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Materials and Methods 

Chemicals and Reagents： 

Hydrochloric acid, Sodium hydroxide, anhydrous ferric chloride, 1, 2-dichloroethane (DCE) and divinylbenzene 

(DVB) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Chlorosulfonic acid (ClSO3H) 

and Ciprofloxacin (CIP) were purchased from AnhAui Zesheng Technology Co., Ltd. Methylene Blue (MB), 

Rhodamine B (RhB) and Tetracycline (TC) were purchased from Shanghai Macklin Biochemical Co., Ltd. All the 

reagents are of analytical grade and used as received. 

Synthesis of sulfonated KAP-1 (one-pot method): 

1.22 g anhydrous FeCl3 (7.5 mmol) is added into the solution of 0.195 g benzene (2.5 mmol), 0.57 g 

formaldehyde dimethyl acetal (FDA, 7.5 mmol) and 10 mL DCE. The mixture is firstly stirred at 45 oC for 5 h, and 

then heated at 80 oC for 19 h. The reaction system is further cooled to room temperature, and then 20 mL DCE and 

15 mL ClSO3H are sequentially added into the reaction system under an ice water bath, followed by stirring at 

room temperature for 1 d. Finally, the post-sulfonation reaction is quenched in ice water, and the sulfonated KAP-1 

is washed by distilled water to neutral, extracted with methanol by soxhlet for 2 d, and then dried under vacuum at 

60 oC.  

Synthesis of KAP-1 and sulfonated KAP-1 (conventional post-sulfonation method): 

1.22 g anhydrous FeCl3 (7.5 mmol) is added into the solution of benzene (0.195 g, 2.5 mmol), FDA (0.57 g, 7.5 

mmol) and 10 mL DCE. The mixture is firstly stirred at 45 oC for 5 h, and then heated at 80 oC for 19 h. The 

resulting precipitate is washed three times with methanol, and then extracted with methanol by soxhlet for 24 h, and 

then dried under vacuum at 60 oC for 24 h to obtain KAP-1. Subsequently, 0.2 g KAP-1 and 12 mL DCE are added 

into 25 mL round bottom flask to thoroughly swell polymer framework for 2 d. 6 mL ClSO3H is added into the 

reaction system under an ice water bath, followed by stirring at room temperature for 1 d to complete sulfonation. 

Finally, the post-sulfonation reaction is quenched in ice water, and the sulfonated KAP-1 is washed by distilled 

water to neutral, extracted with methanol by soxhlet for 2 d, and then dried under vacuum at 60 oC. 

Synthesis of sulfonated CMP-1 (improved post-sulfonation method): 

The CMP-1 is prepared by employing the reported method.1 The CMP-1 after purification is extracted with DCE 

by soxhlet to replace original solvents of porous structure. After multiple solvent extractions, 0.2 g CMP-1 and 30 

mL DCE are added into 100 mL round bottom flask, and then 15 mL ClSO3H is dropwise added into the reaction 

system under an ice water bath, followed by stirring at room temperature for 1 d. Finally, the post-sulfonation 

reaction is quenched in ice water, and the sulfonated CMP-1 is washed by distilled water to neutral, extracted with 
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methanol by soxhlet for 2 d, and then dried under vacuum at 60 oC. 

Synthesis of sulfonated CMP-1 (conventional post-sulfonation method): 

The CMP-1 is prepared by employing the reported method.1 Subsequently, 0.2 g CMP-1 and 30 mL DCE are 

added into 100 mL round bottom flask to thoroughly swell porous framework for 2 d. 15 mL ClSO3H is dropwise 

added into the reaction system under an ice water bath, followed by stirring at room temperature for 1 d. Finally, 

the post-sulfonation reaction is quenched in ice water, and the sulfonated CMP-1 is washed by distilled water to 

neutral, extracted with methanol by soxhlet for 2 d, and then dried under vacuum at 60 oC. 

Characterization: 

Fourier transform infrared spectroscopy (FT-IR) was measured with KBr pellets via NICOLET iS50. 13C 

Solid-state NMR was measured on a BRUKER AVANCE NEO 400WB NMR spectrometer. The nitrogen 

adsorption-desorption isotherms were measured on a Quantachrome Autosorb iQ at 77.3 K, and the pore size 

distribution (PSD) was obtained according to the NLDFT calculation model. Thermo-gravimetric analysis (TGA) 

was measured on TGA/DSC 3+ thermalanalyzer in the temperature range of 30-800 ℃ with a heating rate of 10 ℃ 

min-1 under N2 atmosphere and air atmosphere, respectively. Field emission scanning electron microscopic analysis 

(FE-SEM) was performed on a HITACHI SU8010 microscope. Sulfur content was measured through Elementar 

UNICUBE. Water vapor adsorption and desorption isotherms were measured on QuantachromeVstar4 vapor 

sorption analyzer at 298K from 0 to 1 bar relative pressure. The UV-Vis absorption spectroscopy was measured 

through the Agilent VARIAN Cary-60 UV-Vis spectrophotometer in the wavelength range of 200-800 nm. 

Adsorption kinetics: 

MB, RhB, CIP and TC were selected as the micro-pollutant models for adsorption experiments at room 

temperature (298 K) (Note: CIP and TC aqueous solution need avoid light). All the porous adsorbents were ground 

in agate mortar before use. Then an UV-vis spectrophotometer was used to measure the concentration of different 

pollutants in water. The detection wavelengths of MB, RhB, CIP and TC are 664, 553, 277 and 355 nm, 

respectively. All reported experimental data are the average values of three parallel experiments. 

40 mg adsorbent was added to a 50 mL micro-pollutant solution (200 ppm MB and RhB solution, 180 ppm CIP and 

TC solution) and stirred immediately. The residual concentration of the pollutant in each sample was determined by 

UV–vis spectroscopy. At certain intervals about 700 μL of the suspension was withdrawn and filtered immediately 

through a Whatman 0.45 μm inorganic membrane. After the filtration process, the residual concentration of the 

pollutant was analyzed by an UV-visible spectrophotometer. 
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The micro-pollutants removal efficiency was calculated by following equation: 

𝐑𝐞𝐦𝐨𝐯𝐚𝐥 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%)  =  
(𝐜𝟎 −𝐜𝐭)

𝐜𝟎
 ×  𝟏𝟎𝟎                                                     S1 

where c0 (mg L−1) and ct (mg L−1) are representing the initial and residual concentration of contaminants in the 

filtrate at certain time, respectively. 

The adsorption capacity in equilibrium qe (mg g−1) is calculated by equation followed: 

𝐪𝐞  =  
(𝐜𝟎 −𝐜𝐞)

𝐦
 ×  𝐕                                                                          S2 

Where c0 and ce (mg L−1) meant initial concentration and final concentrations of micro-pollutants, V (mL) is the 

volume of the micro-pollutions aqueous solutions, and m (mg) meant the adsorbents mass. 

The adsorption rate was approximately described by linear pseudo-first-order and pseudo-second-order adsorption 

models with the following equations (S3) and (S4), respectively: 

𝐥𝐨𝐠 (𝐪𝐞  −  𝐪𝐭)  =  𝐥𝐨𝐠𝐪𝐞  −  
𝐤𝟏

𝟐.𝟑𝟎𝟑
𝐭                                                             S3 

𝐭

𝐪𝐭
 =  

𝟏

𝐊𝟐𝐪𝐞
𝟐  +  

𝟏

𝐪𝐞
𝐭                                                                           S4 

Where qt and qe are the adsorption amounts of pollutants (mg g−1) at time t (min) and at equilibrium respectively, 

k1(min−1) and k2 (g mg−1 min−1) are the pseudo-first and second-order rate constants. 

Adsorption isotherms: 

3 mg of adsorbent was added to 18 mL micro-pollutant solution (0-500 ppm for MB and RhB, 0-300 ppm for 

CIP, 0-400 ppm for TC). Each suspension was stirred 1 h to achieve equilibrium. Then the dispersion was filtered 

through a Whatman 0.45 μm inorganic membrane and the filtered solution was measured by UV-vis absorption 

spectroscopy.  

The Langmuir and Freundlich adsorption models were generated by fitting the adsorption isotherms by the 

following equations (S5) and (S6), respectively: 

𝐜𝐞

𝐪𝐞
 =  

𝟏

𝐪𝐦 × 𝐊𝐋
 +  

𝐜𝐞

𝐪𝐦
                                                                          S5 

𝐥𝐧𝐪𝐞  =  𝐥n𝐊𝐅  +  
𝟏

𝐧
𝐥𝐧𝐜𝐞                                                                      S6 

where qe (mg g−1) is the equilibrium adsorption amount of pollutant, qmax (mg g−1) is the maximum adsorption 

capacity of adsorbent at equilibrium, ce (mg L−1) is the remaining pollutant concentration after the adsorption 

equilibrium, KL (L mg−1) is the adsorption equilibrium constant, KF and n are associated with the uptake 

coefficients of Freundlich. 
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Influence of pH and temperature: 

5 mg PAF-215 was mixed into 40 mL micro-pollutant solutions under different pH value and temperature 

conditions for 2 h to achieve equilibrium. Then the dispersion was filtered through a Whatman 0.45 μm inorganic 

membrane and the filtered solution was measured by UV-vis absorption spectroscopy. The pH values of 

micro-pollutant solutions were tuned by adding 1M HCl or NaOH solutions. 

Reusability of PAF-215: 

40 mg PAF-215 was added to 50 mL micro-pollutant solutions (200 ppm MB and RhB solution, 180 ppm CIP 

and TC solution) for 1 h. PAF-215 was collected through vacuum filtration, washed with 1M HCl methanol 

mixture used as an eluent and dried under vacuum at 60 ℃. 
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Supporting Figures 

 

Fig S1. Reaction schemes for synthesis of KAP-1 and SKAP-1. 

 

 

Fig S2. Reaction schemes for synthesis of CMP-1 and SCMP-1. 

 

 

Figure S3. Structure schematic illustration of porous precursor drawn by VMD (Visual Molecular Dynamics) with 

blue for carbon element, white for hydrogen element, respectively. 
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Figure S4. Structure schematic illustration of PAF-215 drawn by VMD (Visual Molecular Dynamics) with blue for 

carbon element, white for hydrogen element, red for sulfur element and yellow for oxygen element respectively. 

 

Figure S5. Structure diagram of porous precursor (The yellow line and green line mark polymer chains and phenyl 

rings respectively). 
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Figure S6. Structure diagram of PAF-215 (The yellow line and green line mark polymer chains and phenyl rings 

respectively, and red dots represent sulfonic acid groups). 

 

 

Figure S7. FT-IR spectrum of PAF-215. 



8 

 

Figure S8. XPS spectrum of PAF-215. 

 

Figure S9. S 2p high resolution XPS spectra of PAF-215. 
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Figure S10. FE-SEM images of PAF-215 at different scale bars (2 μm and 1 μm, respectively). 
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Figure S11. HR-TEM images of PAF-215 at different scale bars (200 nm and 50 nm, respectively). 
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Figure S12. Water contact angle of PAF-215. 
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Figure S13. Thermo-gravimetric analysis (TGA) profile of porous precursor, control sample and PAF-215 in air 

atmosphere. 

 

Figure S14. Thermo-gravimetric analysis (TGA) profile of porous precursor, control sample and PAF-215 in 

nitrogen atmosphere. 
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Figure S15. N2 adsorption and desorption isotherms of (a) KAP-1, (c) sulfonated KAP-1 (one-pot method) and (e) 

sulfonated KAP-1 (conventional post-sulfonation method) at 77.3 K; Pore size distributions of (b) KAP-1, (d) 

sulfonated KAP-1 (one-pot method) and (f) sulfonated KAP-1 (conventional post-sulfonation method) calculated 

by using density functional theory (DFT) methods (slit pore models and differential pore volumes). 
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Figure S16. N2 adsorption and desorption isotherms of (a) CMP-1, (c) sulfonated CMP-1 (improved 

post-sulfonation method) and (e) sulfonated CMP-1 (conventional post-sulfonation method) at 77.3 K; Pore size 

distributions of (b) CMP-1, (d) sulfonated CMP-1 (improved post-sulfonation method) and (f) sulfonated CMP-1 

(conventional post-sulfonation method) calculated by using density functional theory (DFT) methods (slit pore 

models and differential pore volumes). 
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Figure S17. UV–vis absorbance spectra of MB (a), RhB (b), CIP (c) and TC (d) aqueous solution of PAF-215 at 25 

ppm. 
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Figure S18. Standard curves of MB (a), RhB (b), CIP (c) and TC (d). 
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Figure S19. Pseudo-first-order kinetic data of PAF-215 for MB at 25 ppm (a) and 200 ppm (b); 

Pseudo-second-order kinetic data of PAF-215 for MB at 25 ppm (c) and 200 ppm (d).  
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Figure S20. Pseudo-first-order kinetic data of PAF-215 for RhB at 25 ppm (a) and 200 ppm (b); 

Pseudo-second-order kinetic data of PAF-215 for RhB at 25 ppm (c) and 200 ppm (d). 
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Figure S21. Pseudo-first-order kinetic data of PAF-215 for CIP at 25 ppm (a) and 180 ppm (b); 

Pseudo-second-order kinetic data of PAF-215 for CIP at 25 ppm (c) and 180 ppm (d). 
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Figure S22. Pseudo-first-order kinetic data of PAF-215 for TC at 25 ppm (a) and 180 ppm (b); 

Pseudo-second-order kinetic data of PAF-215 for TC at 25 ppm (c) and 180 ppm (d). 
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Figure S23. The fitting curves of Freundlich isotherm model for MB (a), RhB (b), CIP (c) and TC (d). 
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Figure S24. The maximum adsorption capacity of PAF-215 at different pH value. 

 

Figure S25. The maximum adsorption capacity of PAF-215 at different temperature. 

 

Figure S26. Regeneration performance of PAF-215 for micro-pollutants models MB (blue), RhB (purple), CIP 

(green) and TC (yellow). 
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Figure S27. FT-IR spectra of PAF-215 after 5 cycles. 

 

Figure S28. FE-SEM images of PAF-215 after 5 cycles at 2 μm for PAF-215 + RhB (a), PAF-215 + MB (b), 

PAF-215 + TC (c) and PAF-215 + CIP (d).  
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Supporting Tables 

Table S1. Adsorption rate and equilibrium adsorption capacity of micro-pollutants at 25 ppm. 

Micro-pollutants % uptake at 5s % uptake at equilibrium 

Adsorption capacity of 

equilibrium（mg g−1） 

MB 97.31 99.18 24.79 

RhB 94.57 98.85 24.71 

CIP 97.58 98.76 24.69 

TC 96.57 99.84 24.96 

Table S2. Adsorption kinetics data of micro-pollutants at 25 ppm. 

Micro-pollutants 

Pseudo-first-order model Pseudo-second-order model 

K1 (min−1) R2 K2 (g mg−1 min−1) R2 

MB 10.74 0.8826 25.39 0.9998 

RhB 6.62 0.7569 26.80 0.9999 

CIP 5.63 0.9126 22.59 0.9998 

TC 7.73 0.9722 9.18 0.9999 

Table S3. Kinetics parameters for the removal of different micro-pollutants. 

Micro-pollutants 

Pseudo-first-order model Pseudo-second-order model 

K1 (min−1) R2 K2 (g mg−1 min−1) R2 

MBa 0.88 0.5552 1.07 0.9998 

RhBa 0.89 0.7006 1.33 0.9999 

CIPb 0.28 0.8738 0.08 0.9999 

TCb 0.40 0.9477 0.04 0.9999 

a) The concentration of MB and RhB is 200 ppm; b) The concentration of MB and RhB is 180 ppm. 
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Table S4. The k2 value of PAF-215 and other porous adsorbents.  

Micro-pollutants  Adsorbents k2 (g mg-1 min-1) References 

RhB 

DMpillar[5] 1.097 2 

CaPy 0.000234 3 

10% NH2-ZIF-2 h 0.418 4 

POP-T (1:1.5) 0.012 5 

PAF-215 26.80 This Work 

MB 

CaO-ES@GO 0.00454 6 

TzDABA COF 0.017 7 

CTT-POP-2 1.91 8 

Co/C-1000 0.000993 9 

PAF-215 25.39 This Work 

TC 

Fe-BTC-HBs 0.0002 10 

ZIF-67@WA 0.0000758 11 

CM 0.000078 12 

NMF/TT-90 0.000765 13 

PAF-215 9.18 This Work 

CIP 

SMC 0.017 14 

COF@MXene 0.0016 15 

Tb@TpPa-SO3H 8.05 16 

Fe-POP 0.038 17 

PAF-215 22.59 This Work 
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Table S5. The parameters of different isotherm models for PAF-215. 

Micro-pollutants 

Langmuir model Freundlich model 

qm
a 

(mg g-1) 

kL
b 

(L mg-1) 

R2c KF
d 

(mg g-1) 

1/ne R2f 

RhB 1075 0.45 0.9996 425 0.19 0.8503 

MB 1020 0.50 0.9997 448 0.17 0.8710 

TC 826 0.075 0.9989 162 0.31 0.8754 

CIP 1134 0.079 0.9990 202 0.36 0.9279 

a) The maximum adsorption capacity calculated by the Langmuir model; b) The adsorption capacity constant of the 

Langmuir model; c) The correlation coefficients of the Langmuir model; d) The adsorbent capacity constant of the 

Freundlich model; e) The 𝑛 is the heterogeneity factor and 1/𝑛 is the adsorption intensity of the Freundlich model; f) 

The correlation coefficients of the Freundlich model. 

Table S6. RhB maximum absorption capacities and BET surface area of PAF-215 and other porous adsorbents. 

Samples  BET (m2 g-1) qm (mg g-1) References 

CaPy 28 183 3 

COF-Z2 549.44 430 18 

rGO-PDA/ZIF-8 855 688.84 19 

10%NH2-ZIF-2 h 999.6 23.955 4 

DMpillar[5] 1386.7 396.1 2 

PAF-215 580 1070 This Work 
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Table S7. MB maximum absorption capacities and BET surface area of PAF-215 and other porous adsorbents. 

Samples  BET (m2 g-1) qm (mg g-1) References 

COPOH+CO 5.2 813 20 

MAPCTS 28.31 55.68 21 

CaO-ES@GO 121.14 500 6 

TzDABA COF 147 315 7 

Co/C-1000 170.37  805.08 9 

TdS  257.58 131.59 22 

SPB-HHTP-DBA  298 884.96 23 

CTT-POP-2  374 926 8 

UiO-66(OH)2-Z3  500 203 24 

UPCH800  1206.95 227.53 25 

UiO-66-NH2  1257 309 26 

KOH/WB-700–2  1522.14 763.94 27 

KOH/PF-WB-700–2 2301.61 850.34 27 

PAF-215 580 1020 This Work 

 

Table S8. TC maximum absorption capacities and BET surface area of PAF-215 and other porous adsorbents. 

Samples  BET (m2 g-1) qm (mg g-1) References 

Alg@MOF-rGO  1.61 43.76 28 

Fe-BTC-HBs  109.03 223.6 10 

Co3O4 QDs-SBE@C 191.11 380.3 29 

ZIF-67@WA  205.16 273.84 11 

NMF/TT-90  359 118.48 13 

TPE-2Py@DSMIL-125(Ti) 516.18 159.2 30 

CoUiO-1  815.18 224.1 31 

CM  1058 400 12 

PAF-215 580 826 This Work 

 



28 

Table S9. CIP maximum absorption capacities and BET surface area of PAF-215 and other porous adsorbents. 

Samples  BET (m2 g-1) qm (mg g-1) References 

LN/MMT@cellulose 1.48 149.6 32 

FSSi@SA-sula 15.95 365.66 33 

graphene oxide 90.45 354.24 34 

COF@MXene  105.73 89.29 15 

Tb@TpPa-SO3H  182 956 16 

ZnCo-ZIF@CS-20  337.25 348.9 35 

Fe/Ni-MOFs  497.9 232 36 

Fe-POP  597 13.92 17 

SMC  1215.48 222.71 14 

PAF-215 580 1134 This Work 
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