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Text S1. Chemicals and materials

Sepiolite, ciprofloxacin (CIP), tetracycline (TC), methyl phenyl sulfoxide (PMSO) 

and methyl phenyl sulphone (PMSO2) were purchased from Shanghai Rhawn Chemical 

Regent Co., Ltd. Cobalt nitrate (Co(NO3)2∙6H2O), ferric nitrate (Fe(NO3)3∙9H2O), 

sodium hydroxide (NaOH), methanol (MeOH), tert-butyl alcohol (TBA), sodium 

chloride (NaCl), sodium nitrate (NaNO3), sodium sulfate (Na2SO4), sodium dihydrogen 

phosphate (NaH2PO4), benzoic acid (BA) and nitrobenzene (NB) were purchased by 

Sinopharm Chemical Actual Co. Peroxymonosulfate (KHSO5∙0.5KHSO4∙0.5K2SO4, 

PMS) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. 4-

chlorophenol (4-CP) was purchased from Shanghai Maclin Biochemical Technology 

Co., Ltd. Sulfamethoxazole (SMX) was bought from Xianding Biological Technology 

Co., Ltd. (Shanghai, China). All experiment process used ultrapure water (18.25 MΩ) 

to prepare solutions. 



6

Text S2. CIP degradation experiments

Specifically, the catalyst (10 mg) was dispersed into 100 mL of target pollutant 

solution and stirred magnetically for 30 min to achieve the adsorption/desorption 

equilibrium. Then, quantified PMS (0.5 mM) was added to the above mixture solution 

to start the catalytic oxidation. After a certain interval, a 1.5 mL sample solution was 

taken, filtered with 0.22 μm filter, and then transferred into a vial containing 20 μL 

sodium thiosulfate solution (0.5 M) to quench the PMS activation reactions. All 

experiments were conducted in duplicates at least, and the mean values with standard 

deviations were reported.
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Text S3. Determination of PMS concentrations

Residual PMS was quantified. Specifically, 0.2 mL sample was added into 2.8 mL 

of KI (214.29 g/L)/NaHCO3 (42.86 g/L) solution. Then the mixed solution was shaken 

for 20 minutes to ensure a complete reaction. Finally, it was determined by a UV-Vis 

spectrophotometer at the wavelength of 352 nm.



8

Text S4. Characterization methods

The X-ray diffraction (XRD, Bruker D8 Advance X-ray diffractometer) was 

adopted to identify the crystallography of the catalysts. The morphological 

characteristics were observed by scanning electron microscope (SEM, Zeiss Sigma 

300), transmission electron microscopy (TEM, jem2100), and high-resolution TEM 

(HR-TEM). The Fourier transform infrared spectroscopy (FTIR, Thermo Scientific 

Nicolet iS20) was used to determine functional groups. The chemical states of various 

elements of catalysts were investigated by X-ray photoelectron spectroscopy (XPS, 

Thermo Scientific K-Alpha). The electron paramagnetic resonance (EPR) measurement 

was carried out on a Bruker EMX PLUS spectrometer to detect the reactive oxygen 

species, in which 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-

tetramethylpiperidinyloxyl (TEMP) were applied as the spin-trap reagent. In-situ 

Raman spectra was acquired under a HORIBA HR Evolution dispersive Raman 

microscope at λ=532 nm. In addition, the concentration of DPBF was measured by UV-

2700 spectrophotometer (Shimadzu Corporation) at 411 nm.
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Text S5. DFT Computational methods

First-principal calculations were conducted using density functional theory (DFT) 

with the Vienna ab-initio simulation package (VASP).1 The generalized gradient 

approximation (GGA) with the Perdew−Burke−Ernzerhof (PBE) functional was used 

to describe the electronic exchange and correlation effects.2 Atomic positions were 

relaxed until the forces were less than 0.04 eV/Å. The energy cutoff of the plane wave 

was set to 400 eV. The criteria for the relaxation of the electronic SC-loop was set to 

be 1 × 10−6 eV Å−1.The Brillouin zone was sampled using a Gamma k-point of 1 × 1 × 

1. The pre- and post-processing of the calculation were finished via the VASPKIT.3 

The calculation results are presented by VESTA.4 In order to accurately investigate the 

effect of the d orbitals of Fe and Co on the electronic properties of the catalysts, the 

Hubbard parameter is introduced for the Fe 3d and Co 3d electrons with an Ueff (=U−J) 

value of 3.2 eV and 3.32 eV, respectiely. The van der Waals interactions were 

considered based on zero damping DFT-D3 method of Grimme.5 A modified PBE 

generalization (PBEsol) was used to model the adsorption of PMS on the catalyst 

surface. The energy of the adsorption system is finally corrected under the PBE 

function. The model for CoFe2O4 and sepiolite was derived from the materials-project.6

The adsorption energy Eads of PMS was noted below:

Eads = Eslab + PMS - Eslab - EPMS

where E slab+PMS represents the total energy of the system formed by an adsorbed PMS 

and the slab, E slab is the energy of the slab, E PMS refers to the energy of the isolated 

PMS. The change in Gibbs free energy at each step was calculated based on the 
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following equation:

ΔG =  ΔE +  ΔZPE - TΔS

where ΔE belongs to the reaction energy obtained by the total energy difference 

between the reactant and product molecules absorbed on the catalyst surface, ΔZPE 

represents the correction of zero-point energy, T refers to the temperature (298.15 K) 

and ΔS is the entropy change.
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Text S6. EPR analyses

EPR tests were employed to distinguish the reactive oxygen species (ROS) in the 

10-CFS/PMS system. In Fig. S7b, the characteristic signal of DMPO-O2˙ˉ emerged. In 

Fig. S7a, the typical signal of TEMP-1O2 (1:1:1) is detected in the 10-CFS/PMS system. 

And it is worth mentioning that the intensity of the signal enhances with reaction time, 

which indicates that 1O2 be continuously produced during the PMS activation process.
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Text S7. The competition kinetics experiment in the mixed solution containing NB, 

BA, and CIP.

To evaluate the contribution of different reactive species to CIP degradation in the 

10-CFS/PMS and physical mixed 10-CFS/PMS systems, the competition kinetics 

experiment in the mixed solution containing NB, BA, and CIP was carried out.7 It is 

worth noting that the oxidation removals of three pollutants was gained by deducting 

the adsorption contribution. According to the reported second-order rate constants of 

SO4˙ˉ and HO˙ with the three probe compounds (Table S3) along with the experiment 

results (Fig. 3e), the steady-state concentration and the relative contribution of HO˙ and 

SO4˙ˉ are obtained based on Eqs. 1-6, respectively. 
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Table S1. The HPLC analysis conditions for different substrates.

Substrates Flow 

(ml/min)

λ

(nm)

CH3OH

(%)

H2O

(%)

CH3CN

(%)

0.1% HCOOH

(%)

CIP 1.0 278 — — 20 80

BA 1.0 230 70 — — 30

NB 1.0 262 — — 50 50

4-CP 1.0 280 70 30 — —

SMX 1.0 264 — — 30 70

PMSO 1.0 230 — 80 20 —

PMSO2 1.0 215 — 80 20 —
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Table S2. Comparison of PMS activation performance of 10-CFS with other reported 
catalysts

Catalyst

(g/L)

PMS

(mM)

Pollutant

(mg/L)

Removal

efficienc

y

kobs

(min-1)
Ref

10-CFS (0.1) 0.5 Ciprofloxacin (10)
98.7% 

(60 min)
0.127

This 

work

MNBC (0.8) 0.7 Ciprofloxacin (10)
92.6% 

(80 min)
0.020 8

CoFe2O4/OSC 

(0.5)
0.8

Norfloxacin 

(10)

90.8% 

(60 min)
0.051 9

CoFe2O4/mpg-

C3N4 (0.04)
1.5

Acetaminophen 

(15)

92.0% 

(25 min)
0.102 10

CoFe2O4/Al2O3

(0.2)
0.5

Sulfachloropyridazine 

(5)

97.8%

(60 min)
0.044 11

MBC/ CoFe2O4

(0.6)
0.7

Lomefloxacin

hydrochloride (10)

86.9%

(20 min)
0.043 12
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Table S3. Second order rate constants (M-1 s-1) of radicals toward probe compounds

Probe HO˙ SO4˙ˉ

Nitrobenzene (NB) 4.70×109a —

Benzoic acid (BA) 2.10×109a 1.20×109a

Ciprofloxacin (CIP) 2.35×109b 2.10×109b

Note: a,7 b13
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Fig. S1. XRD patterns (a), FTIR spectra (b) of different catalysts.
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Fig. S2. The XPS spectra of CoFe2O4 and 10-CFS survey.
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Fig. S3. Removal efficiency of various contaminants in the 10-CFS/PMS system. 

Reaction conditions: [pollutant]0= 10 mg/L, [10-CFS] = 0.1 g/L, [PMS] = 0.5 mM.
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Fig. S4. Effect of PMS dosage (a) and catalyst dosage (b) on 10-CFS/PMS system.
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Fig. S5. Time-dependent UV-vis absorption spectrum changes of DPBF consumption 

in the physical mixed 10-CFS/PMS (a) 10-CFS/PMS (b) activation systems, and 10-

CFS/PMS activation system with the addition of TEMPO before PMS activation (c). 

Reaction conditions: [CIP] = 10 mg/L, [10-CFS] = 0.1 g/L, [PMS] = 0.5 mM, [DPBF] 

=0.15 mM.
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Fig. S6. CIP degradation in the 10-CFS/PMS system with or without Ar bubbling. 

Reaction conditions: [CIP] = 10 mg/L, [10-CFS] =0.1 g/L, [PMS] = 0.5 mM.
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Fig. S7. EPR spectra for 1O2 (a), O2˙ˉ (b), and SO4˙ˉand HO˙ (c) in the 10-CFS/PMS 

system.
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Fig. S8. Degradation efficiency of CIP, NB, and BA in the 10-CFS/PMS system. 

Reaction conditions: [CIP] = 10 mg/L, [NB/BA] =0.008 mM, [10-CFS] = 0.1 g/L, 

[PMS] = 0.5 mM.
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Fig. S9. Concentration variation of PMSO and PMSO2 in the 10-CFS/PMS system. 

Reaction conditions: [PMSO]=0.1 mM, [10-CFS] = 0.1 g/L, [PMS] = 0.5 mM.
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Fig. S10. In situ Raman spectra of 10-CFS/PMS system in H2O matrix.
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(a) (b)

Fig. S11. The model of 10-CFS (a) and CoFe2O4 (b). The O, Mg, Si, Co and Fe atoms 

are represented by red, orange, blue, pink and brown spheres, respectively.
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Fig. S12. XPS spectra of Co 2p (a), Fe 2p (b), O 1s (c) and Si 2p (d) of 10-CFS before 

and after the reaction.
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Fig. S13. The quenching experiments to prove Co and Fe active sites. Reaction 

conditions: [CIP] = 10 mg/L, [10-CFS] = 0.1 g/L, [PMS] = 0.5 mM, [NaF] = 2 mM.
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Fig. S14. Reusability of 10-CFS. Reaction conditions: [CIP] = 10 mg/L, [10-CFS] = 

0.1 g/L, [PMS] = 0.5 mM.
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Fig. S15. XRD of fresh and used 10-CFS.
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