 20 h. The deposit was separated by
centrifugation and thoroughly washed with DMF and ethanol, each
three times. The total number of molars of iron and cerium was 5 mM,
different molar ratios of FeyCe;-HHTP (x = 1, 2, 3, 4) catalysts were
synthesized. The synthesis of Fe-HHTP followed the same protocol,
excluding the addition of Ce(NOs3)3-6H50.

2.3. Characterizations

The characterizations of prepared catalysts are shown in Text S2 of
Supporting Information.



S.-T. Cheng et al.

(a)
S
\c;‘: /C=C
2
‘B
=
2
=
~ c-C
Cc-0 =
C=Q \ V'
294 292 290 288 286 284 282 280

Binding Energy (eV)

©
Fe 2p,, Fe 2p,,
Fe (II)

= ke FedD
& : :
>
£ L Feqm
=
2 R
=
- Satellite peak
740 735 730 725 720 715 710 705

Binding Energy (eV)

Separation and Purification Technology 353 (2025) 128356

(b)

3

S L ..0H

£ c-0

& Y

3

=

5=

540 538 536 534 532 530 528 526
Binding Energy (eV)
(@)
Ce 3d,,
Ce 3d5,
5
< T Ce (Il
>
= \
7] \ U
g W\ \
= NN\ Ce (IIT)
- R /X
Ce (V)2
930 920 910 900 890 880 870
Binding Energy (eV)

Fig. 2. XPS spectra of Fe3Ce;-HHTP: (a) C 1 s; (b) O 1 s; (c) Fe 2p and (d) Ce 3d.

2.4. The heterogeneous EF degradation

The simulated wastewater was SMX aqueous solution (10 mg/L, 100
mL) containing 0.05 M NaySO4 electrolyte under constant current con-
ditions. The cathode was carbon cloth, the anode was platinum sheet,
and their distance measured 2 cm. Prior to heterogeneous EF degrada-
tion, FeyCe;-HHTP (x = 1, 2, 3, 4) catalyst dispersed in solution by
stirring for 10 min to get adsorption equilibrium. Meanwhile, Oy was
bubbled into the solution (0.6 L/min) to establish a stable oxygen
environment. The heterogeneous EF reaction was initiated when the DC
power supply was turned on. Samples were collected with syringes at
different times and subsequently filtered through 0.22 pm microporous
filter membranes. In cycle experiment, catalyst was collected by
centrifuge and dried at 60°C for reuse. Detailed methods for detecting
SMX are shown in Text S3.

2.5. Analytical methods

Total organic carbon (TOC, Multi N/C 3100, Jena, Germany) was
used to analyze the mineralization efficiency of the whole SMX degra-
dation process. The Fe and Ce concentrations in solution were deter-
mined using an inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7800, USA). Three-dimensional excitation-emission matrix
fluorescence spectra (3D EEMs) were acquired by a fluorescence spec-
trophotometer (Hitachi, F7000). The detailed of HyO, experiment is
shown in Text S4. Density functional theory (DFT) was used to calculate

and predict the vulnerable sites of SMX, detailed information is shown in
Text S5. The degradation intermediates were determined using mass
spectrometry (MS, QTRAP 4500, AB SCIEX, USA). The toxicity of SMX
and its intermediates was predicted by Toxicity Estimation Software
Tool (T.E.S.T.).

3. Results and discussion
3.1. The characterizations of catalyst

The preparation of Fe3Ce;-HHTP catalyst is exhibited in Fig. 1a. The
morphology of FegCe;-HHTP was characterized by scanning electron
microscope (SEM) (Fig. 1b) and transmission electron microscopy
(TEM) (Fig. 1c). Fe3Ce;-HHTP showed uniform size of nanocluster with
rough surface, enhancing electron transfer and mass diffusion to accel-
erate the heterogeneous EF reaction. Meanwhile, energy dispersive
spectrometer elemental mapping demonstrated that C, O, Fe, and Ce
elements are uniformly distributed on the catalyst (Fig. 1d-g), indicating
the successful synthesis of FegCe;-HHTP.

C 1 s spectrum, as shown in Fig. 2a, exhibited four peaks at 284.8,
285.9, 286.8 and 288.6 eV, which corresponded to C = C, C-C, C-O and
C = O [31]. The spectrum of O 1 s consists mainly of peaks with binding
energies of 531.8 and 533.4 eV (Fig. 2b). These peaks were attributed to
the -OH species which facilitated the electrocatalytic reaction and C-O
bond [32,33]. For Fe 2p spectra, the peaks observed at 711.8 and 724.9
eV represented Fe 2p3» and Fe 2p;/, respectively (Fig. 2c).
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Fig. 3. (a) FT-IR spectra and (b) N, adsorption—desorption isotherms of Fe,Ce;-HHTP (x = 1, 2, 3, 4); (c) CV curves of different modified GCE; (d) CV curves of

Fe3Ce,-HHTP at different scan rates.

Additionally, two peaks at 711.6 and 721.8 eV were corresponded to Fe
(II), the peaks at 714.7 and 725.2 eV were attributed to Fe (III),
respectively [34,35]. Additionally, a satellite peak was observed at
718.1 eV, situated between Fe 2ps,» and Fe 2p; . The Ce 3d spectra
were resolved into two main peaks, representing Ce 3ds,, at 885.2 eV
and Ce 3ds/; at 903.7 eV (Fig. 2d). In addition, the pattern of Ce 3d
comprised seven peaks, which represented the binding energies of Ce
(I11) (882.7 and 903.9 eV) and Ce (IV) (881.1, 885.6, 900.2, 902.9 and
906.3 eV) [36]. In addition, full scan spectrum of FegCe;-HHTP and Fe-
HHTP is shown in Fig. S1, further indicating the successful synthesis of
bimetals.

The surface functional groups of the synthesized catalysts were
characterized by Fourier-transform infrared spectrometer (FT-IR) anal-
ysis. Fig. 3a shows a typical FT-IR spectrum of different metal ratios of
FeyCe1-HHTP (x = 1, 2, 3, 4). The broad peak at 3392 em ! was ascribed
to stretching vibration of hydroxyl groups in adsorbed water molecules
[37]. The infrared spectra of Fe,Ce;-HHTP showed distinct absorption
peaks at 1259, 1450 and 1650 cm ™!, corresponding to characteristic
vibrations of C-O, C-H and C = C bonds, within benzene ring of organic
ligand HHTP, respectively [38]. FT-IR spectra of FexCe;-HHTP (x =1, 2,
3, 4) catalysts showed no significant changes except for the peak in-
tensity. In Fig. S2, powder X-ray diffraction (PXRD) pattern of prepared
catalyst showed the obvious crystalline structure.

The N adsorption-desorption isotherms and pore size distribution of
FeyCe,-HHTP (x = 1, 2, 3, 4) with different molar amount of metal are
exhibited in Fig. 3b and Fig. S3. High specific surface area generally

means excellent catalytic performance. However, FesCe;-HHTP with
lower surface area showed better degradation efficiency than the other
catalysts, which indicated the contribution of increasing surface area to
pollutant removal was negligible. The specific surface area and pore
volume of Fe3Ce;-HHTP were slightly decreased compared to other
catalysts, which was corresponding to the adsorption effect of different
metal contents in 10 min. These catalysts exhibited a range of 3-10 nm
pore size distribution. It was calculated that the molecular diameter of
SMX is about 14.9 A (Fig. S4). Therefore, among these prepared cata-
lysts, Fe3Ce;-HHTP with pore size distribution of 3.7 nm was more
suitable, which was closer to the size of SMX.

Cyclic voltammetry (CV) test evaluated conductivity of FeyCe;-HHTP
(x =1, 2, 3, 4) catalysts with different metal ratios. In Fig. 3¢, the peak
current of electrode modified catalyst was significantly enhanced
compared to the bare GCE, FesCe;-HHTP showed higher electro-
chemical activity. Furthermore, CV curves of FesCe;-HHTP with
different sweep rates are exhibited in Fig. 3d, the peak current showed a
linear relationship with the square root of scanning rate the scan rate
(Fig. S5), demonstrating the redox reaction on Fe3Ce;-HHTP catalyst
was diffusion-controlled [20,39]. These results indicated that Fe3Ce;-
HHTP exhibited faster electron transfer rate.

3.2. Degradation performance of SMX in EF system

SMX was selected for a target antibiotic to investigate the degrada-
tion efficiency of fabricated catalyst. SMX degradation under different
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Fig. 4. The effect of (a) Fe/Ce ratio; (b) the catalyst dosage; (c) current and (d) initial pH on the heterogeneous EF performance. (Conditions: [initial SMX con-
centration] = 10 mg/L, [catalyst dosage] = 0.20 g/L, [current] = 40 mA, [initial pH] = 5.0).

conditions are exhibited in Fig. S6. SMX degradation efficiency was only
10 % by adsorption without current, 26.1 % for anodic oxidation. In
contrast, 97.3 % SMX could be degraded in 30 min by heterogeneous EF
reaction.

The introduction of different molar ratios of Fe and Ce can not only
effectively adjust the metal content in the composite, but also signifi-
cantly improve the conductivity of the catalyst, thus optimizing the
electrocatalytic performance. FeyCe;-HHTP (x = 1, 2, 3, 4) catalysts with
different metal contents were prepared by adjusting the concentrations
of FeCl3-6H20 and Ce(NO3)3-6H20 and the integral molar quantity was
5 mM. In Fig. 4a, SMX degradation efficiency obtained with Fe;Ce;-
HTTP, FeoCe1-HTTP, Fe3Ce-HTTP and Fey4Ce;-HTTP was 95.6 %, 89.8
%, 97.3 % and 90.3 %, respectively. Compared with the undoped cerium
catalyst Fe-HTTP (72.9 %), SMX degradation rate of FesCe;-HTTP was
significantly enhanced by 24.4 %. The introduction of Ce enhanced
availability of catalytic active sites and reacted with iron ions, facili-
tating the interaction of catalyst and HyO5 to generate -OH, thus
enhancing the oxidative degradation process.

In Fig. 4b, the degradation rate greatly improved from 75.5 % to
97.6 % in 30 min when the catalyst dosage was increased from 0.10 to
0.20 g/L. The corresponding reaction rate constants of catalyst dosage at
0.10, 0.15, 0.20 and 0.25 g/L were 0.045, 0.069, 0.121 and 0.136 min~!
(Fig. S7). The increased catalyst provided more active sites for adsorp-
tion and Hy0; activation, leading to production of abundant -OH that
facilitated SMX degradation [40]. Nevertheless, further increasing
catalyst dosage to 0.25 g/L did not accelerate the degradation process
obviously, possibly due to the inhibiting effect of excessive iron sites
reacting with -OH, hindering the EF reaction. Therefore, 0.20 g/L

catalyst was used for subsequent experiments.

In Fig. 4c, the degradation of SMX exhibited a consistent upward
trend as current increased from 10 to 40 mA, achieving 97.6 % SMX
removal at 40 mA. Simultaneously, the reaction rate constant increased
from 0.048 to 0.121 min’l, a 2.52-fold increase (Fig. S8). Then the
degradation rate declined to 97.3 % slightly with increasing current to
50 mA. It implied that the sufficient current was beneficial for enhancing
electron transfer, excessive current led to the conversion of O3 to HoO by
the 4e” pathway of ORR, rather than forming HyO, via the 2e” pathway
[20,41]. As shown in Fig. S9a, HyO, concentration increased with the
increase of current intensity and it could accumulate up to 66.4 mg/L
within 30 min at 40 mA. In Fig. S9b, the current efficiency ranged from
48.9 % to 55.3 %. In addition, the electric energy consumption (EEC) for
Hy0, generation was calculated to evaluate whether it can be applied on
a large scale or not. EEC values ranged from ranged between 8.7 and
13.4 kWh/kg (Fig. S10), indicating the EF reaction requires lower en-
ergy consumption and is more conducive to efficient production of HyO4
[42,43]. Although the removal rate of SMX was almost the same at 40
mA and 50 mA, the EEC was lower at 40 mA. Considering the both
degradation effect and energy consumption, 40 mA was determined to
be optimal current for this experiment.

The pH effect of SMX degradation ranging from 3.0 to 7.0 was
investigated in Fig. 4d, and degradation rates were between 97.1 % and
98.3 %, indicating that the wide pH range in application of FegCe;-HTTP
based EF degradation system. The reaction rate constant ranged be-
tween 0.114 and 0.131 min’l, and there is almost no difference within
the tested pH range (Fig. S11). This suggests a broad pH application
window for the catalyst. Considering the proportion of adsorption and
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the reaction between metal and acid was faster in the strongly acidic 3.3. Degradation mechanism of SMX in EF system
system, the metal was easily dissolved [44], pH 5.0 was selected to
conduct the subsequent experiment. To investigate degradation mechanism of Fe3Ce;-HTTP, free radical

quenching experiment was carried on to determine types of ROSs

* non-free radical

Fig. 6. The SMX degradation mechanism of heterogeneous EF process with FezCe,-HHTP catalyst.
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process with Fe3Ce;-HHTP.

involved in SMX degradation system. In Fig. 5a, tert-butanol (TBA), p-
benzoquinone (p-BQ) and furfuryl alcohol (FFA) were the scavengers for
-OH, -03 and 10, radicals [45], respectively. SMX was nearly removed
within 30 min without adding any scavenger. When 200 mM TBA was
introduced into the system, SMX removal rate only decreased by 10.3 %,
and SMX degradation decreased significantly to 46 % in introduction of
500 mM TBA.

After introduction of 10 mM p-BQ and FFA, SMX removal rate
decreased to 56.4 % and 52.8 % at 30 min. These results showed that
-OH, -03 and 10, all participate in SMX degradation, and -OH was main
active oxygen species. To further confirm the -OH production, electron
paramagnetic resonance (EPR) experiment was carried out with DMPO
as trapping agent [46]. The EPR signal exhibiting intensity ratio of
1:2:2:1 was characteristic signal of DMPO--OH (Fig. 5b). As the reaction
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time prolonged, the signal intensity also increased, indicating the
continuous generation of -OH.

Various inorganic anions and metal ions exist in actual wastewater,
which can potentially influence both the in-situ formation of H,O5 and
SMX degradation performance [47]. In Fig. 5e¢, within 30 min of EF
treatment, only 10 mM Cl~ was favorable for SMX degradation
compared to the control group. Cl~ could be oxidized by -OH, forming
chlorine with lower activity than -OH radical (Egs. (S1) and (S2)) [36],
which also participated in oxidative degradation. However, 10 mM
HCO3 and CO%™ resulted in significant decreases in SMX degradation
rate to 53 % and 54 %, respectively. This is attributed to the formation of
lower potential CO3™ after the reaction of HCO3 (Eq. (S3)) [48] and the
consumption of -OH by these anions (Eq. (S4)). In addition, the intro-
duction of 10 mM HPO3~ significantly inhibited the degradation (40.7
%), mainly owing to slow reaction rate of HPOF~ with -OH to form a
weak oxidizer (HPOy ) that is ineffective in oxidizing SMX (Eq. (S5))
[49]. On the other hand, as shown in Fig. 5d, metal ions such as ca’t,
Mg, K™ and Na' had almost no impact on SMX degradation, with
degradation rates remaining between 95.8 % and 99.1 %, indicating the
proposed EF degradation process was not interfered by metal ions.

The possible mechanism of SMX degradation is shown in Fig. 6.
Initially, a small portion of organic molecules in solution can be adsor-
bed onto Fe3Ce;-HHTP catalyst via electrostatic attraction or through
interactions with functional groups. For EF process, O dissolved in the
solution is adsorbed on FesCe;-HHTP catalyst and cathode, which are
further converted into -Oz via one-electron ORR pathway or HyO2

during the two-electron ORR process (Egs. (S6) and (S7)). Subsequently,
H,0, reacts with -03 or Fe?" to form -OH radicals, and Fe3* obtained
electrons to regenerate Fe?", completing a cyclic redox reaction between
Fe3* and Fe?* (Egs. (S8) ~ (S11)). This cycle continuously generates
active oxygen species, driving the degradation of organic pollutants. The
generated -O3 reacts with HyO; and -OH to generate 10, (Egs. (S12) and
(S13)). Additionally, Fe3Ce;-HHTP catalyst could effectively provide
Ce**/Ce®" redox pairs (Eqs. (S14) ~ (S16)). Therefore, Fe>*/Fe? and
Ce*"/Ce®" redox cycles could promote generation of active species
including -OH, -O3 and 10,. These ROSs diffused into the solution and
participated in SMX degradation. Finally, SMX was mineralized into
CO2, H20 and other small molecules (Egs. (S17)).

3.4. Recyclability and applicability of catalyst

The degradation efficiency of catalyst gradually decreased after
being reused for 5 times, which may be owing to occupancy of active
catalyst sites by organic matter and loss of active metal components
during EF process. The SMX degradation efficiency still remained 88.9 %
within 30 min (Fig. 7a). Moreover, FT-IR, X-ray photoelectron spec-
troscopy (XPS) of FezCe;-HHTP were compared before and after use,
these characterizations exhibited the groups or characteristic peaks of
catalyst did not change significantly and remained relatively stable
(Fig. 7b, ¢). In Fig. S12, the XRD pattern and SEM image of FesCe;-
HHTP after the cycle experiment have almost no change, which provides
great advantages for its long-term application. In Fig. $13, the dissolved
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Fig. 10. The possible degradation pathway for SMX degradation by Fe;Ce;-HHTP catalyst.

iron concentration measured at 10 min and 30 min was 0.41 and 0.65
mg/L, which was lower than limit of 2 mg/L specified by the Chinese
National Standard (GB 25467-2010). Ce concentration measured at 10
min and 30 min was 0.64 and 0.96 mg/L. Furthermore, Fe and Ce
concentration measured after recycling experiment was 0.27 and 0.39
mg/L (Fig. S14). These results indicated that Fe3Ce;-HTTP had good
stability and reusability.

TOC removal rate can reveal mineralization extent of pollutants to
further evaluate degradation ability of the catalyst. In Fig. 7d, TOC
removal rate reached 89.7 % within 1 h, achieving a relatively satis-
factory result. The removal efficiency of TOC increased slowly over time,
reaching 92.2 % after 4 h, indicating that the mineralization effect of
SMX was excellent and most of the small molecular organic matter had
been effectively mineralized, attributing to the effective conversion of
H20; to -OH by Fe3Ce;-HHTP catalyst. Comparisons of SMX degradation
performance with other previously reported catalysts are shown in
Table S2, FegCe;-HHTP catalyst showed better degradation rate and

10

mineralization effect, and shorter degradation time.

In order to investigate the degradation property of other pollutants,
sulfadiazine (SDZ), sulfathiazole (STZ), tetracycline (TC), carbendazim
(CBZ), rhodamine B (RhB) carbamazepine (CMZP) and phenol (PhOH)
were introduced to heterogeneous EF process with same reaction con-
ditions. Fig. 7e showed that degradation rates of FegCe;-HTTP to various
organic pollutants were 95.3 %, 99.6 %, 96.7 %, 71.0 %, 98.1 %, 80.5 %
and 85.3 % within 30 min, respectively, which proved the effectiveness
of Fe3Ce;-HTTP catalyst in degrading a variety of pollutants in EF
system.

To evaluate performance of practical application, SMX degradation
by FesCe;-HHTP catalyst in heterogeneous EF process was studied by
tap water, lake water and deionized water as aqueous substrates
(Fig. 7f). The SMX removal rates were 68.7 %, 72.3 % and 83.5 % in 30
min, respectively. The SMX concentration increased after 10 min
adsorption in tap water. Combined with the previous ion interference
experiment, it indicated that there were some CO%’ and HCOg3 in tap
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water, which inhibited SMX degradation effect to some extent.

To further demonstrate the degradation efficiency of SMX, 3D EEMs
were performed with tap water, lake water and deionized water samples
before and after 30 min degradation (Fig. 8). The fluorescence response
region represented aromatic protein organoids in Ex/Em region of
(200-320) nm/ (280-450) nm before degradation reaction [50]. With
extension of degradation time, fluorescence intensity decreased signifi-
cantly after 30 min, confirming that SMX was continuously degraded
and eventually into small molecules, including CO and H20 [51]. From
the above analysis, it can be concluded that FesCe;-HHTP has excellent
SMX degradation property.

3.5. DFT calculations and degradation pathways

DFT calculation revealed the reaction sites where active species
attacked SMX in heterogeneous EF process. The HOMO represented the
position where electrons are easily detached, the LUMO represented the
position where electrons are easily accessible, and the blue and green
regions represented electron-rich and electron-poor regions, respec-
tively (Fig. 9a, b) [52]. The optimized SMX molecular structure is shown
in Fig. 9¢. The ESP distribution map was computed to visualize density
of electron cloud on SMX surface (Fig. 9d). To further locate atoms or
groups that are more susceptible to attack, Hirshfeld charge and Fukui
index (f -, £, £ °, and CDD) were calculated and their structures are
shown in Fig. 9e-h. Sites with high f~, f* and £°, values are theoretically
the most susceptible to attacks from electrophilic, nucleophilic sub-
stances and free radicals [53]. CDD values were comprehensively
considering the attack of nucleophilic and electricity. Due to the elec-
trophilicity of -OH, it can also undergo free radical reactions and elec-
trophilic reactions [54]. Table S3 exhibited that highest f~ and £ © values
is located at N11 (f "=0.1851, £ ® = 0.1074), indicating that the vicinity
of N11 was the most vulnerable site to be attacked by -OH and -Oj3. The
remaining atoms with higher f~ values appeared in C2, C4, C5, C6 and
H12, and those with higherfo values were C1, C2, C3, C4, C6 and N11.
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In addition, atoms with higher f ~ and f 0 values (C2, C4, C5, C6, N11)
were mostly concentrated in the aniline group. Combined with images of
Fukui function and calculation results, it was determined that C2, C4,
C5, C6, and N11 were the main attack sites on aniline group of SMX.
Additionally, N-C and S-N bonds of SMX exhibited a higher tendency to
break.

To unequivocally elucidate degradation routes of SMX, various
degradation intermediates were further identified through mass spec-
trometry. Fig. 10 depicted three SMX degradation pathways, the mo-
lecular formula, mass/charge ratio (m/z) and structures of SMX and
intermediates are shown in Table S4. In pathway I, -NHy on benzene
ring was initially oxidized by reactive oxygen species to -NOy to form P1
(m/z = 283). The formation of NHf was favored by the removal of
nitrogen-containing compounds from benzene ring [55], thus the deni-
trification of P1 accelerated the generation of P2 (m/z = 238). The
production of the intermediate P3 (m/z = 173) may be due to the Smiles
rearrangement reaction [56]. In pathway II, SMX was directly cleaved at
S-N bond, contributing to the formation of P4 (m/z = 157) and P5 (m/z
= 98). Then, P6 (m/z = 114) was obtained by hydroxylation of P5. In
pathway III, attacking on N-C bond within SMX molecule led to the
production of P7 (m/z = 172). These were consistent with the active
reaction sites obtained by DFT results. P4 then lost an amino group
(-NH5) and was further oxidized to form P8 (m/z = 142). These in-
termediates would continue to undergo oxidation by -OH radicals,
eventually resulting in the generation of P9 (m/z = 60), P10 (m/z = 72),
and P11 (m/z = 89). Finally, these low molecular compounds are further
broken down through ring breaking reaction and ultimately mineralized
into CO3, Ho0 and inorganic ions.

3.6. Toxicity evaluation of SMX intermediates
The acute and growth toxicity levels of SMX and intermediates were

predicted in Fig. 11. The acute toxicity was estimated to be LCs for
fathead minnow and IGCs for T. pyriformis. The toxicity value of SMX



S.-T. Cheng et al.

to fathead minnow was 2.81 mg/L, and the chronic toxicity value to T.
pyriformis was 6.12 mg/L. As shown in Fig. 11a, except for P1 and P2,
LCso values were increased, indicating the toxicity of other in-
termediates was significantly reduced, especially P9 and P10, which
were much lower than the toxicity of SMX and LCso values were
4053.96 mg/L and 698.79 mg/L. For T. pyriformis (Fig. 11b), the con-
centration of P2 was lower than that of SMX, and the IGCs values of the
other intermediates were significantly higher than SMX, the IGCsg
values of P6, P9, P10 and P11 were 1662.25 mg/L, 8931.38 mg/L,
3057.66 mg/L and 4178.46 mg/L, illustrating that heterogeneous EF
system based on Fe3Ce;-HHTP catalyst can significantly reduce the
acute toxicity of SMX. Fig. 11¢ showed the bioaccumulation factors for
SMX and its intermediates. After EF treatment, only the bio-
accumulation factor of P2 increased, indicating that it may be highly
accumulated by aquatic organisms. As shown in Fig. 11d, although P1,
P2, P3, P9, and P11 were considered “developmental toxicant”, all in-
termediates had lower toxicity than SMX. Moreover, P4, P5, P6, P7, P8
and P10 were deemed as “developmental non-toxicant”. The above re-
sults demonstrated that FesCe;-HHTP catalyst is effective, environ-
mentally friendly and promising for SMX degradation.

4. Conclusion

This study successfully synthesized Fe3Ce;-HHTP through a
straightforward design strategy, serving as the efficient heterogeneous
EF catalyst to degrade SMX. The synergistic effect of Fe and Ce improved
heterogeneous EF performance of the FesCe;-HHTP catalyst. Three-
dimensional fluorescence spectrum could further prove the excellent
degradation property. Furthermore, FesCe;-HHTP catalyst showed good
performance in wide pH range and exhibited satisfactory recyclability
and stability after five cycles. The SMX degradation mechanism results
demonstrated -OH was the primary active species. According to DFT
calculations and MS results, SMX formed eleven possible degradation
intermediates products through three degradation pathways. Software
prediction demonstrated that this heterogeneous EF system effectively
reduced SMX biotoxicity. These findings offer significant insights for
application of heterogeneous EF systems in the treatment of antibiotic
wastewater.
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