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Part S1. Supplementary Texts 111 

Text S1. Chemicals. 112 

Sodium persulfate, p-benzoquinone, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 113 

2,2,6,6-tetramethyl-4-piperidinol (TEMP), benzoic acid, nitrobenzene, nitro blue 114 

tetrazolium, and 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) were purchased 115 

from Aladdin (Shanghai, China). Tert-butyl alcohol and furfuryl alcohol were obtained 116 

from Macklin (Shanghai, China). L-tryptophan, phenol, hydroquinone, 4-methylphenol, 117 

4-chlorophenol, 4-nitrophenol, 4-hydroxybenzoic acid, 2,6-dimethylphenol, 3-118 

methoxy-phenol, 2,6-dichlorophenol, and 2,4,6-TCP were supplied by Sigma-Aldrich 119 

(Shanghai, China). Singlet Oxygen Sensor Green was purchased from Meilunbio 120 

(Dalian, China). Ultrapure water with a resistivity of 18.2 MΩ•cm was used for all 121 

experiments.  122 

Text S2. Preparation of rBC400 and oBC400. 123 

For rBC400 preparation, 5 g of BC400 was dispersed in 250 mL 5 wt % NaBH4 124 

solution and then stirred continuously under anoxic conditions for 20 h at 25 °C. After 125 



S5 
 

that, the suspension pH was adjusted to about 7.0 by adding HCl solution, then stirred 126 

for another 4 h. The obtained mixture was filtered by a vacuum suction filter (0.45 μm), 127 

washed with deionized water thoroughly, and dried at 60 ºC. 128 

Additionally, 5 g of BC400 was added into 250 mL 5 wt % H2O2 solution. Then, the 129 

mixture was stirred for 24 h at 60 °C in the air (without pH adjustment). Finally, the 130 

collected samples were washed, dried at 60 ºC, and denoted as oBC400. 131 

Text S3. Characterizations of biochars. 132 

Brunauer-Emmett-Teller (BET) specific surface areas of biochars were analyzed by 133 

a TriStar II analyzer at 77 K based on N2 adsorption/desorption methods. Fourier 134 

transform infrared spectroscopy (FTIR) spectra were performed on a NicoLET iS50 135 

FTIR instrument (Thermo Scientific Co., Ltd., USA) in the wavenumber range of 500-136 

4000 cm−1. Raman spectra were obtained on a Labram HR evolution spectrometer. The 137 

surface elemental compositions of biochars were recorded on X-ray photoelectron 138 

spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific Co., Ltd., USA) with an Al 139 

Kα X-ray source. The zeta potentials of biochars were analyzed using a Zetasizer Nano 140 

ZS90 Potential Analyzer (Malvern, UK). Ultimate analysis was performed using an 141 

elemental analyzer (Elementar vario EL, Germany) to determine the C, H, N, and S 142 

contents in the biochars. Solid-state 13C nuclear magnetic resonance (NMR) spectra 143 

were acquired with an Avance III HD 400 spectrometer operating at room temperature. 144 

Text S4. TCP-spiked soil experiments. 145 

Soil for the experiments was collected from a non-polluted zone in Yingtan, Zhejiang 146 

Province at a depth of 0-20 cm, and passed through a 1 mm sieve before use. 1 kg of 147 
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soil was mixed with 20 mg TCP-acetone solution and stirred thoroughly, followed by 148 

the evaporation of acetone for 2 days under a fume hood. Finally, the spiked soil sample 149 

was aged for one month in the fume hood. The initial TCP concentration of the spiked 150 

soil sample was determined to be 14.9 mg kg−1. 151 

To study the oxidation efficiency of the BC/PDS system in soil, 25 g of spiked soil 152 

was transferred into a 100 mL brown vial, and the soil-water ratio was adjusted to 1:2. 153 

Subsequently, 0.5 g L-1 BC sample was homogenously mixed into the soil, and then 1.5 154 

g L-1 PDS was added. Next, the flask was sealed with aluminum foil and placed on a 155 

magnetic stirrer at 25 °C. 156 

Periodically, 2 g of freeze-dried soil was sampled and extracted with 25 mL 157 

dichloromethane/n-hexane (V/V = 2) in ultrasonic for 30min at 35 °C. Transferring the 158 

extracts into a separatory funnel, and then the extract was added water (2 times the 159 

volume of the extract). Solution pH was adjusted to greater than 12 with NaOH, shaken 160 

sufficiently, discarded the lower organic phase, and retained the aqueous phase. The 161 

obtained aqueous phase was acidified with HCl until pH < 2. Subsequently, TCP was 162 

transferred to an organic phase by the addition of 50 mL dichloromethane/ethyl acetate 163 

(V/V = 4), concentrated by a rotary evaporator and pressure-blowing concentrator, 164 

finally, the contents were resuspended in 2 mL methanol and transferred to a sample 165 

vial sample for HPLC analysis. 166 

Text S5. Competitive kinetics experiments. 167 

To further distinguish the relative contributions of SO4
•-, •OH, and nonradical 168 

oxidation pathways for TCP degradation, the competitive kinetics experiment was 169 
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performed using the mixed system containing nitrobenzene (NB), benzoic acid (BA), 170 

and TCP. Prior to the competitive degradation experiment, the adsorption equilibrium 171 

of NB, BA, and TCP in the biochar suspension was achieved by pre-adsorption 172 

experiments. Based on the second-order rate constants (Table S6), the steady-state 173 

concentrations of •OH were calculated using NB, because NB primarily reacts with •OH, 174 

while the reaction with SO4
•- would be negligible. Similarly, the steady-state 175 

concentrations of SO4
•- were calculated using BA as the probe.  176 

The oxidation contribution of 1O2 was calculated according to the previous method 177 

with a minor modification.1 To quantitatively determine the steady-state concentrations 178 

of 1O2, furfuryl alcohol (FFA), as a 1O2 kinetic probe, was added into the BC/PDS 179 

systems with stirring (Figure S10a). FFA residual concentrations were analyzed with 180 

HPLC. The steady-state concentration of 1O2 was calculated by eqs 1-2. 181 

 ln([FFA]/[FFA]0) = −𝑘𝑜𝑏𝑠𝑡 (1) 

 [1𝑂2] = 𝑘𝑜𝑏𝑠/𝑘𝑟 (2) 

where kr is the first-order rate constant (1.2 × 108 M-1s-1) between FFA and 1O2. [
1O2] 182 

represents the steady-state concentration of 1O2. 183 

k1O2, TCP is the second-order rate constant of 1O2 reacting with TCP, which was 184 

calculated by a competitive kinetics experiment (Figure S10 b-d) to estimate the 185 

contribution of 1O2 (eq 3). 3-methoxy-phenol (MOP) was selected as a competitor 186 

because the second-order rate constant (Table S6) with 1O2 is comparable to that of TCP. 187 

Subsequently, the pseudo-first-order rate constant of the reaction of TCP with 1O2 (k'1O2, 188 

TCP) can be calculated via eq 4. Finally, the contribution (R1O2) of 1O2 was obtained by 189 
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eq 5. 190 

 ln([TCP]/[TCP]0) = 𝑘1𝑂2,𝑇𝐶𝑃/𝑘1𝑂2,𝑀𝑂𝑃 × ln⁡([𝑀𝑂𝑃]/[𝑀𝑂𝑃]0) (3) 

 𝑘′1𝑂2,𝑇𝐶𝑃 = 𝑘1𝑂2,𝑇𝐶𝑃[
1𝑂2]𝑠𝑠 (4) 

 𝑅1𝑂2 = 𝑘′1𝑂2,𝑇𝐶𝑃/𝑘𝑜𝑏𝑠,𝑇𝐶𝑃 × 100% (5) 

where kobs, TCP represents the pseudo-first-order rate constant of TCP in the competitive 191 

experiments. 192 

Text S6. Degradation product identification. 193 

To better collect degradation products, the reaction system was expanded 10 times to 194 

50 mM of PDS, 2 g L-1 of BC800, and 50 mg L-1 of phenols. After 90 min, the BC800 195 

was collected by centrifugation. The obtained powder was washed with ethanol several 196 

times to get the eluate A, and then the above powder was washed again with toluene to 197 

get the eluate B. 198 

LC-MS: The products dissolved in ethanol (i.e. eluate A) were analyzed using an 199 

Agilent 6530 liquid chromatography-mass spectrometry under ESI negative ionization 200 

mode. The mobile phase consisted of methanol/H2O (v/v, 80/20) at a flow rate of 0.2 201 

mL min-1, and the injection volume of each sample was 20 μL.  202 

FTIR: The products dissolved in toluene (i.e. eluate B) were first dried and analyzed 203 

by a NicoLET iS50 FTIR instrument in the wavenumber range of 500-4000 cm−1.  204 

GPC: The eluate B was first dried, re-dissolved in tetrahydrofuran (THF), and 205 

subsequently analyzed for molecular mass at a WATERS 1525 series gel permeation 206 

chromatography equipped with an RI detector at 40 °C. 207 

MALDI-TOF-MS: A Bruker Reflex III matrix-assisted laser desorption/ionization 208 
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mass spectrometer was also used for analyzing the properties of the above products 209 

dissolved in THF. This MALDI instrument was equipped with a nitrogen laser operated 210 

at 337 nm. Samples were prepared by mixing the above products with α-Cyano-4- 211 

hydroxycinnamic acid (used as matrix). 212 

In addition, GPC, LC-MS, and gas chromatography-mass spectrometry (GC-MS) 213 

were used to analyze degradation intermediates of aniline, chlorobenzene, and 4-214 

chlorobiphenyl in the BC800/PDS system. The specific experimental procedure is 215 

similar to that of phenols. 216 

Text S7. Spectrophotometric determination of PDS. 217 

At various time intervals, transfer 1 mL of the reaction solution into a glass tube 218 

containing 1 mL of KI (0.5 g L-1) / NaHCO3 (10 g L-1) solution, and dilute to 10 mL 219 

with ultrapure water. The obtained mixture was shaken well and reacted for 15 min. 220 

The absorbance was measured at 352 nm using an ultraviolet spectrophotometer. 221 

Text S8. Fluorescence labeling of C=O groups. 222 

Methanol solutions of 115 nM dansyl hydrazine (DH) and 0.1 M HCl were prepared 223 

respectively and stored in dark. 30 mL of the DH solution was transferred into a 50 mL 224 

flask containing 20 mg BC, and then 1 mL of HCl solution was added as a catalyst. The 225 

mixture was placed into an incubator shaker and vibrated at 120 rpm in the dark at 25 °C 226 

for 62 hours. After the reaction, the supernatant obtained by centrifugation was 227 

collected, and the sediment was rinsed with methanol 5 times. The collected supernatant 228 

was diluted up to 200 mL with methanol, and 700 µL of the obtained solution was 229 

further diluted to 50 mL with acetone. After 3 hours of the dark reaction, the 230 
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fluorescence intensity of the solution was recorded (excitation at 350 nm). 231 

Text S9. Boehm titration. 232 

0.5 g biochar was mixed with 20 mL base solution (0.05 M Na2CO3 and NaOH) and 233 

stirred for 24 h. The mixture was then filtered by a 0.45-μm membrane. 10 mL filtrate 234 

(5 mL Na2CO3) was titrated to pH = 5 as the neutralization point by 0.05 M calibrated 235 

HCl solution. The number of phenolic groups (np) was calculated by the following 236 

equations:  237 

𝑛𝑓𝑏 = 𝑐𝐻𝐶𝑙(𝑉0 − 𝑉𝑡)/𝑚𝐵𝐶                      (6) 238 

𝑛𝑝 = 𝑛𝑓⁡𝑁𝑎𝑂𝐻 − 𝑛𝑓⁡𝑁𝑎2𝐶𝑂3                     (7) 239 

where nfb represents the number of functional groups that the corresponding base 240 

reacted with; cHCl represents the concentration of calibrated HCl solution; V0 and Vt 241 

represent the volume of HCl solution before and after titration, respectively; mBC 242 

represents the biochar dosage (g). 243 

Text S10. EPR measurements. 244 

PFRs: The persistent free radicals of BC were detected using a Bruker EPR 245 

spectrometer. The freshly prepared BC (5 mg) was added into a quartz capillary tube, 246 

and following placed in the detector for recording signal. The specific EPR parameters 247 

were as follows: center field of 3513 G, sweep width of 120 G, modulation frequency 248 

of 100 kHz, modulation amplitude of 2.0 G, sweep time of 40 s, microwave frequency 249 

of 9.85 GHz, and microwave power of 20.37 mW. 250 

ROS: Sulfate radical (SO4
•-) and hydroxyl radical (•OH) trapping with DMPO were 251 

monitored by a Bruker EPR spectrometer in the aqueous solution, while TEMP was 252 
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used as the spin trapping agent to detect singlet oxygen (1O2). The detection process of 253 

superoxide radical (O2
•-) was the same as SO4

•- except the solvent changed into pure 254 

methanol. Briefly, biochar (10 mg) was introduced into the 5 mL of 1 mM PDS solution 255 

to initiate the reaction. At the scheduled time (3 min), 1 mL of the mixture was 256 

withdrawn from the suspension of biochar/PDS and was filtered using a 0.45-μm filter. 257 

Then, 2 mL of DMPO or TEMP solution (50 mM) was immediately mixed with the 258 

filtered sample. After reacting for 1 min, the mixture was loaded in quartz capillary 259 

tubes for EPR analysis. The parameters of the EPR instrument were the same as the 260 

detection of PFRs.  261 

Text S11. Singlet Oxygen Sensor Green method. 262 

To assess the role of 1O2, a concentration of 500 μM SOSG was freshly prepared with 263 

300 μL of deoxygenated methanol. The labeling experiment was conducted in a flask 264 

with a 10 mL mixture of 0.2 g L-1 BC, 5 mM of PDS, and 5 mg L-1 TCP (if necessary); 265 

meanwhile 100 μL of SOSG solution was added into the flask under stirring. After 1 266 

min, a 100 μL sample was withdrawn, diluted to 5 mL using ultrapure water, filtered 267 

with a 0.22 μm membrane, and finally analyzed by a fluorescence spectrophotometer. 268 

The excitation wavelength was set as 488 nm and the emission wavelength range was 269 

450-650 nm. The depletion of the fluorescence intensity was analyzed by comparing it 270 

with or without the addition of pollutants. 271 

Text S12. The examination of O2
•- by nitro blue tetrazolium. 272 

Nitro blue tetrazolium (NBT2+) is a common qualitative indicator for the detection 273 

of O2
•-.2 NBT2+ could be reduced by O2

•- (k=5.88×104 M-1 s-1) to monoformazan (MF+, 274 
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maximum absorption at 530 nm) and may be further reduced into diformazan (DF, 275 

maximum absorption at 560 nm). Herein, 0.01 mM NBT2+ was used to react with O2
•-, 276 

and its products were determined by an ultraviolet spectrophotometer. As shown in 277 

Figure S3, methanol was used to quench •OH and SO4
•- but does not affect O2

•-. No 278 

absorption at either 530 nm or 560 nm was observed in BC/PDS process, indicating the 279 

negligible formation of O2
•- in this system. 280 

Text S13. Analysis of in situ Raman. 281 

The surface chemical change of biochars during PDS activation was probed using a 282 

confocal Raman spectrometer (Labram HR evolution) equipped with a laser emitting 283 

at 532 nm. Briefly, 5 mg of biochar was placed on a sheet of glass and pressed into 284 

sheets 1 mm thick. PDS solution (20 mM) (and TCP solution, if needed) was then 285 

dropped onto the sheet and scanned in the range of 600-1800 cm-1. The same method 286 

was applied to the PDS solution alone without biochar. 287 

Text S14. Two-chamber galvanic oxidation reactor. 288 

To validate the proposed electron-transfer process, two individual 100 mL chambers, 289 

i.e. anode chamber (20 mg L-1 TCP) and a cathode chamber (10 mM PDS) were built. 290 

The reactor contained biochar wrapped graphite electrode, an Ag/AgCl electrode, a KCl 291 

salt bridge, and 50 mM Na2SO4 solution as an electrolyte. The current change during 292 

the reaction was monitored by an ammeter, and the two electrodes and the ammeter 293 

were connected by copper wires. Samples were collected from the chamber cell at 294 

various intervals for chemical analysis. 295 

Text S15. Electrochemical tests. 296 
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The electrochemical measurements were performed with a Bio-logic VMP3 297 

electrochemical workstation in a conventional three-electrode cell at 25 °C. A well-298 

polished glassy carbon electrode (GCE) with a diameter of 4 mm was used as the 299 

working electrode. 10 mg of biochar was dispersed into a mixture of 0.25 mL of 300 

Nafion® solution (5.0 wt %) and 2 mL of isopropanol and then sonicated for 1 h. Then, 301 

10 μL of the mixture was dropped onto a glassy carbon electrode and dried at 60 °C. A 302 

platinum wire was used as the counter electrode, while an Ag/AgCl electrode was used 303 

as the reference electrode. Solutions were prepared using Milli-Q water.  304 

Chronoamperometry i-t curves were obtained at the bias of -0.001 V (vs. Ag/AgCl) 305 

using 20 mM PBS solution (pH 7) as the electrolyte. After applying the voltage for 30.0 306 

s, 5 mM PDS was added, then adding 5 mg L-1 TCP at 60.0 s. Electrochemical 307 

impedance spectroscopy was measured at open potential with a scan frequency in the 308 

range of 105 to 10-1 Hz.  309 

The dynamic Tafel test was performed with BC800 loaded-GCE as a working 310 

electrode and 20 mM PBS as the electrolyte. Meanwhile, PDS and TCP were 311 

successively added for comparison. All polarization curves were collected at a scan rate 312 

of 2 mV s−1 to avoid the oxidation-peak effect and to determine the overpotentials at 313 

small current densities precisely. 314 

Before an open circuit potential test, the BC loaded-GCE was dipped in 20 mM PBS 315 

solution overnight to maintain a stable potential. Then the open circuit potential of BC 316 

loaded-GCE was monitored by chronopotentiometry analysis using an Ag/AgCl as the 317 

reference electrode. The system can also measure the potential variations at the 318 
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electrode with the addition of PDS and TCP. 319 

Text S16. Biochar molecular modeling and DFT calculations. 320 

The modeling of biochar is mainly divided into three steps: obtain the preliminary 321 

formula according to the characterization results, verify the molecular structure, and 322 

determine the final structure. Specifically, from the results of the ultimate analysis 323 

(Table S8), the dry weight of BC500 and BC800 contain 57.2 and 65.1% carbon, 2.6 324 

and 1.3% hydrogen, and about 16.9 and 8.9% oxygen, respectively, with trace amounts 325 

of nitrogen and sulfur. To simplify the biochar model, nitrogen and sulfur were not 326 

considered in the molecular construction, and thereby the initial formula of the 327 

conceptual model was normalized to one carbon atom: C1HxOy. The normalization 328 

coefficients were then calculated from the aforesaid elemental compositions and 329 

elemental molecular weights. The derived empirical formulas of BC500 and BC800 are 330 

C1H0.55O0.22 and C1H0.24O0.10, respectively. Taking advantage of the quantitative 331 

relationship between the H/C atomic ratio and the aromatic cluster size established by 332 

Xiao et al.,3 the corresponding aromatic clusters of BC500 and BC800 were distributed 333 

in approximately 3*3 and 6*6 rectangles, respectively.  334 

FTIR spectrum (Figure S15) of biochars shows that the oxygen-containing groups 335 

exist mainly in the form of phenolic hydroxyl groups and ether groups. Since the 336 

saturated fatty ethers are not stable, the cyclic ethers (i.e. phenoxy, phenhydroxy, and 337 

methoxy groups) are the dominant groups. The weak peaks located around 2900 and 338 

1460 cm−1 indicated the presence of a small amount of aliphatic CHx. Moreover, 880 339 

and 800 cm−1 suggested one adjacent H deformation and two adjacent H deformations, 340 
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respectively. 341 

Solid-state 13C NMR spectra of BC500/800 showed a strong signal at about 128 ppm, 342 

which can be attributed to aromatic carbon, and the peak around 152 ppm was assigned 343 

to oxy-aromatic carbon.4 Moreover, the signals in 15-22 and 29-35 ppm regions indicate 344 

the presence of methyl and/or methylene groups.5 345 

From the results of FTIR and NMR analysis, the main functional groups within the 346 

macromolecular structure of biochars can be derived. Combining the biochar formulas 347 

described above (i.e., C1H0.55O0.22 and C1H0.24O0.10), a 3D molecular model of biochar 348 

was built using ChemDraw software. The carbon chemical shift of the obtained 349 

molecular model was calculated, and the simulated spectrum was checked by 350 

MestReNova software. By comparing the actual and calculated 13C NMR spectra, the 351 

model was repeatedly optimized until the calculated spectrum was consistent with the 352 

experimental one, thus ensuring the authenticity and rationality of the model. The final 353 

empirical formulas of BC500 and BC800 are C28H18O5 and C70H26O6, respectively. This 354 

structure model is used for further DFT calculations. 355 

The first-principles calculations were carried out using the Vienna ab initio 356 

simulation package (VASP) with the projector augmented wave (PAW) method. Spin-357 

polarization density functional theory (DFT) calculations were performed using the 358 

Perdew-Burke-Ernzerhof (PBE) functional.6-8 We chose PAW potentials to describe the 359 

ionic cores and took valence electrons into account using a plane-wave basis set with a 360 

kinetic energy cutoff of 400 eV.9,10 Partial occupancies of the Kohn−Sham orbitals were 361 

allowed using the Gaussian smearing method with a width of 0.05 eV. Geometry 362 
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optimization was considered convergent when the maximum atomic force was smaller 363 

than 0.05 eV Å−1. The vacuum spacing in a direction perpendicular to the plane of the 364 

structure was 15 Å. The Brillouin zone was sampled using a (3×3×1) Monkhorst-Pack 365 

k-point grid. The configurations of O8S2 and TCP were optimized at the ωB97XD/def2-366 

SVP level.11 All geometry optimizations including the implicit solvent effect with SMD 367 

were implemented by the Gaussian package and the harmonic frequency calculations 368 

were carried out at the same level of theory to confirm that all structures have no 369 

imaginary frequency.12,13 The highest occupied molecular orbital (HOMO) and lowest 370 

unoccupied molecular orbital (LUMO) maps of all configurations were rendered by 371 

using Visual Molecular Dynamics (VMD) software based on the files exported from 372 

Multiwfn 3.7 (dev) code with 0.02 isovalue.14,15373 
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Part S2. Supplementary Tables 374 

Table S1. Summary of the chronopotentiometry data according to the literature. 375 

Catalyst 

[Oxidant] 

(mM) 

[Pollutant] 

(mM) 

Potential of  

complex (V) 

E1/2 of  

pollutant a(V) 

kobs 

(min-1) 

Ref. 

CNTs [PDS] = 1 

[Methoxy-phenol] = 0.1 

0.65 

0.32 0.122 
16 

[Nitrophenol] = 0.1 0.78 0.004  

Mn2O3-Fe2O3 [PMS] = 0.5 [Nitrophenol] = 0.1 0.91 0.78 0.005 17 

sludge biochar [PMS] = 5 [Nitrophenol] = 0.1 1.02 0.78 0.005 18 

N-doped carbon [PMS] = 6.5 [Sulfamethoxazole] = 0.08 1.09 1.38 0.35 19 

a Half-wave potentials (E1/2) values reflect the potential for the first electron oxidation step, which has been widely used as a measurement 376 

for organic compounds' susceptibility to oxidation. 377 

 378 

Currently, the generally accepted electron-transfer mechanism is the metastable surface complex oxidation proposed by Zhang’s group. 379 

Persulfate and pollutants are first co-adsorbed onto the catalyst surface. Then, the adsorbed persulfate is activated to form a catalyst-380 

persulfate complex, thereby elevating the overall redox potential of the catalyst. Finally, when the potential of the complex exceeds the 381 

oxidation potential of the pollutant, the complex will abstract electrons from the vulnerable pollutants to fulfill the oxidation. For example, 382 

methoxy-phenol can be easily oxidized (0.65 V > 0.32 V) in the CNTs/PDS system, while nitrophenol is difficult to be oxidized (0.65 V < 383 

0.78 V).16 However, we noticed two cases that could not be explained by the above theory. 1) In several other studies by Zhang et al.,17,18 384 

even though the complex potential far exceeds the oxidation potential (i.e. 0.91 V or 1.02 V > 0.78 V), the pollutants are still difficult to 385 

remove in the Mn2O3-Fe2O3/PMS and sludge biochar/PMS systems. 2) We also observed in the N-doped carbon/PMS system reported by 386 

Wang et al. that the pollutants can be effectively removed (the roles of radicals and 1O2 were excluded) even if the potential of the complex 387 

is lower than that of the pollutants (i.e. 1.09 V < 1.38 V).19 These conflicting results suggest that the potential of the complex is not the 388 

only factor determining the degradation rate in electron transfer-dominated oxidation systems. 389 
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Table S2. The electron-equivalent data calculated according to the literature and this study. 390 

Catalyst 

[Pollutant] 

(mM) 

TOC removal 

(%) 

Given e- 

(mM) a 

[oxidant] 

(mM) 

Obtained e- 

(mM) b 

e- utilization 

(%) c 

Ref. 

N-doped carbon [4-CP] = 0.156 53 1.557 [PMS] = 0.033 0.065 - 20 

Activated carbon [Phenol] = 0.531 86 12.780 [PDS] = 2.66 5.313 - 21 

Biochar [Aniline] = 0.107 52 1.639 [PDS] = 0.378 0.756 - 22 

Fe3C@NCNTs/GNS [Bisphenol A] = 0.088 65 3.489 [PMS] = 0.325 0.650 - 23 

CNTs [2,4-DCP] = 0.031 40 0.167 [PDS] = 0.031 0.062 - 24 

BC800 [2,4,6-TCP] = 0.025 77 0.363 [PDS] = 0.1 0.2 182 This study 

Heat (70 °C) [Bisphenol A] = 0.088 69 4.245 [PDS] = 10 20 21 25 

UV [Phenol] = 0.5 63 8.820 [PDS] = 84 168 5 26 

a The given electron equivalent of pollutant is calculated according to the mineralization rate (excluding adsorption quantity). Take N-391 

doped porous carbon/4-CP as an example, the given e- = ([4-CP] initial - [4-CP] adsorbed)  TOC removal  26 = (0.156-0.043)  53%  26 = 392 

1.557 (eq 8). And for the BC800/TCP, the given e- = ([TCP] initial - [TCP] adsorbed)  TOC removal  22 = (0.025-0.0036)  77%  22 = 0.363 393 

(eq 9). 394 

𝐶6𝐻5𝐶𝑙𝑂 + 11𝐻2𝑂 − 26𝑒− → 6𝐶𝑂2 + 𝐶𝑙− + ⁡27𝐻+ (8) 

𝐶6𝐻3𝐶𝑙3𝑂 + 11𝐻2𝑂 − 22𝑒− → 6𝐶𝑂2 + 3𝐶𝑙− + ⁡25𝐻+ (9) 

b The obtained electron equivalent of oxidant is calculated according to its actual dosage. 1 mol PDS/PMS accepts 2 mol e- during oxidation. 395 

c Electron utilization efficiency is calculated by the ratio of the given electron equivalent of pollutant/obtained electron equivalent of oxidant. 396 

 397 

In this study, the electron utilization efficiency of the BC800/PDS system is calculated as (0.363/0.2)  100% = 182%, which is much 398 

higher than the electron utilization efficiency in homogeneous persulfate oxidation (e.g. heat and UV activation). 22,23 This result highlights 399 

the potential benefits of heterogeneous biochar-catalyzed PDS oxidation for organic pollutant removal.  400 
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Table S3. Detection parameters of HPLC. 401 

Compound 

Mobile phase Wavelength  

(nm) 

Retention time  

(min) A (%) B (%) 

Phenol (PE) 70 30 270 4.1 

Hydroquinone (HQ) 20 80 285 7.6 

4-chlorophenol (CP) 70 30 280 8.8 

4-nitrophenol (NP) 70 30 254 7.4 

4-methylphenol (MP) 70 30 310 12.1 

2,6-dimethylphenol (DMP) 60 40 270 9.7 

3-methoxy-phenol (MOP) 70 30 226 4.0 

2,6-dichlorophenol (DCP) 90 10 280 7.5 

4-hydroxybenzoic acid (HBA) 50 50 250 9.1 

2,4,6-trichlorophenol (TCP) 70 30 284 11.6 

Furfuryl alcohol (FFA) 70 30 219 3.5 

Nitrobenzene (NB) 70 30 254 7.5 

Benzoic acid (BA) 55 45 235 4.6 

Mobile phase A: methanol; mobile phase B: water (1% acetic acid); column 402 

temperature: 30 ºC; flow rate: 1.0 mL min-1. 403 

  404 
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Table S4. Observed degradation rate constants kobs of phenolic compounds.    405 

Compound Structure Substituenta kobs,BC400 kobs,BC500 kobs,BC800 

PE  - 0.0011 0.0014 0.0035 

HQ  strong EDG   0.0026 0.0019 0.1189 

MOP 
 

strong EDG 0.0012 0.0009 0.0261 

DMP 

 

strong EDG 0.0018 0.0032 0.0731 

MP  weak EDG 0.0021 0.0027 0.0713 

CP  weak EWG 0.0014 0.0020 0.0085 

DCP 

 

weak EWG 0.0009 0.0022 0.0146 

TCP 

 

weak EWG 0.0024 0.0034 0.1169 

HBA  median EWG 0.0009 0.0015 0.0027 

NP  strong EWG 0.0011 0.0017 0.0018 

aEDG: electron-donating group; EWG: electron-withdrawing group. 406 

 407 

This substrate-dependent reactivity of the BC800/PDS system cannot be explained 408 

by the discrepancy in reaction rates between radicals and contaminants. For example, 409 

though MP and PE deliver similar second-order kinetic constants (kSO4
•-

, MP = 6.1 × 109 410 

M-1 s-1, kSO4
•-

, PE = 6.2 × 109 M-1 s-1, k•OH, MP = 2.2 × 1010 M-1 s-1, and k•OH, PE = 1.9 × 1010 411 

M-1 s-1),27,28 the latter was refractory to degrade in this system. We thus attribute this 412 

unique selectivity to electron-transfer nonradicals, whose oxidation pathways are 413 

widely reported to be susceptible to the electronic effects of substituents.29  414 
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Table S5. Open circuit potential (OCP) data of the three biochars.  415 

Samples 

 OCP a 

V+PDS ΔE+PDS ΔE+TCP ΔE+HQ b ΔE+MOP b ΔE+DMP b ΔE+PE b ΔE+CP b ΔE+DCP b ΔE+NP b 

BC400 0.43 0.192 -0.003 - - - - - - - 

BC500 0.46 0.214 -0.005 - - - - - - - 

BC800 0.67 0.407 -0.056 -0.135 -0.031 -0.045 -0.018 -0.031 -0.015 -0.010 

a Reaction conditions: [PDS]0 = 5 mM, [Phenols]0 = 5 mg L-1, 25 °C. 416 

b The change of potential when the contaminant is added alone. 417 

 418 

 419 

Table S6. Second-order rate constants (M-1 s-1) between ROS and probe compounds. 420 

Compound •OH SO4
•- 1O2 

Nitrobenzene 4.7 × 109, 30  < 106, 31  - 

Benzoic acid 2.1 × 109, 32  1.2 × 109, 31 - 

3-methoxy-phenol (MOP) - - 1.3× 107, 33 

TCP 5.4 × 109, 34 2.9 × 109, 35 1.7× 107, 33 

421 
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Table S7. Quantitative analysis of O species in the biochars based on O 1s XPS spectra. 422 

Samples Attribution 

Binding 

energy (eV) 

FWHM (eV) 

Relative 

content (%) 

BC400 

–OH 531.1 1.7 9.54 

C–O 532.2 1.6 8.03 

C=O  533.2 1.6 5.37 

BC500 

–OH 531.1 1.5 5.45 

C–O 532.2 1.7 8.29 

C=O 533.2 1.6 5.58 

BC800 

–OH 531.1 1.5 5.55 

C–O 532.2 1.5 6.22 

C=O 533.2 1.5 2.82 

oBC400 

–OH 531.1 1.6 7.27 

C–O 532.2 1.7 19.40 

C=O 533.2 1.7 7.44 

rBC400 

–OH 531.1 1.5 7.83 

C–O 532.2 1.6 8.36 

C=O 533.2 1.6 4.39 

Used BC400 

–OH 531.1 1.5 5.00 

C–O 532.2 1.5 12.43 

C=O 533.2 1.6 7.31 

Used BC500 

–OH 531.1 1.5 4.11 

C–O 532.2 1.6 11.54 

 C=O 533.2 1.5 7.14 

Used BC800 –OH 531.1 1.7 2.99 
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C–O 532.2 1.6 8.02 

C=O 533.2 1.7 3.92 

Used oBC400 

–OH 531.1 1.7 5.00 

C–O 532.2 1.5 15.85 

C=O 533.2 1.5 8.80 

 –OH 531.1 1.5 2.58 

Used rBC400 C–O 532.2 1.5 13.96 

 C=O 533.2 1.6 6.17 

423 
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Table S8. Elemental compositions of different biochars as well as their PFR properties 424 

(i.e., g-factor), C=O, and phenolic –OH contents. 425 

 BC400 BC500 BC800 oBC400 rBC400 

C 1s (at. %) a 77.06 80.68 85.41 65.89 79.42 

O 1s (at. %) a 22.94 19.32 14.59 34.11 20.58 

C 1s (at. %) b  78.91 79.22 85.06 70.34 77.30 

O 1s (at. %) b 21.09 20.78 14.94 29.66 22.70 

Ash (wt. %) 18.6 22.5 23.8 16.2 19.5 

C (wt. %) 54.6 57.2 65.1 49.4 57.9 

H (wt. %) 2.8 2.6 1.3 3.3 3.6 

O (wt. %) 23.1 16.9 8.9 30.2 17.8 

N (wt. %) 0.7 0.7 0.6 0.7 0.9 

S (wt. %) 0.2 0.1 0.3 0.2 0.3 

H/C (%) 0.62 0.55 0.24 0.80 0.75 

O/C (%) 0.32 0.22 0.10 0.46 0.23 

g-factor c 2.0043 2.0041 ND 2.0045 2.0042 

C=O  

(groups g-1) d 

4.3×107 8.6×107 3.5×107 13.1×107 2.0×107 

phenolic –OH 

(mmol g-1) 

0.16 0.08 0.01 0.12 0.30 

a Obtained by XPS analysis of fresh biochars; 426 

b Obtained by XPS analysis of used biochars after ethanol/benzene/water washing.  427 

c g-factor < 2.0030: carbon-centered PFRs; 428 

g-factor of 2.0030–2.0040: carbon-centered PFRs with an adjacent oxygen atom; 429 

g-factors > 2.0040: oxygen-centered PFRs.36 430 

d Determined by the dansyl hydrazine fluorescence labeling method.431 
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Table S9. Verification of the simulated biochar models. 432 

Samples 

Elemental composition (%) 

Empirical Formula 

C H O 

BC500 74.7 3.4 21.9 C1H0.55O0.22 

Simulated BC500 77.4 4.1 18.5 C28H18O5 

BC800 86.7 1.7 11.6 C1H0.24O0.10 

Simulated BC800 88.5 2.7 8.8 C70H26O6 

433 
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Part S3. Supplementary Figures 434 

 435 

Figure S1. (a) TCP removal by PDS oxidation and biochars adsorption, respectively. 436 

(b) Nitrogen adsorption-desorption isotherms (filled and open symbols correspond to 437 

the adsorption and desorption branches, respectively). (c) Normalized degradation rate 438 

constants by the specific surface area. Time profiles of TCP removal at pH = 7 and 10 439 

(d and e) in the biochar/PDS systems. (f) The zeta potential-pH curves for the biochars 440 

produced at different pyrolysis temperatures. (Reaction conditions: [PDS]0 = 5 mM, 441 

[biochar] = 0.2 g L-1, 25 °C.) 442 

 443 
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 444 

Figure S2. Degradation profiles of various phenols in the biochar/PDS system. 445 

(Reaction conditions: [PDS]0 = 5 mM, [biochar] = 0.2 g L-1, [phenols]0 = 5 mg L-1, 446 

25 °C.) 447 

  448 
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 449 

Figure S3. (a) EPR spectra for the BC400 and BC500 activated PDS systems in 450 

water/tert-butyl alcohol (v/v = 1). (b) EPR signals of TEMP adducts. (c) DMPO-trapped 451 

EPR spectroscopy analysis using MeOH as a solvent, and (d) UV-vis spectra for the 452 

examination of NBT2+. (Reaction conditions: [PDS]0 = 5 mM, [biochar] = 0.2 g L-1, 453 

[TCP]0 = 5 mg L-1, [DMPO] = 25 mM, [NBT] = 0.01 mM, 25 °C. 454 

 455 

To show the DMPO-SO4
•- signal more clearly, TBA as a scavenger for •OH was 456 

added into the activation system prior to EPR tests. As depicted in Figure S3a, 457 

remarkable signals of DMPO-SO4
•- were detected.  458 

 459 
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 460 

Figure S4. Quenching effects of different scavengers. (Reaction conditions: [PDS]0 = 461 

5 mM, [biochar] = 0.2 g L-1, [TCP]0 = 5 mg L-1, [Tert-butyl alcohol, TBA] = [Methanol, 462 

MeOH] = 0.5 M, [p-benzoquinone, p-BQ] = 10 mM, [L-tryptophan, L-TRP] = 10 mM, 463 

[Dimethyl sulfoxide, DMSO] = 10 mM, 25 °C.) 464 

  465 
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 466 

Figure S5. In situ Raman spectra of BC400 and BC500 combined with PDS ([PDS]0 = 467 

20 mM, [biochar] = 5 g L-1, solution pH without adjustment). 468 

 469 

The Raman results indicated that active complexes were also formed in the BC400 470 

and BC500/PDS systems, which was consistent with the OCP results that the addition 471 

of PDS elevated the potential of biochar-coated electrodes, among which the BC800 472 

system has the highest potential. 473 

 474 

 475 

 476 

Figure S6. (a) Two-chamber galvanic oxidation reactor. (b) Current formation and (c) 477 

TCP degradation in the reactor ([PDS]0 = 10 mM, [TCP]0 = 20 mg L-1, 25 °C). 478 
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 479 

Figure S7. Dynamic Tafel curves obtained using biochars-coated GCE as the working 480 

electrode. 481 

 482 

The exchange current density of BC800/PDS (9.03 μA cm-2) was higher than that of 483 

BC400/ and BC500/PDS, indicating that the PDS activation by BC800 had a lower 484 

activation barrier and higher electron-transfer rate than that by BC400 and BC500.  485 



S32 
 

 486 

Figure S8. Electrochemical impedance spectroscopy Nyquist plots. 487 

 488 

 489 

 490 

Figure S9. Degradation of TCP, nitrobenzene (NB), and benzoic acid (BA) in different 491 

systems. (Reaction conditions: [PDS]0 = 5 mM, [biochar] = 0.2 g L-1, [TCP]0 = 5 mg L-492 

1, [BA]0 = [NB] 0 = 0.01 mM, 25 °C.) 493 
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 494 

Figure S10. (a) Time course of furfuryl alcohol (FFA) removal. (b-d) Competitive 495 

degradation between TCP and 3-methoxy-phenol (MOP). (Reaction conditions: [PDS]0 496 

= 5 mM, [biochar] = 0.2 g L-1, [TCP]0 = [MOP]0 = 0.025 mM, [FFA]0 = 2 mM, 25 °C.) 497 

 498 

 499 
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 500 

Figure S11. (a) Concentration changes of PDS in biochar and thermal activation 501 

systems, and TCP degradation (dashed line) in thermal activation system. (Reaction 502 

conditions: [PDS]0 = 5 mM, [biochar] = 0.2 g L-1, [TCP]0 = 5 mg L-1, heating 503 

temperature = 70 °C.) (b) Photograph of the gelatinous substances in toluene after 504 

drying. 505 

 506 

The BC800 system showed a moderate PDS consumption than the other biochars 507 

(Figure S11a), that is, BC500 > BC800 > BC400, consistent with the order of SO4
•- 508 

yield. Notably, compared with all biochars, the thermal activation showed a more rapid 509 

PDS decline over reaction time and completely consumed the oxidant within 90 min, 510 

but exhibited a lower oxidation efficiency than BC800 (Figure S11a). These results 511 

emphasize the advantages of higher electron utilization efficiency in BC800/PDS 512 

systems dominated by nonradical oxidation. 513 

 514 
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 515 

Figure S12. (a) Structural formulas for the selected pollutants. (b) Photographs of 516 

degradation products dissolved in toluene. (c) Gel permeation chromatogram of the 517 

products eluted by toluene. (d, e) LC-MS spectrum of the products of aniline after 518 

ethanol elution. GC-MS chromatograms of the products in the (f-h) 519 

chlorobenzene/BC800/PDS and (i, j) 4-chlorobiphenyl/BC800/PDS systems. (Reaction 520 

conditions: [PDS]0 = 50 mM, [biochar] = 2 g L-1, [AN]0 = [CB] = [CBP] = 15 mM.) 521 

 522 

GPC results suggested that similar to phenols, phenyl oligomers were also found in 523 

the aniline (AN), chlorobenzene (CB), and 4-chlorobiphenyl (CBP) reaction systems. 524 

It is worth noting that the yield of degradation products (Figure S12b) of aniline 525 

dissolved in toluene is significantly higher than that of the latter two at the same dosage. 526 
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Combined with the aforementioned selective oxidation results (Table S4), we 527 

speculated that the benzene ring containing EDG (e.g., -NH2) is more prone to 528 

nonradical oxidation than the benzene ring bearing EWG (e.g., -Cl), thus facilitating 529 

the formation of oligomers via polymerization reactions. Furthermore, mass 530 

spectrometry results suggested that various dimeric products were also generated on the 531 

ethanol-washed biochar surface. These results substantially broaden the applicability of 532 

the proposed ‘selective oxidation_adhesion’ mechanism in non-phenolic pollutants.  533 

 534 

 535 

 536 

 537 

Figure S13. The reversible transformation of RAMs on biochars.538 
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 539 

Figure S14. Fitted curves of high-resolution XPS O1s spectrum of (a-e) fresh biochars and (f-j) used biochars after washing. (k) FTIR spectra and 540 

(l) PFRs intensity of biochars with tuned RAM compositions. (m) Degradation of benzoic acid (BA) in different systems. (Reaction conditions: 541 

[PDS]0 = 5 mM, [biochar] = 0.2 g L-1, [BA]0 = 0.01 mM, 25 °C.) (n) Changes in the PFRs signals and (o) TCP removal efficiencies of BC500 542 

before and after the reaction. (Reaction conditions: [PDS]0 = 5 mM, [biochar] = 0.2 g L-1, [TCP]0 = 5 mg L-1, 25 °C.)543 
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Herein, H2O2 oxidation was adopted to tune phenolic –OH, and semiquinone-type 544 

PFRs into quinoid C=O. From the O 1s XPS spectra (Table S7 and Figures S14a,d), the 545 

quinoid C=O content increased from 5.37 to 7.44%. Moreover, Table S8 shows that the 546 

surface concentration of C=O groups rapidly soared from 4.3 × 107 to 13.1 × 107 groups 547 

g-1 based on fluorescence labeling measurement. The FTIR spectra also recorded an 548 

enhanced intensity of quinoid C=O signal for oBC400 at ~1700 cm-1 (Figure S14k). 549 

Accompanied by the increased quinoid C=O, both phenolic –OH (from 0.16 to 0.12 550 

mmol g-1, Table S8) and oxygen-centered PFRs dropped considerably (Figure S14l). 551 

These observations confirm the conversion of reduced RAMs (i.e., phenolic -OH and 552 

semiquinone-type PFRs) into oxidized RAMs (i.e., quinoid C=O) via H2O2 treatment. 553 

To our surprise, a slight decline in TCP oxidation (adsorptive removal was deducted) 554 

occurred for oBC400 at pH 3 (12.6%), 7 (9.3%), and 10 (19.3%), as compared to 26.0, 555 

15.3, and 22.3% by BC400 (Figures 1a, S1d,e). Besides, the relative peak intensities of 556 

quinoid C=O experienced an increase after the TCP oxidation, as shown in FTIR spectra 557 

(Figure S14k) and XPS analysis (e.g., from 5.37 to 7.31 % for BC400, Figure S14f), 558 

suggesting that quinoid C=O might act as oxidized product, not reactants. Overall, these 559 

changes indicate the adverse effect of redundant quinoid C=O on PDS radical activation, 560 

as corroborated by the debilitated degradation performance of benzoic acid (i.e., a 561 

decreasing concentration of radicals in the oBC400/PDS system as compared to BC400, 562 

Figure S14m). 563 

Furthermore, sodium borohydride was used to increase the phenolic –OH content of 564 

BC400. As expected, the content of phenolic –OH expanded from 0.16 to 0.30 mmol 565 



S39 
 

g-1 (Table S8) and was accompanied by a diminution in both the amounts of quinoid 566 

C=O (from 4.3 × 107 groups g-1 to 2.0 × 107 groups g-1, Table S8) and semiquinone-567 

type PFRs (Figure S14l), meaning the successful reduction of RAMs. At pH 3, 28.4% 568 

of TCP was degraded by rBC400, higher than 26.0 % by BC400 (Figure 1a). Such an 569 

increased degradation efficacy also occurred under pH 7 (22.8%) and 10 (29.4%). 570 

These results indicated that the increasing phenolic –OH facilitated the TCP oxidation, 571 

which can be ascribed to the evolution of more radicals, as supported by the intensified 572 

removal of benzoic acid (Figure S14m). By releasing protons, phenolic –OH groups 573 

could be converted into organic radicals, which further induce the generation of SO4
•- 574 

(eq 10).37 575 

𝐵𝐶⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑂𝐻 + 𝑆2𝑂8
2− → 𝑆𝑂4

•− + 𝐵𝐶⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑂• +𝐻𝑆𝑂4
− (10) 

BC500 possessed less phenolic –OH but more PFRs (Table S8, Figure S14l), which 576 

demonstrated stronger catalytic capacity than BC400. To distinguish the role of PFRs, 577 

we then examined the changes in PFRs before and after the reactions. As shown in 578 

Figure S14n, the catalytic treatment substantially consumed the oxygen-centered PFRs 579 

intensity of BC500, while the adsorption of TCP alone had little effect on it. This 580 

indicates that PFRs might participate in the PDS activation and higher PFRs level favors 581 

TCP oxidation, which was reinforced by a poorer TCP degradation by used BC500 582 

(after a catalytic experiment, 17.7%) than fresh BC500 (30.8%) as shown in Figure 583 

S14o. Also, Figures 1e and S4b depict the formation of the strongest radical (i.e., SO4
•-, 584 

•OH, and O2
•-) adduct signals in the BC500/PDS system, which further upheld the PDS 585 

radical activation triggered by PFRs. Possible pathways for radical generation included 586 
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1) PDS accepted electrons from PFRs to evolve SO4
•-; 2) PFRs delivered electrons to 587 

O2 to produce O2
•-, and then O2

•- reacted with PDS to produce SO4
•-; 3) SO4

•- reacted 588 

with H2O/OH- to yield •OH.589 
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 590 

Figure S15. The FTIR spectrum of biochars. 591 

 592 

 593 

 594 

 595 

Figure S16. Optimized configurations of BC500, BC800, and S2O8. (purple: C, white: 596 

H, red: O, yellow: S.) 597 
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 598 

Figure S17. Gaps between HOMO and LUMO of the biochar models.  599 

 600 

 601 

 602 

 603 

 604 

Figure S18. Schematic diagram of biochar properties and reactivity as a function of 605 

pyrolysis temperature. 606 

 607 
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