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Highly Efficient Florfenicol Removal via Nitrogen-Doped Zero-
Valent Iron/Carbon Composites Activated with Peroxodisulfate:
Mechanisms and Pathways
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Abstract

Florfenicol (FF) accumulation in aquatic environments is a critical concern due to ecosystem disruption, microbial resistance,
and health risks. While zero-valent iron (ZVI) is recognized for antibiotic remediation, studies on FF removal using nitrogen-
doped ZVI-based materials activated by peroxodisulfate (PDS) and their degradation mechanisms are limited. This study
synthesizes N-doped ZVI/C-1 via pyrolysis of iron-based metal-organic frameworks (MOFs), where organic ligands form a
carbon matrix supporting ZVI particles and incorporate nitrogen atoms. The resulting N-doped ZVI/C-1 exhibits increased
defect density, higher specific surface area, and improved hydrophobicity compared to ZVI/C. Electrochemical analyses
further reveal that N-doped ZVI/C-1 possesses superior corrosion resistance, faster charge transport, and reduced hydrogen
evolution activity. Consequently, N-doped ZVI/C-1 achieves a high FF removal efficiency of 96.0% within 30 minutes when
activated by PDS. Mechanistic investigations indicate that the dominant degradation involves the generation of ¢OH and
*S04” radicals, resulting in higher dechlorination and defluorination capacities compared to ZVI/C. Identified degradation
pathways include C-Cl and C-F bond cleavage, C=0 addition, and benzene ring decomposition, leading to a gradual reduction
in FF toxicity. This study presents a promising strategy for FF removal and enhances the understanding of degradation
mechanisms utilizing nitrogen-doped ZVI-based materials.
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1. Introduction dysfunction in humans.!"” Consequently, the development of

The use of antibiotics has increased significantly with
advancements in medicine, agriculture, and animal
husbandry.!"! Florfenicol (FF), a commonly used antibiotic,?
plays a vital role in livestock management.) However, 45-60
% of the administered FF is excreted unchanged into the
environment, primarily through animal urine. FF has been
detected in various natural environments, including water, soil,
and sediments, with concentrations reaching up to 11 mg/L in
coastal waters near Dalian, China.’7! Its chemical stability,
due to inert C-F and C-CI bonds, makes FF highly resistant to
degradation and difficult to remove using conventional water
treatment techniques.®! The accumulation of FF disrupts
aquatic ecosystems, fosters microbial resistance,” and poses

health risks such as gastrointestinal toxicity and immune
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effective and sustainable FF removal technologies is critical
for protecting ecosystems and public health.['"]

Various methods have been explored for removing FF from
water  bodies, including  physical adsorption, !
biodegradation,!'?! and chemical oxidation.'¥) Among these,
advanced oxidation processes (AOPs) have received
significant attention for their high efficiency.l'¥ AOPs are a
promising technology capable of degrading organic pollutants
through highly reactive free radicals, such as hydroxyl and
sulfate radicals.['>) The design of catalysts is a critical factor in
advanced oxidation technologies, as it directly influences the
efficiency of the reactions. For example, Wang et al. achieved
84% FF degradation in 60 minutes using Co30s-activated
peroxymonosulfate (PMS).['") Similarly, Wu et al. reported a

95% FF removal efficiency under alkaline conditions using a
copper-based metal-organic framework with the addition of
PMS.I'I However, the use of heavy-metal catalysts raises
concerns about secondary contamination due to metal ion
leaching.!'8 In comparison, zero-valent iron (ZVI) is a more
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environmentally friendly and cost-effective material for
antibiotic removal, though it faces challenges such as
passivation, oxidation, aggregation, and hydrogen evolution
reactions.['21l To address these limitations, researchers have
enhanced ZVI by compositing it with carbon materials,
increasing porosity, stability, and active site density.l*
Additionally, doping ZVI with elements such as sulfur or
nitrogen has improved its properties for FF removal.>] For
instance, Zhang et al. used sulfurized nano-ZVI loaded onto
biochar for effective FF degradation.’*! Similarly, Tang and
co-workers combined nitrogen-doped biochar with ZVI and
zero-valent copper, leveraging experimental and density
functional theory (DFT) methods to analyze degradation
pathways.>! Therefore, it is probable to utilize nitrogen
doping as a crucial role to modulate the electronic structure,
enhancing surface active sites, and promoting the corrosion
resistance of ZVI, inhibits hydrogen evolution reactions, thus
enhancing the removal capability of FF.[>¢!

Metal-organic frameworks (MOFs) and their derivatives
are also promising materials for antibiotic removal due to their
large surface area, tunable pore size, and versatile structures.?”
Metal-organic frameworks (MOFs) and their derivatives are
also promising materials for antibiotic removal due to their
large surface area, tunable pore size, and versatile structures.?*
For example, Zhu et al. achieved 82.6% ciprofloxacin removal
using copper-loaded MOF-derived carbon materials.?” Yu and
co-workers demonstrated a 92% removal rate of norfloxacin
using Co, Zn-MOF-derived Co@C-NCNTs activated by
PMS.B% Recent advancements in iron-based MOFs have
shown potential for converting iron matrices into ZVI while
transforming organic ligands into carbon layers embedded
with ZVI.B'32 Organic ligands containing nitrogen atoms can
also introduce nitrogen dopants, altering the structural and
chemical properties of the composites. However, studies on FF
removal using such materials remain scarce, and the
underlying mechanisms are not well understood. Developing
novel nitrogen-doped ZVI/carbon composites as efficient
catalysts is vital to overcoming current technological
limitations and achieving effective FF removal.

In this study, nitrogen-doped ZVI/carbon composites are
synthesized and systematically characterized. Comprehensive
degradation experiments are conducted to evaluate its
performance in FF removal. The effects of various operational
parameters on removal efficiency are assessed, and potential
reaction mechanisms are proposed. The findings underscore
the significant potential of nitrogen-doped ZVI/carbon
composites in environmental remediation, offering a
sustainable, cost-effective, and innovative solution for FF
removal.

2. Experimental section

2.1 Chemical reagents

All reagents were of analytical grade unless otherwise noted.
Ferric chloride hexahydrate (FeCl3:6H20,>99.0%), 1.4-
benzenedicarboxylic acid (H.BDC, >99.0%), potassium
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persulfate (PDS, K>S,0s, >99.5%), N, N-
dimethylformamide(DMF, >99.5%) and methanol (CH30H,
>99.5%) were sourced from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China), 2-methylimidazole (2-MI, >98.0%)
was obtained from Guangfu Fine Chemical Research Institute
(Tianjin, China), florfenicol (FF, >98.0%) was obtained from
Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2 Synthesis of N-doped ZVI/C composites

N-doped ZVI/C composites were synthesized by a typical
method. First, solution A was prepared by dissolving HbBDC
(1.86 mmol) and 2-MI at molar ratios of 1:4 and 1:6 in 45 mL
of DMF solution, respectively. Simultaneously, FeClz-6H.O
(3.75 mmol) was dissolved in 15 mL of DMF to form solution
B. solution A and solution B were then combined and
transferred to a 150-mL polytetrafluoroethylene (PTFE) liner
within an autoclave. The mixture was heated at 110 °C for 20
h. Afterwards, the resulting solid product was collected by
centrifugation, washed thoroughly (at least three times), and
dried. These preliminary products were subsequently annealed
at 800 °C under an inert atmosphere for 3 h. The final samples
were labeled as N-doped ZVI/C-1 and N-doped ZVI/C-2,
corresponding to molar ratios of 1:4 and 1:6, respectively. As
a control, pristine ZVI/C composite was synthesized following
the same protocol but without adding 2-MI.

2.3 Characterization

X-ray diffractograms of synthetic materials were obtained by
a D8 Advance X-ray diffractometer (XRD, SHIMADZLI
6000, Japan). The contact angle with water was determined by
an optical contact angle meter (LAUDA Scientific LSA100,
Germany). The surface functional groups were determined by
Fourier transform infrared spectroscopy (FTIR, Bruker
ALPHA, Germany). The surface chemical features of carbon
in the materials were determined by a Raman chromatography
analyzer (DXR300, Thermo Fisher Scientific). The specific
surface area and porous structure were analyzed by the
Brunauer-Emmett-Teller (BET, JW-BK100, China) method.
The morphology and microstructure of synthesized materials
were determined by electron microscopy (SEM, SU8600, 10
kV, Hitachi, Tokyo, Japan) and transmission electron
microscopy (TEM, FEI Tecnai G2F 20), and the
corresponding elemental composition and distribution were
measured by the energy dispersive X-ray spectroscopy (EDS).
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha, US) was performed to characterize the surface
chemical valence states. The active species (*OH and *SO4")
were identified using electron paramagnetic resonance (EPR,
Bruker EMXplus-6/1, Germany) with 5,5-diethyl-1-pyrroline
N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMP) as spin-trap reagents.

2.4 Batch experiments

All experiments for FF removal were performed in a 100-mL
conical flask containing 50 mL of FF simulated wastewater.
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The initial pH (pHo) value of the solution was adjusted by 0.1
M NaOH or 0.1 M HCI. In a typical test, 10 mg of synthesized
samples and 3 mM PDS were added to the flask for the
removal of FF. The data was collected and analyzed at various
time intervals (0, 5, 10, 15, 20, 30, 40, 60, and 120 min).
Besides, the critical effect factors including the pHo (3, 4, 5, 6,
7, and 8), the dosage of PDS (0.5, 1, 3, 5, and 10 mM), the
dosage of synthetic materials (5, 10, 15, and 20 mg), and the
concentration of FF (20, 30, 40, and 50 mg/L), were
systematically performed to analyze the removal behavior of
FF. The FF concentration was determined by high-
performance liquid chromatography (HPLC) at 224 nm. Each
separation was performed on an Agilent C18 column (4.6 124
mmx150 mmx5 um, Poroshell 120 HILIC) with a mobile
phase of methanol and ultrapure water in a volume ratio of
38:62. The experiments were repeated thrice to ensure
accuracy. Additionally, FF removal was tested in two real
water samples: tap water and Liuyang River water, to evaluate
performance under actual conditions. The degradation
products of florfenicol (FF) were analyzed using a liquid mass
spectrometer (UPLC-Zeno TOF 7600) operating in positive
ion mode with a scan range of 0—500 m/z. The detailed batch
experiment analysis method was provided in Test S1. The
effects of coexisting ions and quenching experiments were
shown in Text S2. FElectrochemical analyses and
measurements of iron, fluorine, and chlorine ions during
degradation are detailed in Texts S3 and S4, respectively.

3. Results and discussion
3.1 Characterization of synthetic materials

(2) (b)

The crystal structures of synthesized materials were analyzed
using XRD. The diffraction peaks at 44.7° and 65.0° in the
XRD spectra of ZVI/C, N-doped ZVI/C-1 (Fig. 1a), and N-
doped ZVI/C-2 (Fig. S1) are in good agreement with the
typical (110) and (200) facets of Fe’ (JCPDS 87-0721).533
Besides, the small diffraction peaks at 43.4° and 74.4° in the
XRD spectrum of N-doped ZVI/C-1 align with the (111) and
(220) crystalline facets of FeN (JCPDS 75-2128), suggesting
the successful incorporation of nitrogen, originating from the
nitrogen-containing organic ligands (2-MI).534

FTIR was used to identify the surface functional groups of
ZV1/C and N-doped ZVI/C-1 (Fig. 1b). The bands observed at
584, 3440, 1580, and 1265 cm’' are associated with the
stretching vibrations of Fe-O, O-H, C=0, and C-O groups,
respectively.’s) These results reveal that oxygen-containing
functional groups, inherited from the original organic ligands,
are present on the surfaces of both materials.*®) Raman
spectroscopy (Fig. 1c) was employed to analyze the carbon
features in ZVI/C and N-doped ZVI/C-1. The D and G bands
represent disordered and graphitized carbon, respectively. The
Ip/Ig ratio of N-doped ZVI/C-1 (0.986) is higher than that of
ZV1/C (0.907). The more vacancies and defects in N-doped
ZVI1/C-1, the more active sites are available for the subsequent
removal of FF.37)

The specific surface areas (SSAs) of ZVI/C (Fig. 1d) and
N-doped ZVI/C-1 (Fig. 1e) were subsequently assessed using
adsorption-desorption isotherms. Both materials exhibit type
IV isotherms, indicating mesoporous characteristics.[3%] N-
doped ZVI/C-1 (Table S1) has a significantly higher SSA
(150.3 m%/g) compared to ZVI/C (92.0 m? /g) and a higher
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Fig. 1: XRD (a), FTIR (b) and Raman (c) spectra of ZVI/C and N-doped ZVI/C-1. Adsorption-desorption isotherms and corresponding pore-size
distributions of ZVI/C (d) and N-doped ZVI/C-1 (e). (f) Contact angles of ZVI/C and N-doped ZVI/C-1.
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Fig. 2: SEM images of ZVI/C (a and b) and N-doped ZVI/C-1 (¢ and d). (¢) TEM image of N-doped ZVI/C-1, (f) High-resolution
TEM image of N-doped ZVI/C-1, inset is the lattice fringes of ZVI. HAADF-STEM image of N-doped ZVI/C-1 (g) and the

corresponding EDS mapping of Fe (h), C (i) and N (j).

pore volume (0.41 cm?/g versus 0.32 cm®/g). The average pore

size of N-doped ZVI/C-1 (10.8 nm) is smaller than that of
ZVI1/C (13.8 nm). These results indicate that the modification

of nitrogen improves the SSA of N-doped ZVI/C-1 and refines

the pore volume and average pore size efficiently. Besides,

contact angle measurements (Fig. 1f) reveal that N-doped

ZVI/C-1 (61.7° £+ 3.4°) is more hydrophobic than ZVI/C (45.1°
+ 2.1°), suggesting that N-doped ZVI/C-1 is more prone to

interact with organic substances in solution.l*4

SEM images of ZVI/C (Figs. 2a and 2b) and N-doped

ZVI/C-1 (Figs. 2c¢ and 2d) highlight the superior dispersion

and reduced aggregation of N-doped ZVI/C-1. These

structural improvements increase the availability of reactive

active sites for FF removal. SEM-EDS mapping results of N-

doped ZVI/C-1 (Fig. S2) further indicate the uniform

distribution of C, O, N and Fe elements. Besides, the TEM

image of N-doped ZVI/C-1 (Fig. 2¢) demonstrates that the Fe

particles are uniformly dispersed into the carbon layers, and

the lattice fringes shown in the high-resolution TEM image

(Fig. 2f) possess a facet spacing of 0.20 nm, which

corresponds to the (110) facet of Fe’.*!l The size distribution

of ZVIin N-doped ZVI/C-1 is determined to be 110.54+46 nm.
Meanwhile, the high-angle annular dark-field-scanning TEM

(HAADF-STEM) image (Fig. 2g) and corresponding mapping

results further verify ZVI particles are embedded into

nitrogen-doped carbon layers with a clear distribution of Fe

(Fig. 2h), C (Fig. 21) and N (Fig. 2j) elements in the composite.

The elemental compositions and chemical states of ZVI/C
and N-doped ZVI/C-1 were characterized by XPS. The survey
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spectra (Fig. S3) confirm the presence of the elements C, O,
and Fe in both materials, while the nitrogen signal is observed
in the spectrum of N-doped ZVI/C-1, indicating the successful
introduction of nitrogen elements in the N-doped ZVI/C-1. In
the Fe 2p spectrum (Fig. 3a), the characteristic peaks of Fe(II)
and Fe(lll) are observed at 710.51/723.82 eV and
712.90/726.16 eV,1*? respectively. These surface Fe(Il) and
Fe(III) species primarily originate from the partial oxidation
of surface Fe’*! Additionally, both ZVI/C and N-doped
ZVI/C-1 exhibit a representative Fe® peak at 706.55 eV.[*l In
the C 1s spectra (Fig. 3b), peaks at 286.59, 285.58, and 284.80
eV are assigned to C-O, C-OH, and C-C bonds,*’ respectively.
The N 1s spectrum (Fig. 3c) reveals peaks at 401.18 and
398.48 eV, corresponding to N=C and N-C configurations,
respectively. 4!

ZVI/C and N-doped ZVI/C-1 were further investigated by
electrochemical characterization. N-doped ZVI/C-1 has a
higher Tafel potential (-0.45 V) than ZVI/C (-0.60 V),
indicating improved corrosion resistance (see Fig. 3d).[47]
Meanwhile, the smaller the radius of curvature of the Nyquist
plot, the smaller the resistance to charge transfer (Rct).[8! The
value of Ret for N-doped ZVI/C-1 (Fig. 3e) is smaller than that
of ZVI/C, which indicates that the charge transfer rate of N-
doped ZVI/C-1 is faster. In addition, the overpotential of N-
doped ZVI/C for the hydrogen evolution reaction is higher
than that of ZVI/C, verifying that the N-doped ZVI/C-1 is
more difficult to catalyze water molecules for the generation
of hydrogen gas than ZVI/C. This observation may be due to
the hydrophobicity effects of N-doped ZVI/C-1, in good

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

—_—
-]
e

(b)

_—
e
~—

Cls Nlis
5
- -~ -
= = c.on s
= Felp,,Satellite = 0 zvue &
- g g ZVIC
,E l<‘e‘(Ll)2|)m E Jrene ‘E
2 ! z ’ = N=C -
@ L A [ ) N-C
=2k ! - ~
E E E
N-doped ZVIC-1 Nodoped ZVIAC-1
. N-doped ZVTC-TTT , ‘ ‘ ‘ :
740 735 730 725 720 715 710 705 280 282 284 286 288 290 292 294 408 406 404 402 400 398 3%
(d Binding Energy (eV) (e) Binding Energy (eV) ( f) Binding Energy (eV)
—2 10000 LOE-2
T 9000
4 ZVIIC o OB
5 4 —_—
5 7000 e
—_ o 0.0E+0
< 6 4 N-doped ZVI/C-1 a 60004 :f
2 ] = 5000 S -5.0E-3
Y N 4000 E
= -8 A " 3000 S -1.0K-2
] . S
4 20009 et e -15E-2 —ZVIIC
10001 - ot v —— N-daped ZVI/C-1
10 4 0.6 -0.45 * *  N-doped ZVI/C-1
o V S 2.0E-2
-1.2 -1.0 -0.8 -06 -04 -02 0.0 0.2 0 500 100015002000 250030003500 4000 -24 20 -l6 -1.2 0.8 -04 0.0

Potential (V vs. Ag/AgCl)

YARLY)

Potential (V vs. Ag/AgCl)

Fig. 3: Fe 2p (a), C Is (b) and N 1s (c) spectra of ZVI/C and N-doped ZVI/C-1. Tafel scans (d), Nyquist plots (e) and LSV curves (f)

of ZVI/C and N-doped ZVI/C-1.

agreement with the above result of contact angle (Fig. 1f), thus
contributing to the removal of organic contaminants.

3.2 Removal behavior of FF

The synthetic materials (ZVI/C, N-doped ZVI/C-1 and N-
doped ZVI/C-2) were used to investigate the removal behavior
of FF. The removal capacities of FF (Fig. S4) with the addition
of PDS are significantly higher compared to the materials
without PDS or with pristine PDS. The removal efficiencies of
FF (Fig. S5) via N-doped ZVI/C-1 and N-doped ZVI/C-2
without the assistance of PDS are 29.3% and 22.6%,
respectively. This observation indicates that N-doped ZVI/C-
1 and N-doped ZVI/C-2 could adsorb the partial FF molecules,
the adsorbed FF molecules onto the materials is conducive to
the efficient degradation of FF in the following experiments
with the addition of PDS. The removal efficiencies (Fig. 4a)
for ZVI/C, N-doped ZVI/C-1 and N-doped ZVI/C-2 with the
assistance of PDS are 52.3%, 81.9% and 71.1%, respectively.
The removal kinetics coefficient (Table S2) for N-doped
ZV1/C-1 (0.09 min™") exceeds those of ZVI/C (0.07 min™") and
N-doped ZVI/C-2 (0.06 min™), leading to the selection of N-
doped ZVI/C-1 for further detailed analysis.

The critical effects of initial solution pH (pHo), dosage of
PDS, dosage of N-doped ZVI/C-1, and initial concentration of
FF([FF]o) upon FF removal by N-doped ZVI/C-1 were studied
in detail. As shown in Fig. 4c, removal efficiencies of FF by
N-doped ZVI/C-1 reach almost to 100% at pHy values of 3 and
4, with removal capacities (Fig. S6) of 141.4 and 136.5 mg/g,
respectively. At pHo = 5, the removal efficiency is 88.8% with
a capacity of 125.5 mg/g. A significant decline in efficiency is
observed as pHy increases from 6 to 8. Thus, the pHp of 5 is
selected for subsequent experiments. Besides, the effect of
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PDS dosage on FF removal is shown in Figs. 5d and S7. FF
removal efficiencies are 61.8% and 85.5% at PDS dosages of
0.5 and 1 mM, respectively. When the PDS dosage is up to 3,
5 or 10 mM, the FF in the solution is removed completely
within almost 10 min. With the cost consideration of PDS and
better analysis of removal features of FF by N-doped ZVI/C-
1, the PDS dosage of 1 mM is chosen for further studies. In
addition, the suitable dosage of N-doped ZVI/C-1 (Figs. 4e
and S8) is also considered in detail. The removal efficiencies
of FF are 78.1%, 85.5%, 86.2%, and 91.2% at dosages of 5,
10, 15, and 20 mg, respectively. Since increasing the dosage
beyond 10 mg results in only marginal gains, 10 mg is selected
as the optimal dosage. Besides, removal efficiencies and
capacities at different [FF]o are also shown in Figs. 4f and S9.
At [FF]o values of 20, 30, 40, and 50 mg/L, removal
efficiencies of FF are 96.1%, 85.5%, 70.1%, and 53.3%,
respectively. Based on removal performance and
environmental relevance, [FF]o = 20 mg/L is selected as the
optimal concentration. Hence, the optimal conditions for FF
removal are determined as pHo = 5, PDS dosage = 1 mM, N-
doped ZVI/C-1 dosage = 10 mg, and [FF]o =20 mg/L.

The impact of coexisting anions and cations on FF removal
was also evaluated. As shown in Fig. 4g, removal efficiencies
of FF decrease from 96.0% to 87.8%, 75.8%, 83.8%, 79.2%,
and 87.4% with the addition of SO4>~, NOs~, C03%", PO4*~, and
CI7, respectively SO4 (Table S3).[#1 This observation indicates
that there is only slight influence from the coexisting anions."*"
Meanwhile, When K*, Ca®*, Mg®', and Na" ions are added into
the solution, the removal efficiencies of FF decrease from 96.0%
to 77.8%, 42.8%, 68.0%, and 87.4%, respectively, where the
inhibition effect from Ca®" is the greatest. The slight decrease
in removal efficiency is mainly attributed to that the coexisting

Eng. Sci., 2025, 35, 1535 | 5
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in ZVI/C and N-doped ZVI/C-1 systems.

K" and Mg?" may compete with FF for adsorption onto the
active sites on the N-doped ZVI/C-1 surface. This result would
reduce the contact opportunity between FF and N-doped
ZVI/C-1, thereby affecting the subsequent degradation of
FF.5 This is due to that Ca*" ions would combine with SO4*
in the solution to form CaSOs particles, decreasing the
availability of SO4* in the solution, thus leading to the decay
of removal capability of FF.

The Fe leaching concentrations after reaction in ZVI/C and
N-doped ZVI/C-1 systems are shown in Fig. 4i, the Fe
leaching concentration in the solution by N-doped ZVI/C-1 is
0.19 mg/L, much lower than that (0.39 mg/L) in ZVI/C
systems. This result suggests that the introduction of N
components improve the corrosion resistance of materials,
thus reducing the risk of secondary pollution. Meanwhile, the
Fe leaching concentration in the solution by N-doped ZVI/C-
1 (0.19 mg/L) is lower than WHO suggested limit value for
drinking water (< 0.3 mg/L), thus the N-doped ZVI/C-1 is
enough safe for the FF removal. Further, N-doped ZVI/C-1
was tested for FF removal in real water samples (Fig. S10),
including tap water and Liuyang River water. No significant
FF contamination is detected in Tap water and Liuyang River
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water, The unadjusted-pH Tap water, Liuyang River water and
with [FF]o of 20 mg/L are used for FF removal, with removal
efficiencies of 77.11% and 77.6% respectively. This result
highlights the potential applicability of N-doped ZVI/C-1 in
real water.

3.3 Removal mechanism of FF
To elucidate the removal mechanism of FF by N-doped
ZVI1/C-1, XRD analysis of the material after the reaction (Fig.
S11) reveals that the characteristic diffraction peaks of Fe®
(JCPDS 87-0721) at 44.7° and 65.0° are preserved, indicating
the structural stability of N-doped ZVI/C-1 during the process
of FF removal. Furthermore, the SEM image and
corresponding EDS results (Fig. S12) confirm the presence of
Fe, CL, F, C, N, and O elements. The CI signal detected in the
survey spectrum (Fig. S13a) after the reaction, along with the
disappearance of the Fe peak at 706.55 eV in the Fe 2p
spectrum (Fig. S13b), suggests that surface Fe® components
participate in the FF removal reaction.

Reactive oxygen species (ROS) involved in FF removal
were investigated using quenching experiments (Fig. 5a). Tert-
butanol (TBA), p-benzoquinone (P-BQ), methanol (MeOH),
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and furfuryl alcohol (FFA) were employed to quench *OH,
0,7, *SO4, and '0», respectively. The results show that the
addition of P-BQ and FFA has no significant effect on FF
removal efficiency, whereas TBA and MeOH cause a marked
decrease in FF removal. This indicates that *OH and *SO4~ are
the dominant ROS for FF degradation. Electron paramagnetic
resonance (EPR) analysis (Fig. 5b) further confirms the
presence of *OH and *SO4 radicals, which play a central role
in the FF removal process by N-doped ZVI/C-1. The addition
of TBA and MeOH, resulted in approximately a 50% reduction
in FF removal efficiency. This finding indicates that while
radical oxidation plays a significant role, other non-radical
pathways also contribute to FF degradation. Specifically,
control experiments performed without PDS (Fig. S5)
demonstrate that N-doped ZVI/C-1 alone achieves a 29.3% FF
removal efficiency, suggesting that adsorption contributes to
the overall removal process. Furthermore, during the PDS-
assisted reaction, the dissolution of ZVI could lead to the
formation of iron ions on the surface of material. These
surface-bound iron ions might act as coordination sites or
bridges, potentially facilitating the complexation and
subsequent removal or degradation of FF molecules.?*?

The concentration changes of fluorine (F~) and chlorine
(CI') ions in solution during FF removal were monitored in
Fig. 5c and 5d. The results indicate that the F concentration
increases more rapidly in the N-doped ZVI/C-1 system
compared to ZVI/C. Similarly, the ClI” concentration also
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exhibits an increasing trend, with a higher final concentration
(17.5 mg/L) in the N-doped ZVI/C-1 system compared to
ZVI/C (11.3 mg/L). This demonstrates the superior
dechlorination and defluorination ability of N-doped ZVI/C-1,
confirming its enhanced efficiency in FF removal.
Furthermore, Analysis of the solution following FF removal
by N-doped ZVI/C-1 activated PDS reveal the presence of
6.48 mg/L fluoride ions (F") and 17.5 mg/L chloride ions (CI").
Since no external sources of F~ or ClI™ are introduced, these
ions originate solely from the dehalogenation of FF molecules.
Based on the detected fluoride concentration, it is determined
that 32.4% of the removed FF molecules undergo
defluorination and 43.7% of FF molecules are removed by
dichlorination.

Furthermore, analysis of intermediate products using
HPLC-MS indicates the formation of a product resulting from
the cleavage of a single chloride ion. This observation suggests
that some FF molecules undergo partial dechlorination during
the reaction, while others may be fully dechlorinated.
Considering the fluoride and chloride ion concentrations,
along with the identification of a monochlorinated
intermediate, the results collectively indicate selective
dehalogenation of FF by the N-doped ZVI/C-1 activated PDS
system, demonstrating selectivity in the removal of both
fluorine and chlorine atoms.

The proposed removal mechanism (Fig. 6) involves the
following reactions:
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25,03 + Fe® - 2 ¢ S0, + Fe?* + 2502~

S,0% + 2Fe?* - 2Fe3t + 2502~
*SO; + H,0 » SO;~ +¢OH + H*

¢S50, +OH™ - S0;~ ++ OH
3Fe® + C,H4ClLFNO,S + 3HY -
3Fe?* + C;,H;NO,S + 2Cl™ + F~ (5)
FF +: OH - Intermediates —» CO, + H,0 + Products (6)

()

2
3)

(4)

The FF molecules are adsorbed onto the surface of N-
doped ZVI/C-1, then peroxodisulfate reacts with zero-valent
iron (Fe®) to produce sulfate radicals (+SO4") and sulfate ions
(SO4%), with Fe° being oxidized to Fe’" (Eq. 1). Fe** reacts
further with peroxodisulfate to generate additional sulfate ions
while being oxidized to Fe** (Eq. 2). Sulfate radicals (¢SO4")
react with water to produce hydroxyl radicals (*OH) and H",
leading to a decrease in solution pH (Eq. 3). Additional
hydroxyl radicals (*OH) are generated through the reaction of
sulfate radicals with OH™ (Eq. 4). The hydroxyl radicals
degrade FF by cleaving C-Cl and C-F bonds,! resulting in
dechlorination and defluorination (Eq. 5),°3 FF are eventually
decomposed by (*OH) attack into a series of intermediates and
further mineralized to CO; and H,O (Eq. 6), thus achieving
effective FF removal.

3.4 Degradation products and toxicity analysis
HPLC-MS spectra (Fig. S14) were used to identify the
degradation intermediates of FF. Several intermediates were

Fe(l11)

’\/

‘ N-doped ZVI

1 S,03%"

detected, as presented in Fig. 7, and five potential degradation
pathways for FF were proposed (Fig. 7a). In Pathway I, the C-
F bond breaks, leading to the formation of a C=C bond, the
cleavage of the C-OH bond to form a C=0 group,*¥ and the
addition of -OH to the benzene ring, resulting in a final
product.>’! Pathway Il involves the cleavage of the C-F bond
and the simultaneous formation of a C=C bond, along with the
breaking of the C-site bond where -OH is located, producing
a degradation product. Pathway III includes the cleavage of
two C-ClI bonds, the C-F bond, and the C-S bond, generating
the final product. Pathway IV entails the breaking of the C-ClI
bond and the addition of -OH to the benzene ring, which forms
the degradation product. Pathway V involves the formation of
C=0, C=C=0, and C=C bonds, as well as the cleavage of the
C-Cl and C=0 bonds, resulting in the final product.

The potential toxicity of FF and its intermediates was
assessed using the Toxicity Estimation Software Tool
(T.E.S.T). The oral rat LD50, Daphnia magna lethality, and
bioaccumulation factor (BAF) were evaluated (Figs. 7b-d).
The results show that the oral rat LD50 of most intermediates
decreases, except for intermediates C and G (Fig. 7b).
Daphnia magna lethality also decreases for all intermediates
except B and C, suggesting reduced ecological toxicity during
degradation (Fig. 7c). Furthermore, the bioaccumulation
factor values decrease for most intermediates (Fig. 7d),
indicating  reduced  bioaccumulation  potential and
detoxification during FF degradation.*®! The results confirm
that N-doped ZVI/C-1 effectively degrades FF while
simultaneously reducing its toxicity.

3208

Fe(II)

so4
Fe? S,03”
szoz-

Fe(ll)

CO,+H,0

Intermediate ¢

Fig. 6: Schematic illumination of removal mechanism of FF by N-doped ZVI/C.
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4. Conclusion

N-doped ZVI/C composites are successfully fabricated by
pyrolyzing iron matrices and nitrogen-containing organic
ligands from iron-based MOFs. The N-doped ZVI/C-1
possesses more defects, higher specific surface area and
hydrophobicity than those of ZVI/C. Electrochemical analyses
reveal that the N-doped ZVI/C-1 has superior corrosion
resistance, faster charge transport and reduced hydrogen
evolution activity compared to ZVI/C. These unique features
of N-doped ZVI/C-1 significantly contribute to its
effectiveness in FF removal, achieving a removal efficiency of
96.0% within 30 min in the presence of PDS. The removal
mechanism of FF is primarily driven by *OH and *SO4~, which
are identified as the dominant reactive species. Furthermore,
N-doped ZVI/C-1 demonstrates higher dechlorination and
defluorination capacities than ZVI/C during FF removal. The
degradation pathways of FF involve C-Cl and C-F bond
cleavage, C=0O addition, and benzene ring decomposition,
accompany by a gradual reduction in toxicity throughout the
process. This study offers a promising approach for the
efficient removal of FF and advances the understanding of FF
degradation mechanisms using nitrogen-doped ZVI-based

Engineered Science Publisher

materials with the assistance of PDS. However, further
experimental validation is necessary to evaluate the
application of this material for the removal of residual FF from
soil.
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