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1.Characterization and analytical methods

X-ray diffraction (XRD) measurements were obtained using a Lab X XRD- 6100 

X-ray diffractometer. Scanning electron microscopy (SEM) and energy dispersive X-

ray (EDX) elemental mapping images were obtained from a Gemini SEM 300 

scanning electron microscope (ZEISS, Germany) at an accelerating voltage of 5 kV. 

Transmission electron microscopy (TEM) images were obtained from a Zeiss Libra 

200FE transmission electron microscope operated at 200 kV. X-ray photoelectron 

spectroscopy (XPS) measurements were performed on an ESCALABMK II X-ray 

photoelectron spectrometer. N2 adsorption/desorption tests were performed on a 

Micromeritics ASAP 2460. UV–Vis spectra were obtained using a highly sensitive 

spectrometer (Maya2000-Pro, Ocean Optics, UK). The peaks were obtained by 

deconvoluting the Raman spectra using a multi-peak Voigt fit. Electron paramagnetic 

resonance (EPR) measurements were performed on a Bruker A300 spectrometer. For 

liquid chromatography-mass spectrometry (LC-MS) analysis, the liquid 

chromatography unit was an Agilent 1290 UPLC system, and the mass spectrometry 

unit was an Agilent Q-TOF 6550 high-resolution mass spectrometer. The 

electrospinning system (model SS-X3, Beijing Yongkang Leye Technology 

Development Co.), muffle furnace for pre-oxidation (model KSL-1200X, Hefei 

Kejing Materials Technology Co.), and tube furnace for annealing (model OTF-

1200X, Hefei Kejing Materials Technology Co.).

The experiments utilized aquaculture wastewater collected from a pig farm 

located in Jianyang, Chengdu, Sichuan Province, China. The wastewater underwent 

pretreatment using a sequential process of solid-liquid separation, thick-thin 

fractionation, anaerobic digestion, SBR, MBR, and reverse osmosis within the farm’s 
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treatment system. Specifically, sampling was performed from the MBR effluent 

without further pretreatment in the laboratory.

2. Evaluation of Reactive Oxygen Species Contribution

The primary reactive oxygen species (ROS) in the system include sulfate radical 

(SO₄•⁻), hydroxyl radical (•OH), singlet oxygen (¹O₂), and superoxide radical (O₂•⁻). 

Therefore, the degradation process in the Fe-O-HCNF/PMS system can be described 

using a mass-balance model based on Equation (1). [1]
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Due to the relatively low reactivity of superoxide radical (O₂•⁻), its contribution 

to pollutant degradation is generally minimal.[2] Therefore, this study focuses on 

estimating the roles of sulfate radical (SO₄•⁻), hydroxyl radical (•OH), and singlet 

oxygen (¹O₂). Leveraging established methodologies, we employed atrazine 

（ATZ， =3.0×109M-1s-1， =2.6×109M-1s-1， =4.0×104M-1s-
ATZOHk , ATZSOk ,4

 ATZOk ,1
2

1）[3], nitrobenzene （NB， =3.9×109M-1s-1， =1.0×106M-1s-1）[4], and NBOHk , NBSOk ,4


sulfamethoxazole （SMX, =8.5×109M-1s-1， =1.61×1010M-1s-1，SMXOHk , SMXSOk ,4


=2.0×104M-1s-1）[5-7] as characteristic probes to quantify the exposure SMXOk ,1
2

concentrations of SO₄•⁻, •OH, and ¹O₂, respectively, with an initial probe 

concentration of 10 mg/L for each. To eliminate interference from direct adsorption, 

Fe-O-HCN-containing the probe solution were first agitated for 5 minutes without 
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PMS addition. The degradation data of the three probes (Fig. S16) were then 

substituted into Eqs. (2)–(4), [8,9] and the cumulative exposure levels of ROS over the 

reaction period were determined via simultaneous equation solving. Finally, the 

relative contributions of each ROS to TC degradation were calculated using Eq. (5).[10]
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=1.40×1010M-1s-1;[11] = 6.0×109M-1s-1.[12]
TCOHk , TCSOk ,4



Current research reports lack quantitative reaction rate constants for singlet 

oxygen (¹O₂), but our analysis successfully estimated the relative contributions of 

sulfate radicals (SO₄•⁻) and hydroxyl radicals (•OH) to TC degradation at 89.5% and 

10.5%, respectively. This significant disparity clearly demonstrates sulfate radicals' 

dominant role in the oxidative degradation system compared to their hydroxyl radical 

counterparts.

3. Second-Order Reaction Rate Constant (K2)

The second-order kinetic rate constant ( ) is calculated as:𝑘2
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𝑘2 =
1
𝐶𝑡

‒
1

𝐶0

Where: Ct = Pollutant concentration at time t, (mM);

C0 = Initial pollutant concentration (mM).

4. Evaluation of the potential risks of intermediate products to aquatic 

ecosystems

Software Tool (T.E.S.T) based on the Quantitative Structure-Activity 

Relationship (QSAR) model to assess the acute toxicity (LC50 and LD50), 

developmental toxicity, and mutagenicity of tetracycline (TC) and its degradation 

intermediates. The detailed evaluation results are presented in Table S4.
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Fig. S1 SEM images of Fe-O-CNF (a), HCNF (b), and Fe-O-HC (c).

(a)

(b)

(c)
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Fig. S2 N₂ adsorption-desorption isotherms of Fe-O-HCNF
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Fig. S3 pore size distribution of Fe-O-HCNF, HCNF, Fe-O-HC, Fe-O-CNF
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Fig. S4 XRD pattern of Fe-O-HCNF
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Fig. S5 Raman spectrum of Fe-O-HCNF
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Fig. S6 XPS spectra survey scan of Fe-O-HCNF.
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Fig. S7 Zeta potentials of Fe-O-HCNF and TC in UP water.
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Fig. S8 K-edge EXAFS fit about k2-weighted k-space for the Fe-O-HCNF
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Fig. S9 Fourier transform EXAFS spectra and the corresponding curve-fitting result 
of the Fe-O-HCNF
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Fig.S10 TC degradation intermediates detected by HPLC-MS.



12

0 2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0
C

t/C
0

Time (min)

 UP Water
 Minjiang River Water
 Sancha Lake Water
 Swine Wastewater
 Domestic Wastewater
 Tap Water

Fig. S11 Comparative TC degradation efficiencies by Fe-O-HCNF/PMS system in 

different real water matrices Experimental conditions: [TC] = 20 mg L⁻¹, [catalyst] = 

0.02 g L⁻¹, [PMS] = 1.5 mM.
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Fig. S14 SEM images of catalyst after 5 reuse cycles
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Fig. S15 Recyclability of Fe-O-HCNF catalyst for TC degradation. Experimental conditions: [TC] 

= 20 mg L⁻¹, [catalyst] = 0.02 g L⁻¹, [PMS] = 1.5 mM. unadjusted pH.
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Fig. S16 Removal efficiency of various probes by the Fe-O-HCNF/PMS system. Experimental 

conditions: [probe] = 10 mg L⁻¹, [catalyst] = 0.02 g L⁻¹, [PMS] = 1.5 mM. unadjusted pH.
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Table S1. The EXAFS data fitting results of Fe-O-HCNF.

Sample Shell Bond length
(Å)

Coordination 
Number σ2 (Å2) E0 shift

(eV) R-factor

Fe-O 1.99±0.01 4.1±0.6 0.008±0.002Fe-O-
HCNF Fe-Fe 3.02±0.02 3.7±0.7 0.017±0.006

-0.8±1.4 0.018

[a].The value of the amplitude reduction factor (S0
2) was fixed to 0.70; [b]. Bond length is the interactomic 

distance; [c]. CN is the coordination number; [d]. σ2 is Debye-Waller factor (a measure of thermal and static 

disorder in absorber scatter distance); [e]. E0 shift is edge-energy shift (the difference between the zero kinetic 

energy value of the sample and that of the theoretical model); [f]. R factor is used to value the goodness of the 

fitting.

Table S2. Kinetic fitting details of TC degradation under various PMS concentrations

NO PMS concentration 
(mM) R2 Pearson’s r K2 P(<F)

1 0.85461 0.92445 0.19665 1.70587×10-5

2
0

0.836 0.91433 0.18916 3.1433×10-5

3 0.94825 0.97378 0.84737 9.33441×10-8

4
0.1

0.91203 0.955 0.80665 1.34659×10-6

5 0.97332 0.98657 2.31645 3.3621×10-9

6
0.3

0.94151 0.97031 2.350586 1.72732×10-7

7 0.98377 0.99185 5.0251 2.78696×10-10

8
0.5

0.96832 0.98403 4.84763 7.96348×10-9

9 0.93948 0.96927 7.42226 2.04974×10-7

10
1

0.95312 0.97628 7.31723 5.68694×10-8

11 0.77795 0.88202 7.36514 1.4723×10-4

12
1.5

0.85817 0.92638 7.46883 1.50425×10-5

13 0.77359 0.87954 7.28982 1.62654×10-4

14
2

0.76229 0.87309 6.7712 2.08712×10-4
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Table S3. Statistical table of recent reports on iron-based catalytic TC degradation

NO Catalyst Catalyst 
dosage Oxidant Degradation effect 

of TC Ref.

1 Fe-O-HCNF 0.08g·L-1 PMS
100% removed 

within 8 minutes★
This Work

2 FeS 0.2g·L-1 PMS 100% removed 
within 10 minutes 13

3 CoFe2O4@BHC 0.1g·L-1 PMS 100% removed 
within 10 minutes 14

4 Fe-N-modified porous 
carbon (Fe5-NG) 0.1g·L-1 PMS 100% removed 

within 12 minutes 15

5 Fe/N-CS900 0.2g·L-1 PMS 100% removed 
within 15 minutes 16

6 Prc@Co-Mn3O4/Mil-53(Fe) 0.23g·L-1 PMS 100% removed 
within 15 minutes 17

7
An expanded graphite-

supported CoFe2O4 catalyst 
(CoFe2O4-EG)

0.06g·L-1 PMS 100% removed 
within 30 minutes 18

8
The classical single-atom 

Fe-N4 active neutral 
structure, Fe-MOFs 

0.2g·L-1 PMS 100% removed 
within 30 minutes 19

9 1Fe1N-C-800 0.6g·L-1 PMS 100% removed 
within 30 minutes 20

10 xFe/BiOS 0.5g·L-1 Light+PMS 90~100% removed 
within 30 minutes 21

11 ZIF-AB mixed matrix 
catalyst (MMC) 0.5g·L-1 Light+PMS 99.9% removed 

within60minutes 22

12
Tri-metallic nitrogen-doped 

carbon nanoparticles 
(NCNPs) 

0.6 g·L-1 PMS 99.3% removed 
within15 minutes 23

13
CoFe alloy-decorated 

carbon nanofibers 
(CoFe/CF)

0.1g·L-1 PMS 99% removed within 
60 minutes 24

14 Fe -doped CeNiO3 0.2 g·L-1 PMS 98.5% removed 
within 60 minutes 25

15 FeNiP 0.1g·L-1 PMS 98.36% removed 
within 60 minutes 26

16 α-Fe2O3/BiVO4 / Light+PMS 98% removed 
within90minutes 27

17
Magnetic CuFe2O4 

nanoparticles immobilized 
on mesoporous alumina

0.5g·L-1 PMS 97.9% removed 
within 10 minutes 28

18 A magnetic Fe tailings 
catalyst (MFT) / Light+PMS 97.88% removed 

within60minutes 29

19 Fe/Co loaded carbon 
(Fe0.458/Co0.124/PhBC) 0.2g·L-1 PMS 97% removed within 

7 minutes 30

20 CuFeS2@FeS2 0.4g·L-1 PMS 96.70% removed 
within24 minutes 31

21
Fe-N-coordinated 

graphene-like honeycomb 
porous carbon

0.1g·L-1 PMS 96.5% removed 
within 30 minutes 32

22 A sulfur-doped Fe/C 
catalyst (Fe@C–S) 0.2g·L-1 PMS 96.4% removed 

within 40 minutes 33

23
A copper-iron-loaded 

layered porous catalyst 
(CFBC-0.5/1)

0.3 g·L-1 PMS 96.2% removed 
within30 minutes 34
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NO Catalyst Catalyst 
dosage Oxidant Degradation effect 

of TC Ref.

24 CuO/CuFe2O4/Fe2O3（CC
F） 0.2g·L-1 PMS 95.5% removed 

within 60 minutes 35

25
Supramolecular organic 

frameworks (SOFs) 
CUGB-SOF-Fe

0.067g·L-1 PMS 95.1% removed 
within 10 minutes 36

26
Fe, N co-doped graphene-
like hierarchical porous 

carbon
0.1g·L-1 PMS 94.4% removed 

within 60 minutes 37

27 Iron-doped biochar (Fe-
BC) 0.5g·L-1 PMS 94.3% removed 

within 60 minutes 38

28 Sulfur-decorated hematite 
nanoplates (SHNPs) 0.2g·L-1 Light+PMS 93.89% removed 

within 30 minutes 39

29 MIL-88A(Fe)@CuS 0.1g·L-1 PMS 93.1% removed 
within 40 minutes 40

30 MnFe2O4/MoS2 0.2g·L-1 PMS 92.9% removed 
within 30 minutes 41

31 Fe-N/C (active carbon) 0.15g·L-1 PMS 90.23% removed 
within 20 minutes 42

32 Fe7S8 coupled tubular g-
C3N4 (TCN) 0.1g·L-1 PMS 90% removed within 

15 minutes 43

33 Cu/MIL-101(Fe) / Light+PMS 89% removed 
within30minutes 44

34 Fe0@NC 0.05g·L-1 PMS 86% removed within 
5 minutes 45

35 Fe-Co/NWCA 0.16g·L-1 PMS 80% removed within 
12 minutes 46
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Table S4. TC and its degradation intermediates: acute toxicity and chronic toxicity.

Fathead_minnow_LC50_(96_hr)_Consensus Oral_rat_LD50_Consensus Developmental_Toxi
city_Consensus

Mutagenicity_Co
nsensus

Index Exp_Value
:-Log10
(mol/L)

Pred_Val
ue:-Log10

(mol/L)

Exp_Valu
e:mg/L

Pred_Valu
e:mg/L

Exp_Valu
e:-Log10
(mol/kg)

Pred_Val
ue:-Log10
(mol/kg)

Exp_Valu
e:mg/kg

Pred_Val
ue:mg/kg

Exp_Va
lue

Pred_Val
ue

Exp_V
alue

Pred_V
alue

TC N/A 5.69 N/A 0.9 2.74 2.46 806.96 1524.04 N/A 0.86 N/A 0.6

P1 N/A 4.82 N/A 6.31 N/A 2.35 N/A 1870.71 N/A 0.91 N/A 0.68

P2 N/A 5.19 N/A 2.31 N/A 2.63 N/A 834.98 N/A 0.76 N/A 0.93

P3 N/A 5.19 N/A 2.44 N/A 2.68 N/A 786.82 N/A 0.66 N/A 0.28

P4 N/A 5.65 N/A 0.77 N/A 2.36 N/A 1488.18 N/A 0.81 N/A 0.79

P5 N/A 4.88 N/A 4.75 N/A 2.46 N/A 1246.07 N/A 0.83 N/A 0.78

P6 N/A 4.91 N/A 3.38 N/A 2.74 N/A 500.14 N/A 0.78 N/A 0.5

P7 N/A 5.69 N/A 0.69 N/A 2.1 N/A 2692.59 N/A 0.86 N/A 0.69

P8 N/A 5.3 N/A 1.8 N/A N/A N/A N/A N/A 0.76 N/A 0.52

P9 N/A 3.4 N/A 90.24 N/A 1.78 N/A 3679.65 N/A 0.59 N/A 0.13

P10 N/A 4.84 N/A 2.52 N/A N/A N/A N/A N/A 0.62 N/A 0.4

P11 N/A 1.38 N/A 7305.92 N/A N/A N/A N/A N/A 0.53 N/A 0.31

P12 N/A 4.07 N/A 10.46 N/A 1.95 N/A 1359.86 N/A 0.62 N/A 0.21

P13 N/A 4.33 N/A 7.74 1.77 1.69 2823.16 3370 N/A 0.65 0 -0.05
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