Journal of Environmental Management 354 (2024) 120336

e 4

ELSEVIER

Contents lists available at ScienceDirect
Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

Joueaa of
Environmental
“Management

Research article

Highly efficient heterogeneous electro-Fenton reaction for tetracycline

Check for

updates

degradation by Fe-Ni LDH@ZIF-67 modified carbon cloth cathode:

Mechanism and toxicity assessment

Shuting Cheng ™", Bingging Wu?, Yuehong Pang ™, Xiaofang Shen

& State Key Laboratory of Food Science and Resources, School of Food Science and Technology, Collaborative Innovation Center of Food Safety and Quality Control in

Jiangsu Province, Jiangnan University, Wuxi, 214122, China
® International Joint Laboratory on Food Safety, Jiangnan University, Wuxi, 214122, China

ARTICLE INFO ABSTRACT

Handling Editor: Raf Dewil

Keywords:

Heterogeneous electro-Fenton
Carbon cloth

Hydrogen peroxide
Degradation

Tetracycline

In this work, a novel and efficient Fe-Ni LDH@ZIF-67 catalyst modified carbon cloth (CC) cathode was devel-
oped for tetracycline (TC) degradation in heterogeneous electro-Fenton (Hetero-EF) process. Compared to Fe-Ni
LDH/CC (75.7%), TC degradation rate of Fe-Ni LDH@ZIF-67/CC cathode increased to 95.6% within 60 min. The
synergistic effect of hetero-EF and anodic oxidation process accelerated electron transfer, the maximum Hz02
production of Fe-Ni LDH@ZIF-67/CC electrode reached 264 mg/L, improving utilization efficiency of HoO3. The
cathode possessing a satisfied TC degradation performance over a wide pH (3-9). Free radical capture experi-
ment revealed the collaboration of -Oz, -OH, and ‘0, play a significant role in TC degradation. The 5 cycles
experiment and metal ion leaching experiment showed that the proposed Fe-Ni LDH@ZIF-67/CC has good
recyclability and stability. In addition, the proposed Fe-Ni LDH@ZIF-67/CC cathode achieved satisfying per-
formance in real water (tap water: 97.3%, lake water: 97.7%), demonstrating the possibility for practical
application. TC degradation pathways were proposed by theory analysis and experimental results. The toxicity of
TC intermediates was reduced by Hetero-EF degradation according to Toxicity Estimation Software Tool and
Escherichia coli growth inhibition experiments. This work provides a novel modified cathode to improve removal

efficiency of antibiotics in wastewater.

1. Introduction

Nowadays, excessive use of antibiotics has led to contamination in
water bodies, which posed significant risks to ecosystem and human
health (Liu et al., 2018; Pan et al., 2019). Tetracycline (TC), a highly
effective broad-spectrum antibiotic, has been widely used in aquacul-
ture, medicine cure and animal husbandry (Ao et al., 2019; Pache-
co-Alvarez et al., 2022; Xu et al., 2016). However, TC overuse has led to
a series of water pollution, and even caused drug resistance in bacteria,
which has threated ecosystem and human health (Harnisz et al., 2015;
Zhou et al.,, 2020). Highly efficient TC removal is challenging for
traditional water treatment owing to its stable molecular structure of
aromatic ring (Huang et al., 2020). Therefore, improving TC elimination
efficiency in wastewater is urgently essential.

* Corresponding author.

Various water treatment methods, such as biological degradation
(Shao et al., 2019; Chen et al., 2023), adsorption (Jiang et al., 2023;
Canevesi et al., 2020), photocatalysis (Zheng et al., 2022) and electro-
chemical advanced oxidation processes (EAOPs) (Xin et al., 2022) have
been investigated and applied to TC removal. However, biological
degradation is time-consuming, the removal of adsorption is incomplete,
photocatalysis can cause secondary pollution to a certain degree.
Among, EAOPs have attracted more attention in water treatment due to
the high efficiency and versatility. Electro-Fenton (EF) had recognized
as an environmentally friendly technique of EAOPs (Oturan and Aaron,
2014; Xia et al., 2021; Zhao et al., 2023). The EF process could generate
hydrogen peroxide (H20>) in situ by two-electron redox on the cathode
(Eq. (1)), which could react with Fe’* to produce hydroxyl radical (-OH)
to degrade pollutants (Eq. (2)). Fe®' can be reduced at the cathode (Eq.
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(3)), which could significantly accelerate Fe>*/Fe?* cycling and -OH
formation (Hu et al., 2021; Luo et al., 2020). However, addition of
soluble Fe?*, narrow pH range (2.7-3.2), and the unrecyclable catalyst
limit further application of traditional electro-Fenton (Cao et al., 2020;
Gao et al., 2015; Sklari et al., 2015). Heterogeneous electro-Fenton
(Hetero-EF), due to advantages of less formation of iron sludge, high
removal efficiency, has been recognized as a promising water treatment
(Hu et al., 2021; Qin et al., 2023b; Zhao et al., 2012). Therefore,
exploring effective iron-based heterogeneous catalyst for electro-
catalytic generation of HyO» in the EF system has become a key issue.

0, +2H" +2e —H,0, (€))
H,0, + Fe** + H" - F** + - OH + H,0 )
F&t +e —Fet 3)

In general, Hetero-EF mainly relies on transition metal elements, such as
Fe, Co, Mn, loaded on the surface of cathode to catalyze reaction. The
transition metal element doping as bimetallic electrodes showed great
activity for efficient contaminant removal (Ren et al., 2015; Zhang et al.,
2020). Liu et al. prepared Co/Fe co-doped porous graphitic carbon
nanocomposites to degrade rhodamine B using micro
electrolysis-Fenton method (Liu et al., 2021b). Du et al. synthesized the
Fe/Cu-MOFs to degrade sulfamethazine (Du et al., 2021a). Layered
double hydroxides (LDHs) are a class of two-dimensional transition
metal nanomaterial, raising considerable interest owing to their tunable
chemical compositions, high specific surface area, and environmental
friendliness (Liu et al., 2020; Poudel and Kim, 2022). Moreover, the
modification of LDHs materials with other porous materials can further
enhance the surface properties of the composites and significantly
improve catalytic performance, such as bimetallic materials. Mono-
metallic iron catalysts modified with multivalent metals such as Cu, Mn,
Co, Ni, and Ce present an incremental Hetero-EF activity through more
reaction centers (Chen et al., 2019b; Ghasemi et al., 2019; Ishizaki et al.,
2020; Xu et al., 2023). In particular, FeNi-based layered bimetallic hy-
droxides have been of interest as they are considered to be one of the
most active electrocatalysts in oxidation-reduction reaction (Li et al.,
2019; Peng et al., 2021).

However, LDH has a tendency of self-aggregation and low electrical
conductivity, which limit its catalytic activity (Wu et al., 2022). Owing
to the large surface area, high porosity and good catalytic activity,
zeolitic imidazolate framework-67 (ZIF-67) attract attention in catalysis.
In order to solve the defects of LDH materials, Fe-Ni LDH@ZIF-67
composites were synthesized by in-situ growing ZIF-67 on Fe-Ni LDH.
Fe-Ni LDH@ZIF-67 catalyst was coated on carbon cloth (CC) by drop-
ping the catalyst ink, it solves the recycling problem of dispersed catalyst
and it will not cause secondary pollution. The usage amount of catalyst is
also saved a lot compared with the published literature (Ye et al., 2023;
Zhang et al., 2022a).

In this study, TC served as a model pollutant, Fe-Ni LDH@ZIF-67/CC
cathode was used to improve the activation of H,O, and efficiency of TC
degradation in hetero-EF system. The influence of critical factors,
degradation performance, the stability and reusability of Fe-Ni
LDH@ZIF-67/CC were systematically investigated. The TC removal in
real water was also studied. Moreover, the TC degradation mechanism,
pathway and ecotoxicity in hetero-EF system were investigated.

2. Experimental section
2.1. Materials and methods

The detailed materials, characterizations, and analytical methods are
described in Text S1, S2.

Journal of Environmental Management 354 (2024) 120336
2.2. Synthesis of catalysts and electrode modification

The schematic diagram of the synthesis of Fe-Ni LDH@ZIF-67 is
shown in Fig. 1a. The Fe-Ni LDH@ZIF-67 catalyst was fabricated by a
facile two-step synthetic route. First, Fe-Ni LDH was prepared via hy-
drothermal method as Zhu’s report with some modification (Zhu et al.,
2021). Ni (NO3)5-6H50 (10 mM), Fe (NO3)3-9H,0 (5 mM), and urea (35
mM) were mixed and dissolved in 100 mL deionized water. The mixed
solution was then maintained at 100 °C for 24 h. After cooling naturally,
it was washed by ethanol and deionized water, dried at 60 °C for 12 h to
obtain Fe-Ni LDH. 0.2 g Fe-Ni LDH, 1.314 g of 2-methylimidazole, and
0.582 g of Co (NO3)2-6H,0 was dissolved in 60 mL of methanol solution.
Afterwards, the product was washed and centrifuged, dried at 60 °C for
12 h to obtain Fe-Ni LDH@ZIF-67 for further use.

For the preparation of electrode, CC was washed with acetone,
ethanol and deionized water, and dried at 60 °C for 6 h. Then, Fe-Ni
LDH@ZIF-67 (20 mg), ethanol (20 pL), and PTFE emulsion (980 pL)
were mixed in proportion ultrasound as catalyst ink. The cathode was
prepared by dropping the catalyst ink (200 pL) onto bare CC, and the
loading amount of catalyst was 1 mg/cm?. The obtained electrode dry-
ing overnight was Fe-Ni LDH@ZIF-67/CC cathode (Fig. 1b). The drying
process were all conducted in a vacuum oven.

2.3. Electrochemical measurements

The electrochemical performances of electrodes were measured by
cyclic voltammetry (CV) and linear sweep voltammetry (LSV). These
measurements were proceeded in aqueous electrolyte (0.05 M NaySO4
solution). CV analysis was performed in N3 or O, saturated NaySOy4 so-
lution over a potential scan range of —0.4-1.5 V at a scan rate of 50 mV
s1. LSV measurement was carried with different cathodes at the same
scan rate. To further estimate the electrical conductivity of catalyst, bare
CC, Fe-Ni LDH/CC and Fe-Ni LDH@ZIF-67/CC were compared in 1 mM
[Fe (CN)6]3'/ 4 solution. All electrochemical measurements were con-
ducted on a traditional three-electrode system, with the working elec-
trode as the electrode to be measured, while equipped with saturated
calomel electrode as a reference electrode, and platinum (Pt) sheet as a
counter electrode.

2.4. TC degradation experiments

The experiments of TC degradation were carried out in a 150 mL
single chamber glass cell. The anode was a Pt sheet (1 cm x 2 cm), and
cathode was modified CC (2 cm x 2 c¢m), the DC power supplied for
constant current power through the connection of electrode clamps
(Fig. 1b). The initial TC concentration was 10 mg/L, NaySO4 solution
(0.05 M) was served as the supporting electrolyte, and stirring rate was
set as 600 r/min. The high-pressure gas container was used to contin-
uously provide the needed O (0.4 L/min) of the reaction for in-situ
production of Hy0o, started 10 min before degradation experiment to
maintain a steady Oz concentration. The samples were taken and filtered
through the membrane filter (0.22 ym) at defined time intervals for
subsequent analysis.

2.5. Density functional theory (DFT) calculation
The detailed DFT calculation can be found in Text S4.
3. Results and discussion
3.1. Analysis of structure and characteristics
The morphology of synthesized Fe-Ni LDH@ZIF-67 was investigated
by scanning electron microscopy (SEM) and transmission electron mi-

croscopy (TEM). In Fig. 1c and d, it is observed that ZIF-67 crystals are
well dispersed and embedded into the surface of Fe-Ni LDH. The Fe-Ni
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Fig. 1. The scheme of (a) the synthesis of Fe-Ni LDH@ZIF-67catalyst and (b) the preparation process of Fe-Ni LDH@ZIF-67/CC cathode and TC degradation process;
SEM images of (c-d) Fe-Ni LDH@ZIF-67; (e-f) Fe-Ni LDH@ZIF-67/CC; (g) TEM image of Fe-Ni LDH@ZIF-67; (h-m) elemental mapping images correspond to C, N,

O, Fe, Co and Ni element, respectively.

LDH and partial enlarged SEM image of Fe-Ni LDH@ZIF-67 was pro-
vided in Figs. S1 and S2. Fig. S3 shows that the raw CC substrate has a
smooth carbon fiber structure. After loading the catalyst on the sub-
strate, the morphology of as-prepared Fe-Ni LDH@ZIF-67/CC are
exhibited in Fig. 1e and f. Some nanoparticles were distributed on the
surface of CC, and the textural surface became rough, which provided
the possibility to accelerate electron transfer in the catalytic process.
TEM characterization of Fe-Ni LDH@ZIF-67 (Fig. 1g) showed the darker
ZIF-67 crystals could be clearly seen inside the Fe-Ni LDH, indicating its

successful composite. Fig. 1h-m showed uniform distribution of C, N, O,
Fe, Co and Ni elements of Fe-Ni LDH@ZIF-67, revealing its successful
synthesis. Simultaneously, energy dispersive spectroscopy analysis
showed that the relative atomic content of elements was 17.90%, 2.87%,
59.41%, 5.70%, 2.80% and 11.32%, respectively (Table S1).

X-ray photoelectron spectroscopic (XPS) spectra explored chemical
compositions of Fe-Ni LDH@ZIF-67, and full scan is shown in Fig. 2a. In
Fig. 2b, C 1 s spectrum was divided into 4 primary peaks at 284.8, 285.9,
287.5 and 289.4 eV, corresponding to C-C, C-N, C-O and C=0 groups
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Fig. 2. XPS spectra of Fe-Ni LDH@ZIF-67: (a) full scan; (b) C 1s; (c) O 1 s; (d) Fe 2p; (e) Ni 2p and (f) Co 2p.

respectively (Zhang et al., 2021). Among them, the main peak corre-
sponding to C-C was confirmed by many studies to promote the pro-
duction of Hy0, by 2e” ORR (Zhao et al., 2023). In Fig. 2¢, O 1 s
spectrum was classified into four different oxygen species: 529.82 eV,
530.89 eV, 531.65 eV and 532.47 eV, which corresponded to
oxygen-metal bonds (O-M), metal-hydroxide bonds (M-OH), adsorbed
water and the surface hydroxyl (-OH) (Li et al., 2023; Wang et al., 2022).
It indicated that the surface of Fe-Ni LDH@ZIF-67 is conducive to
adsorb oxygen to capture electrons and generate more -OH. For Fe 2p
spectra, the major force in EF reaction, Fe>™ peaks were at 710.03 and
722.83 eV, Fe’* peaks were at 712.82 and 725.62 eV (Fig. 2d),
accompanying by satellite peaks of 716.95 and 731.82eV (Li et al.,
2022). Fig. 2e illustrated Ni 2p spectra of catalyst, Ni 2p3/2 and Ni
2pl/2 peaks were located at 855.88 and 873.53 eV, indicating the
valence states of Ni2", which accompanied by two satellite peaks (Yan
et al., 2023). The Co 2p spectra of catalyst were fitted with the char-
acteristic peaks at 780.69/796.48 and 798.16/783.52 eV (Fig. 2f),
belonging to Co"/Co?", respectively (Guo et al., 2022). These metal
elements were favorable to generate reactive oxygen species (ROS) and
improve the degradation efficiency through EF reaction (Chai et al.,
2023). The XPS spectra of bare CC and Fe-Ni LDH@ZIF-67/CC is
showed in Fig. S4, further illustrating Fe-Ni LDH@ZIF-67 catalyst was
successful loaded on CC.

Fourier transform-infrared (FT-IR) was conducted to characterize
functional groups on surfaces of catalyst. In Figs. S5a and a strong
characteristic peak at 3435 cm™! was O-H stretching vibration (Gao
etal., 2023). For Fe-Ni LDH, the peak at 1576 cm ™! was corresponded to
C=0 vibration of carboxylate groups (Ye et al., 2023). The absorption
peak at 749 cm ! represented C-H bending vibration (Mahmoodi et al.,
2019). The peak at 690 cm~! was a tensile vibration with N-H bond. The
peaks at 1385 cm ! and 831 ecm ! were specific absorption bands
associated with the nitrate anions, which were produced by the sym-
metric stretching vibration of the N-O bond in nitrate (Zhong et al.,
2023). For Fe-Ni LDH@ZIF-67, the C=0 peak stretching vibration
result in the significant shift in the position. The absorption peaks at
992, 1137, 1301 and 1416 cm ™! ascribed to C-H bending mode and C-N
stretching mode of imidazole (Elsonbaty et al., 2021; Su et al., 2020).
The peak at 752 cm™! was the stretching vibration of Co-N bond. The

presence of above new peaks indicated the successful loading of ZIF-67
nanocrystals on Fe-Ni LDH.

The crystal structure was further investigated by using X-ray
diffractometer (XRD). In Fig. S5b, XRD spectrum of Fe-Ni LDH clearly
showed three diffraction peaks with the corresponding 26 values of
11.41, 33.54, and 38.99°, which were associated to (003), (101) and
(015) planes of Fe-Ni LDH (JCPDS#40-0215), and it similar with the Fe
type LDH materials (Feng et al., 2023; Jia et al., 2023). In addition, the
obvious diffraction peaks at 7.366, 10.42, 12.78 and 18.11° corre-
sponded to (011), (002), (112) and (222) planes of ZIF-67
(JCPDS#67-1073) (Gross et al., 2012). Besides, there was no signifi-
cant peak shift at Fe-Ni LDH@ZIF-67, confirming that the composite of
ZIF-67 did not destroy the crystal structure of LDH, which indicated the
successful synthesis of catalyst.

The Ny adsorption-desorption isotherms of catalyst is shown in
Fig. S6. On basis of the type IV isotherms, Fe-Ni LDH@ZIF-67 was
regarded as mesoporous material. The surface area of catalyst is 57.9 m?
g, with an average pore size of 9.59 nm, there was a certain increase
compared to other LDH based catalyst (Xu et al., 2023; Xiong et al.,
2023). It was favorable for contacting with active site and solution, thus
conducive to the mass transfer between catalyst and electrolyte solution
(Zhao et al., 2023). The wettability of CC and Fe-Ni LDH@ZIF-67,/CC
was investigated in Fig. S7. The contact angles of CC and Fe-Ni
LDH@ZIF-67/CC were 142.56° and 104.36°, respectively. It suggested
that the hydrophobicity of Fe-Ni LDH@ZIF-67/CC was slightly
decreased compared with CC. It could facilitate the rapid penetration of
electrolyte into the surface of Fe-Ni LDH@ZIF-67/CC, accelerate Oq
diffusion and promote H,0, formation to accelerate electron transfer in
EF process (Zhu et al., 2019; Cui et al., 2020).

3.2. The electrochemical properties of the electrodes

CV testing was conducted to estimate electrocatalytic property of the
proposed electrodes. In Fig. 3a, Fe-Ni LDH@ZIF-67/CC electrode had an
obviously pair of oxidative/reductive peaks compared to bare CC and
Fe-Ni LDH/CC electrode, indicating its high electrochemical activity. As
for the catalyst loaded electrode, an obvious reduction peak appeared
under Oy saturated condition (Fig. 3b), indicating that the Fe-Ni
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Fig. 3. CV curves of (a) CC, Fe-Ni LDH/CC and Fe-Ni LDH@ZIF-67/CC in 1 mM [Fe (CN)g] 3-/4 solution and (b) Fe-Ni LDH@ZIF-67,/CC in O5/Nj saturated NaySO4
solution; (c) LSV curves of CC and Fe-Ni LDH@ZIF-67/CC; (d) CV curves of Fe-Ni LDH@ZIF-67/CC at various scan rates.

LDH@ZIF-67/CC electrode possessed good electrochemical activity account of the redox cycle of Fe>*/Fe?*. The redox cycle could provide
(Daniel et al., 2020). Fe?* to catalyze HyO», promoting the production of ROSs. In Fig. 3d, CV
As exhibited in Fig. 3c, Fe-Ni LDH@ZIF-67/CC showed a larger curves are shown for Fe-Ni LDH@ZIF-67/CC at different scanning rates
current response comparing with bare CC, demonstrating that Fe-Ni (10-100 mV s~ 1) with a potential range (—0.4-0.6 V), conducting in a 1
LDH@ZIF-67 possessed good electrochemical reaction performance on mM [Fe (CN)s]>”* solution. The linear relationship between peak
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Fig. 4. Effect of (a) different electrodes; (b) applied current; (c) initial pH of solution and (d) initial of TC concentration on TC degradation by hetero-EF process.
Reaction parameters: [initial TC concentration] = 10 mg/L, [applied current] = 100 mA, [pH without adjustment] = 6, [Na;SO4] = 0.05 M.
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current and scan rate'/? (R% = 0.997) was greater than the scan rate (R?
= 0.995) (Fig. S8), suggesting that the diffusion process was predomi-
nant in Fe-Ni LDH@ZIF-67/CC electrode (Li et al., 2021; Wang et al.,
2023).

3.3. Catalytic performance of the cathode for hetero-EF reactions

Compared with the degrading efficiency of Fe-Ni LDH/CC (75.7%),
Fe-Ni LDH@ZIF-67/CC cathode performed better degradation activity
(95.6%) (Fig. 4a), demonstrating the composite of ZIF-67 effectively
increased the degradation efficiency. Fe-Ni LDH@ZIF-67/CC cathode
can achieve the relatively good degradation efficiency in a short reaction
time compared with other reported LDH materials (Table S5).

In EF process, effects of operation conditions, including applied
current, pH, and initial concentration of TC were investigated with
Fe-Ni LDH@ZIF-67/CC cathode. TC removal gradually increased from
88% to 96% when the current increased from 40 mA to 100 mA
(Fig. 4b). It suggested that the incremental current can accelerate elec-
tron transfer and redox cycle of catalyst, which is contribute to the
production of strong oxidizing free radicals, thus promoting TC degra-
dation. When the current was 120 mA, TC removal remained unchanged
with 96.1%, owing to the hydrogen evolution and excessive HyO
scavenging -OH (Wang et al., 2023; Ye et al., 2023). Therefore, 100 mA
was the applied current density value of subsequent experiment from the
perspective of energy-saving.

The influence of pH is exhibited in Fig. 4c. TC degradation efficiency
was 88.7%, 92.6%, 95.1%, 96.5% and 95.6% at pH 3, 5, 7, 9 and initial
pH without adjustment (pH 6) respectively, indicating that catalyst had
satisfied degradation performance over a wide pH range. Compared
with homogeneous EF process, Fe-Ni LDH@ZIF-67/CC cathode still
showed satisfactory degradation effect under neutral and alkaline con-
ditions, remarkably expanding pH range in hetero-EF systems. The
degradation efficiency was better under alkaline condition, which could
be explained by the results in Section 3.4, due to -O3 played a major role.
The pH increase was favorable to the formation of -O3, thereby
improving TC degradation efficiency (Zou et al., 2023). To avoid oper-
ating costs and secondary pollution causing by pH adjustment, the
following degradation experiments were conducted without pH
adjustment.

The degradation performance gradually improved as the initial TC
concentration decreased (Fig. 4d). TC was almost completely removed at
low concentration within 60 min, and the degradation rate decreased to
68.8% when TC concentration increased to 50 mg/L. This showed that
generated radicals are insufficient for excessive pollutant removal. In
addition, the increase of TC concentration led to the covering of active
sites on Fe-Ni LDH@ZIF-67, which prevented production of reactive
species for TC degradation. Moreover, large numbers of pollutants
indicated higher production of intermediates that lead to competitive
-OH consumption, TC removal efficiency will be reduced.

Simultaneously, HyO» production and activation are significant fac-
tors in the EF reaction. The yield of HyO on bare CC and Fe-Ni
LDH@ZIF-67/CC was measured under different currents. As shown in
Fig. S9, HpO5 could be accumulated up to 264 mg/L within 60 min at
100 mA. While at the same conditions, HpO5 production of Fe-Ni
LDH@ZIF-67 was only 3 mg/L, which demonstrated the activation of
H,0, generated speed up transfer of metal ions and trigger the pro-
duction of ROS and other strong oxidants for TC degradation.

3.4. The hetero-EF mechanism of the Fe-Ni LDH@ZIF-67/CC electrode

The TC removal on bare carbon cloth by adsorption without current,
bubbling O and anodic oxidation (bubbling N2) was tested for reference
(Fig. 4a). The removal efficiency was only 6.5% for adsorption without
current, 60.4% for effect of oxygen, 73.2% for anodic oxidation, and TC
could be degraded by 95.6% in 60 min by electro-Fenton. It indicated
that synergistic effect of hetero-EF and anodic oxidation process has a
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significant contribution to the TC degradation. Various inorganic anions
and organic matter are existed in the actual water, which could influ-
ence degradation efficiency. The effects of co-existing constituents were
investigated in Fig. 5a. The results showed that CI~ (10 mM) promoted
TC degradation in hetero-EF treatment over 60 min, due to the gener-
ation of HCIO and ClO™ during anodic oxidation process (Egs. (4)-(6))
(Long et al., 2023). The degradation efficiency declined from 95.6% to
71.6% in the existence of HPOZ~, mostly owing to slow reaction rate
between HPO?( and -OH (Eq. (7)), and generated HPO4 cannot effec-
tively oxidize TC (Zhang et al., 2022a). Moreover, the introduction of 10
mM NO3 and 10 mg/L humic acid (HA) also inhibited TC degradation to
some extent since the production of NO3 with lower redox potential, and
HA competed with pollutants for -OH (Eq. (8)) (Zhang et al., 2022b).

2CI" +2e —Cl @
Cl,+H,0—-HCIO+H" + CI” 5)
Cl, +20H™ - CIO™ + H,0 + CI~ (6)
-OH + HPO;” — HPO;” + OH~ 7
-OH +NO; - NO,, + OH~ (8)

In Fig. 5b, TOC removal efficiency of TC gradually increased with the
duration of reaction time, it reached 76.5% within 6 h, indicating that
TC is decomposed into a certain number of small organic molecules
during hetero-EF process. As exhibited in Fig. 5c¢, n-butanol, pbenzo-
quinone (p-BQ), and furfuryl alcohol (FFA) were presented as radical
scavengers to remove -OH, -Oz, and 10, in quenching experiments.
Without adding any scavenger, the hetero-EF system can almost
completely remove TC after running for 60 min. TC removal rate
decreased by only 14% with the introduction of 500 mM n-butanol,
which confirmed that -OH might have a weak effect on TC degradation.
When 200 mM FFA was added in reaction, TC degradation rate was
reduced to 68.4%. After adding 50 mM p-BQ, degradation rate was
reduced to only 48.5%. These results demonstrated that -O3, -OH, and
102 exist in TC degradation, and -O3 is the dominant active radical (Liu
et al., 2021c; Yan et al., 2018).

To further verify production of the above three active species, the
spin-trapping agents 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) and
2,2,6,6-tetramethylpiperidine (TEMP) were used to record EPR signals.
From Fig. 5d—f, the EPR signals of DMPO--OH, DMPO--O; and TEMP—102
can be observed clearly. Fig. 5d exhibited the characteristic peak of
DMPO--OH with an intensity ratio of 1:2:2:1 at 5 min. Fig. 5e showed the
signal with an intensity ratio of 1:1:1:1, which was in agreement with
DMPO--O3 peak. Fig. 5f observed the presence of triplet signals with an
intensity ratio of 1:1:1, attributing to TEMP-'0, peak. The peak
strengths increased with EF reaction, demonstrating H,O5 activation has
led to the production of ROSs. These were consistent with the results of
quenching experiments.

Based on the above results, a possible TC degradation mechanism is
exhibited in Fig. 6. Firstly, -OH could be in situ generated at the surface
of anode, which attacked TC around (Qin et al., 2023a). Secondly, Os
molecules were adsorbed onto Fe-Ni LDH@ZIF-67/CC cathode to
generate HyO» in situ through two-electron reduction reaction to form
.OH and Fe3*+ (Tian et al., 2020). Fe3+ got an electron on Fe-Ni
LDH@ZIF-67/CC cathode to regenerate Fe?", which contributed the
cycle of Fe3*/Fe?t. Moreover, Ni*/Co®" also reduced by Hy0, to
produce -OH, which formed the Ni**/Ni?t and Co®*/Co?* cycle at the
cathode and enhance utilization efficiency of HyO5. Meanwhile, Oq
gained an electron to form -Oz, which could react with -OH and H0 and
to form '0,. Finally, these species mineralized TC into small molecules
((Egs. 9-13) (Chen et al., 2019a; Wang et al., 2023).

Fe’* /Ni*" /Co®* + H,0, > - OH+Fe*™ /Ni** /Co™" + OH )
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Fig. 6. Proposed mechanism for TC degradation with Fe-Ni LDH@ZIF-67/CC cathode.

Fe** /Ni*™ / Co®* + H,0, —» Fe** /Ni** /Co*" + - O; + 2H* 10)
-0; + -OH~'0, + OH" an
2-0;+2H,0 - H,0, + 20H" + 'O, 12)
-OH / -0/ '0, + TC = CO, + H,0 + Other products a3)

3.5. The reusability and applicability of Fe-Ni LDH@ZIF-67/CC cathode

Apart from the degradation efficiency, the stability of electrode was
also significant in the perspective of practical application. Hence, the
reusability of Fe-Ni LDH@ZIF-67,/CC was evaluated by continuous five
times degradation. As exhibited in Fig. 7a, TC degradation rate remained
probably 80% and had not weakened significantly for 5 cycles. During
long-term operation, adsorption of some intermediates and loss of active

sites result in electrode deactivation. This manifested that the Fe-Ni
LDH@ZIF-67/CC cathode was stable and reusable. Moreover, leaching
of metal ions from Fe-Ni LDH@ZIF-67/CC electrode is shown in Fig. 7b.
Fe, Ni and Co leached from the cathode increased with reaction time,
where the maximum value was 0.361, 0.106 and 0.113 mg/L respec-
tively, lower than the limits of European Union standard and water
environment discharge standards of China (GB 25467-2010).

In addition, stability of the cathodes was examined by the spectrum
of XRD, FT-IR and XPS of the fresh and used cathode before and after
cycle experiment. As exhibited in Fig. 7c, there was no obvious change
about crystal structure before and after use. Besides, in Fig. 7d, there was
no additional characteristic peaks observed and surface molecular
structure did not change after degradation. As shown in Fig. S10, it just
slightly weak of XPS full scan intensity for the electrode after degrada-
tion. These results demonstrated that the Fe-Ni LDH@ZIF-67/CC cath-
ode had good stability.

Furthermore, the performance of cathode was investigated in Fig. 7e
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by degrading other refractory pollutants, including sulfamethoxazole
(SMX), chlortetracycline (CTC), hexaconazole (HEX) and rhodamine B
(RhB). The removal rates of these pollutants were 89.1, 75.4, 66.0 and
86.1% within 60 min, respectively. The results indicated that Fe-Ni

(b)

LUMO

LDH@ZIF-67/CC had broad applicability to degrade multiple pollut-
ants. It is worth mentioning that the hetero-EF system did not optimize
the degradation conditions for these four pollutants. Therefore, it can
achieve better degradation performance if optimizing of the conditions.

30.00
18.00
6.00
-6.00
-18.00

-30.00

CDD

Fig. 8. (a) TC chemical structure; (b) HOMO and LUMO orbital of TC; (c) ESP mapping of TC; (d) The Fukui index (f°, f -, f © and CDD) of TC.
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In order to estimate the potential for treating actual water, TC
degradation was investigated using tap water and lake water, and the
degradation rates were 97.3% and 97.7% (Fig. 7f), suggesting that Fe-Ni
LDH@ZIF-67/CC was able to exhibit excellent performance in actual
water. The effect of TC removal in actual water was higher than ultra-
pure water, which may be the Cl™ present in the actual sample. Cl~ was
oxidized on surface of anode directly to generate active chlorine (Cly,
ClO7, Cl,, and HCIO) (Egs. (4)-(6)) (Qi et al., 2022), which participated
in the degradation of TC. Therefore, the Fe-Ni LDH@ZIF-67/CC cathode
had excellent degradation efficiency in actual water. Furthermore, the
proposed hetero-EF method well performed for TC degradation
compared with previous works is shown in Table S6. These above results
suggested that the proposed hetero-EF method is effective and promising
for TC degradation.

3.6. Degradation intermediates and toxicity assessment

In order to further elucidate the attack of free radicals on TC mole-
cules, DFT was conducive to accurately identify the degradation
pathway. The optimized TC chemical structure is exhibited in Fig. 8a,
the corresponding HOMO and LUMO orbitals were shown in Fig. 8b. The
green and red region denoted as electron-poor and electron-rich region,
respectively. Electrostatic potential (ESP) spectra of TC were shown in

CH;
Nz
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Fig. 8¢, positive areas (blue regions) and negative (red regions) were
considered as the promising reactive sites for oxidation and reduction
reactions. The Hirshfeld charges and Fukui index (f, f -, f *and CDD)
were calculated in Table S7 and their structures were displayed in
Fig. 8d. The higher the values of f?, f~ and f ¥, it is more susceptible to
attack the compound by free radicals, electrophiles (-OH, 102), and
nucleophiles (-O3). It can be seen the reactive sites of N56 (f "= 0.2638),
H25 (f "= 0.0724), H30 (f "= 0.0679), C24 (f = 0.0584) and C28 (f =
0.0526) with higher Fukui index, indicating that they were the most
active sites and were more susceptible to attacks from electrophilic
species. Meanwhile, the reactive sites of 016, 048 C6, C7, and C8 with
higher Fukui index were susceptible to nucleophilic reactions.
Subsequently, possible TC degradation pathway was also presented
by LC-MS which was used to analyze possible intermediates based on
samples were taken at 0, 10, 30, and 60 min (Fig. 9). In pathway I, TC
was transformed into P1 (m/z = 417) by demethylation reaction, which
then was transformed into P2 (m/z = 401) via the oxidation of ROSs. P3
(m/z = 339) was generated through demethylation and deamination
reaction. For pathway II, P4 (m/z = 461) was formed by adding a hy-
droxyl group. The generation of compounds of P5 (m/z = 477) was
generated via hydroxylation reaction (Zhang et al., 2022a). Then, P6
(m/z = 351) was formed by through a series of ROSs attacking and
demethylation reaction. For pathway III, P7 (m/z = 509) was acquired
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Fig. 10. (a) Daphnia magna LCs0-48 h; (b) Oral rat LDsg; (¢) mutagenicity; (d) developmental toxicity of TC and its intermediates.

by the double bond oxidation of P4 (m/z = 461), which generated a
ketone group and a carboxyl group (Liu et al., 2021a). Subsequently, P8
(m/z = 396) was obtained through deamination oxidization, P9 (m/z =
298) was acquired through the ring opening processes (Dai et al., 2022;
Du et al., 2021b). P10 (m/z = 253) might be produced from interme-
diate P9 (m/z = 298) via the oxidation of ROSs. The mass spectra and
information of TC degradation intermediates are shown in Fig. S11 and
Table S8. Finally, TC intermediates were eventually mineralized to
produce CO5 and H50 (Luo et al., 2020; Zhou et al., 2023).

The acute toxicity, mutagenicity and developmental toxicity of TC
and its intermediates was estimated by T.E.S.T. software. The values of
toxicity assessment of TC and its intermediates by T.E.S.T. are shown in
Table S9. As shown in Fig. 10a, Daphnia magna LCsq value of TC was 5.4
mg/L, and values of most intermediates increased, indicating the acute
toxicity was significantly reduced after TC degradation. In Fig. 10b, oral
rat LDsg of TC was 1524 mg kg~!, which was tagged as “hypotoxicity”.
Among the degradation intermediates, P1, P3, P4 and P5 showed
reduced acute toxicity compared to TC. Among degradation in-
termediates, P10 was missing in these estimated results owing to it is N/
A for oral rat. Although the acute toxicity of intermediates were elevated
and reduced compared to TC, they were overall classified into low toxic
category (500-5000 mg kg™!). For the mutagenicity (Fig. 10c), muta-
genicity values of P1, P7, P8 and P10 were lower than TC, especially,
mutagenicity (<0.5) of P6, P8, P9 and P10 transformed into “negative”,
which manifested that mutagenicity toxicity was significantly reduced.
As exhibited in Fig. 10d, developmental toxicity of most intermediates
was significantly lower than TC, except for the intermediates P1, P2 and
P10.

The Escherichia coli (E. coli) growth inhibition experiments were
performed to further investigate toxicity of initial TC solution and so-
lution after degradation through the diameter of inhibition zone (Text
S5). The diameter of original TC solution was about 19.0 mm
(Fig. S12a). The growth of E. coli was obviously inhibited as degradation

10

time increased. Obviously, the inhibition zone was almost disappeared
after 60 min degradation (Fig. S12b). The results demonstrated that the
content of TC had no effect on bacteria after degradation in hetero-EF
system. Therefore, the proposed degradation method is a promising
technology for relieving hazards of TC in environment.

4. Conclusion

In this paper, Fe-Ni LDH@ZIF-67 catalyst was modified on CC as
cathode for TC removal in hetero-EF system. The catalyst loading
increased the active site on the CC, facilitating electron transport and
H30, decomposition. Fe-Ni LDH@ZIF-67/CC cathode had excellent
degradation performance over a wide pH range (3-9). -Oz, -OH, and 10,
were primary ROSs in hetero-EF system, and -O3 played a predominant
role. The high degradation efficiency and good stability of the hetero-EF
system demonstrated its potential for practical applications. DFT cal-
culations and LC-MS measurement proposed the TC degradation
pathway. Furthermore, the results of T.E.S.T. prediction and E. coli
growth inhibition experiments verified the intermediates had lower
ecotoxicity, demonstrating the proposed EF degradation method was
environmentally safe. This work provided a highly effective and eco-
friendly water treatment, making it potential to remove refractory pol-
lutants, and the proposed Fe-Ni LDH@ZIF-67/CC cathode was expected
to be a promising EF process for practical applications in large-batch
treatment of wastewater.
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