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Abstract 26 

Degradation and detoxication of highly toxic 6PPD-quinone remain great challenges due to its 27 

stable structure. Herein, we establish a solar-light-driven IO4
- activation system for efficient28 

degradation of 6PPD-quinone at environmental concentration levels (10–100 μg L-1), with29 

residual concentration below 5.7 ng L-1 (detection limit) within 30 min. IO3
• was determined30 

as the primary reactive species after IO4
- activation for cleavage of the highly toxic quinone31 

structure. Single electron transfer (SET) is the most favorable route for IO3
• attacking, in which32 

single electrons achieve self-driven transfer from 6PPD-quinone to IO3
• due to the maintenance33 

of spatial inversion symmetry generated by dipole moments. Femtosecond transient absorption34 

spectra (fs-TAS) confirmed the formation of 6PPD-quinone cationic radical (6PPD-quinone•+),35 

which was the key reaction intermediate. This study proposes a promising technology for36 

degradation and detoxification of high-toxic 6PPD-quinone in water, and brings deep insight37 

into the reaction mechanism within IO4
- activation systems.38 

39 
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Introduction 40 

Tire-wear particles (TWP) are an important source of rainwater runoff pollution, which 41 

can release toxic pollutants with teratogenic, mutagenic, and estrogen effects1, 2. Among them, 42 

6PPD (N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine) is a widely used antioxidant 43 

and antiozonant in rubber tires3, 4. In the aerobic environment, 6PPD can transform into 6PPD-44 

quinone (N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine-quinone), which is a matter of 45 

great concern due to the high toxicity of 6PPD-quinone to aquatic organisms5, 6. 6PPD-quinone 46 

is a newly discovered emerging micropollutant, and so its detection and removal are very 47 

cutting-edge research topics.  48 

In the water matrix, 6PPD-quinone is formed through oxidation of 6PPD by singlet 49 

oxygen (1O2) in the ozone environment, through a series transformation process including 50 

amine group oxidation, side-chain oxidation and nitroxide radical formation (Fig. 1a)7, 8, 9. Thus, 51 

the high toxicity of 6PPD-quinone is attributed to the formed quinone structure10, 11, 12. In 52 

addition, 6PPD-quinone is more stable in water than 6PPD because the hydrolysis half-life of 53 

6PPD-quinone (12.8–16.3 d) is much longer than that of 6PPD (0.2–2.7 h)13, leading to 54 

persistent toxic effects on sensitive organisms10, 14. 6PPD-quinone has been widely detected in 55 

road runoff, tire rubber leachate and road dust, especially in natural waters6, 10, 15. The high 56 

toxicity of 6PPD-quinone poses a great threat to drinking water safety, and so effective 57 

treatment technologies are urgently required. However, to the best of our knowledge, the 58 

degradation and removal of 6PPD-quinone in water have not been investigated to date. 59 

Advanced oxidation processes (AOPs) can achieve rapid degradation and even 60 

mineralization of organic pollutants due to the production of reactive radicals16, 17. Recently, 61 

periodate-based AOP has attracted increasing interest regarding the degradation of micro-62 

pollutants because of its advantageous generation of iodine-related radicals with high 63 

electrophilicity besides the conventional hydroxyl radical (•OH)18, 19. IO3
•
 is considered the 64 
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most important species in periodate-based AOPs20, 21. Specifically, IO3
• achieves stronger 65 

electronic delocalization, where the free electron is delocalized on three oxygen atoms through 66 

resonance effect, thus occupying the low-energy single occupied molecular orbital (SOMO) 67 

for effective electrophilic attack22. However, research is very limited concerning the reaction 68 

mechanism of IO3
•-induced oxidation of organic compounds, especially the reaction route 69 

dependency of radical adduct formation (RAF), hydrogen atom abstraction (HAA), and single 70 

electron transfer (SET)23, 24. Moreover, the difference in reaction mechanism of electron 71 

distribution and transfer behavior at the molecular orbital level for IO3
•/•OH is also unclear. 72 

In this study, we report an AOP system of IO4
- activation under solar light irradiation 73 

(solar/IO4
-) to degrade 6PPD-quinone at environmental levels. The detoxification performance 74 

of 6PPD-quinone was evaluated by degradation kinetics, degradation pathway and toxicity to 75 

zebrafish embryos (Figs. 1b-1c). Dynamic electron distribution analysis was performed to 76 

deeply reveal the reaction mechanism. Additionally, the efficiency of solar/IO4
- technology for 77 

the removal of 6PPD-quinone in real water bodies under natural solar light was also evaluated 78 

for practical application. This study not only advances the understanding of IO3
•-initiated 79 

reaction mechanisms for organics degradation, but also proposes an efficient technology for 80 

the removal of 6PPD-quinone at environmental concentration levels. 81 

 82 

Results 83 

Degradation of 6PPD-quinone in solar/IO4
- system 84 

6PPD-quinone was successfully detected by an ultra-high performance liquid 85 

chromatography-mass/mass (UPLC-MS/MS) system, with a retention time (RT) of 9.95 min 86 

and a primary mass peak of m/z = 299.17477 (Supplementary Fig. 1)10. The limit of detection 87 

(LOD = 5.7 ng L-1) and limit of quantification (LOQ = 19.0 ng L-1) were determined as the 88 

lowest concentrations, giving signal to noise (S:N) ratios of 3 and 10, respectively25. 6PPD-89 
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quinone did not undergo photolysis or direct oxidation by IO4
- (< 3%) (Fig. 2a). For all three 90 

initial concentrations (i.e., 100, 50, and 10 μg L-1), 6PPD-quinone was effectively degraded by 91 

activated IO4
- (0.2 mmol L-1) under simulated solar light. Specifically, 100 μg L-1 of 6PPD-92 

quinone was degraded to a final residual concentration of 16.7 ng L-1 at 60 min, indicating a 93 

~4 orders of magnitude reduction after degradation (removal efficiency of 99.99%).  94 

The degradation of 6PPD-quinone can be well described by the pseudo-first order kinetic 95 

model26, with a rate constant (k1) of 0.14 min-1 (R2 = 0.98). In comparison, traditional AOPs 96 

(solar/H2O2 and solar/PDS) at the same condition for 6PPD-quinone degradation showed lower 97 

removal efficiencies of 69.2% and 84.1% at 60 min, respectively (Fig. 2b). The reaction rate 98 

constant in the solar/IO4
- system was 7.0 and 4.7 times higher than that in the solar/H2O2 (k1 = 99 

0.02 min-1) and solar/PDS (k1 = 0.03 min-1), respectively (Supplementary Table 1). In light-100 

induced homogenous AOPs, the pollutant degradation performance is highly related to the type 101 

and concentration of radicals, while the radical concentration is mainly determined by the light 102 

absorption coefficient and quantum yield of oxidant27. Specifically, under a typical light 103 

irradiation of 254 nm, the molar absorption coefficient of IO4
- (1460 L mol-1 cm-1) was much 104 

higher than that of H2O2 (17.5 L mol-1 cm-1) and PDS (25.0 L mol-1 cm-1) (Supplementary Fig. 105 

2). Moreover, the calculated quantum yield of IO4
- (1.56 mol Einstein-1) was much higher than 106 

that of H2O2 (0.5 mol Einstein-1) and PDS (1.4 mol Einstein-1) at 254 nm28, 29 (Supplementary 107 

Fig. 3 and Fig. 4). Given that 6PPD-quinone has typical concentrations of 2–19 μg L-1 in runoff 108 

and natural water bodies10, 30, we also investigated the degradation of 6PPD-quinone at a 109 

representative environmental concentration of 10 μg L-1 (Fig. 2a). Interestingly, 6PPD-quinone 110 

was completely degraded, with the residual concentration falling below LOD within 30 min. 111 

To the authors’ knowledge, this is the first time that trace 6PPD-quinone has been degraded. 112 

Zebrafish embryo exposure test was conducted to evaluate the toxicity attenuation during 113 

6PPD-quinone degradation (Fig. 2c)31. Although the mortality rate (48 h) of zebrafish embryos 114 
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placed in the initial solution (containing 6PPD-quinone and NaIO4 before reaction) in darkness 115 

was 77.8%, the rate in the transformation products (TPs) samples after degradation 116 

progressively decreased continuously with reaction time, finally to 10.0% at 120 min. 117 

Moreover, for the abnormal development test, when 6PPD-quinone solution samples were 118 

taken in the initial reaction period (0–20 min), not all the embryos hatched, but instead 119 

presented with pericardial edema32. 6PPD-quinone exposure would also induce malformations 120 

and cause morphological changes in zebrafish larvae33. However, most of the zebrafish 121 

embryos hatched normally when placed in the solution sample after 120-min reaction. 122 

Therefore, it is demonstrated that the proposed solar/IO4
- system effectively transformed 123 

6PPD-quinone into less toxic TPs. In our tests, the final residual concentration of 6PPD-124 

quinone was invariably lower than the toxicity threshold (95 ng L-1), with some values even 125 

lower than the detection limit (Supplementary Table 2). This indicates that solar/IO4
- AOP 126 

technology has great practical application potential to treat trace-level 6PPD-quinone in water. 127 

 128 

ROS production and contribution to 6PPD-quinone degradation 129 

Various reactive oxygen species (ROS) including IO3
•, •OH, and •O2

- have been reported 130 

to form after IO4
- activation by light irradiation (Equations 1–3)34. Scavenger quenching tests 131 

evaluated the contribution of produced ROS to 6PPD-quinone degradation (Fig. 3a). Addition 132 

of tert-butyl alcohol (TBA, as a scavenger of •OH) only slightly decreased the 6PPD-quinone 133 

degradation efficiency at 60 min from 99.9% to 94.5%, with an inhibitory efficiency (η) of 134 

5.5%, indicating a very limited contribution of •OH, in good accordance with the previous 135 

study35. A similar minor contribution of •O2
- was also observed with a slight inhibition effect 136 

(η = 3.9%) by Tiron (TI). Excess phenol was generally considered as a scavenger of both IO3
• 137 

and •OH18, and an obvious inhibition effect (η = 77.6%) on 6PPD-quinone degradation was 138 

observed. In addition, atomic oxygen, i.e. O(3P), and O3 can be also generated in light-induced 139 
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IO4
- AOPs29. Isopropanol (IPA) was used as the scavenger both for •OH and O(3P), and 140 

cinnamic acid was used for O3. The addition of IPA showed a similar inhibition effect to TBA 141 

(Supplementary Fig. 5), so the role of O(3P) in the removal of 6PPD-quinone was also limited 142 

(η = 6.2%). Addition of cinnamic acid also indicated the low contribution of O3 (η = 1.89%). 143 

Notably, previous studies have reported that the transformation of 6PPD-quinone from 6PPD 144 

occurs at the O3 environment6, 7, 15, indicating 6PPD-quinone is chemically stable under the 145 

attack of O3.  146 

Reactive iodine species (RIS) (e.g., HOI, I2, I3
- and I-) were not detected in the solar/IO4

- 147 

system (Supplementary Fig. 6), while a highly related linear relationship (R2 = 0.9995) 148 

between k1 and IO4
- dosage was found (Supplementary Fig. 7). This further confirms that IO3

• 149 

generated from IO4
- activation played the primary role in degradation of 6PPD-quinone, with 150 

minor contributions from •OH and other reactive species. The quantitative analysis further 151 

revealed that 30.3% of IO4
- (dosage of 0.2 mmol L-1) was converted to non-toxic IO3

- after 60 152 

min’s reaction (Fig. 3b). The iodine mass balance also indicated that all IO4
- was converted 153 

into IO3
- (total IO4

- and IO3
- content maintained at 100%). This blocked the possibility of 154 

generation of iodinated disinfection byproducts (I-DBPs) since RISs such as HOI, I2 and I3
- 155 

have a higher activity to oxidize natural organic matter (NOM) to form I-DBPs20, 36, 37. UPLC-156 

MS/MS analysis also confirmed that new byproducts were nondetectable after the addition of 157 

humic acid in the solar/IO4
- system (Supplementary Fig. 8). This indicates that the solar/IO4

- 158 

AOP is an efficient technology for 6PPD-quinone degradation without any I-DBPs formation. 159 

UV-

4 3IO   IO  + O −⎯⎯→                                                   (1) 160 

+O  + H   OH− →                                               (2) 161 

UV- - -

4 2 3 2 2IO  + O + 2OH   IO  + 2 O  + H O−⎯⎯→                                (3) 162 

For the electron paramagnetic resonance (EPR) analysis on ROS identification, after 163 

adding the radical trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in dimethyl 164 
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sulfoxide (DMSO), the DMPO-IO3
• peak (AN = 14.6 G, AH = 12.2 G) was readily detected (Fig. 165 

3c). Meanwhile, •O2
- was also detected in DMSO solution, presenting in protonated form 166 

(•OOH, •O2
- + H+ ⇋ •OOH) with AN = 13.7 G, AH = 8.5 G and AH = 1.0 G. The signal of DMPO-167 

IO3
• disappeared after the addition of phenol, further confirming its quenching effect for IO3

•. 168 

Moreover, in water matrix, only a weak DMPO-•OH signal was observed with peak intensity 169 

of 1:2:2:1 (AN = AH = 15.0 G) (Fig. 3d and Supplementary Fig. 9). This is because •OH was 170 

generated by the protonation of O•- (1.0 × 108 s-1) (Equation 2) and the transformation reaction 171 

between O•- and H2O (1.8 × 106 L mol-1 s-1)38. The lower signal intensity was assigned to the 172 

consumption of generated IO3
- (1.3 × 109 L mol-1 s-1). Using nitrobenzene (NB) as a radical 173 

probe29, we further determined the steady-state concentration of •OH in the system as having 174 

an extremely low value of 6.4 × 10-14 mol L-1 (Supplementary Fig. 10a). Based on 6PPD-175 

quinone degradation kinetics in the UV/H2O2 system (Supplementary Fig. 10b), the apparent 176 

second-order rate constant (kOP) of •OH with 6PPD-quinone was calculated to be 4.8 × 108 L 177 

mol-1 s-1. The steady-state concentration of IO3
• was determined to be 4.7 × 10-12 mol L-1 178 

(Supplementary Figs. 10c-10d), and so the apparent second-order rate constant of IO3
• with 179 

6PPD-quinone was 3.0 × 1010 L mol-1 s-1, two orders higher than for •OH. 180 

 181 

Degradation pathway of 6PPD-quinone in solar/IO4
- system 182 

Compared with the structure of 6PPD, detoxification is closely related to destruction of the 183 

quinone structure of 6PPD-quinone (Supplementary Fig. 11)12, 13, 32. Supplementary Table 3 184 

and Supplementary Fig. 12 present the information of primary TPs during 6PPD-quinone 185 

degradation detected by UPLC-MS/MS. Thus, Fig. 4a summarizes the degradation pathway of 186 

6PPD-quinone in the solar/IO4
- system. To break the quinone group of 6PPD-quinone at the 187 

initial degradation stage, the reaction mainly proceeded through ring-opening and C–N bond 188 

cleavage (Fig. 4a). Specifically, radical (mainly IO3
•) attack on 3C (Pathway I) and 6C 189 
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(Pathway II) sites led to hydroxylation of the quinone group and formation of ring-opening TPs 190 

(TP-A and TP-B) (Supplementary Figs. 12a-12b). Further radical attack on TP-A resulted in 191 

oxidation of the ketone group and C–N cleavage at the 9N site, causing formation of TP-G and 192 

TP-J. Then, small-molecule amino compound (TP-D, aniline) was generated after further 193 

oxidation. The formation of TP-B was mainly attributed to the ring-opening reaction at the 6C 194 

site, which was a dicarboxylic acid compound. Next, an important degradation product (TP-E) 195 

formed through pathway II, which was detected at both positive and negative modes 196 

(Supplementary Fig. 12e and Fig. 12i). Afterwards, short-chain amino fatty acids such as TP-197 

K (amino malonic acid) were identified during the deep oxidation stage. Meanwhile, TP-C, 198 

TP-F and TP-H were saturated alkane carbon chain products generated from the parent 6PPD-199 

quinone, after cleavage of 2C–16N and 2C–3C bonds.  200 

Variation in mass abundance change indicated the continuous formation of TPs during the 201 

reaction (Supplementary Fig. 13). Specifically, TP-B first accumulated and then decomposed 202 

within the reaction time. TP-C (1,3-dimethyl butylamine) and TP-D (aniline) were directly 203 

produced after the radical attack on the 16N and 9N sites of 6PPD-quinone and intermediates, 204 

respectively (Supplementary Figs. 12c-12d). Using standard chemicals (Supplementary Fig. 205 

14), the concentrations of TP-C and TP-D during reaction were precisely determined as 0.07 206 

and 0.10 μmol L-1 at 60 min, respectively (Supplementary Fig. 15). Thus, the transformation 207 

rates of TP-C and TP-D from 6PPD-quinone were calculated as 21.2% and 30.0% at 60 min. 208 

TP-F was also produced through hydroxylation of the amine group after either radical addition 209 

of •OH or hydrolysis reaction under attack by IO3
•. It is therefore suggested that IO3

• exhibited 210 

high selectivity regarding the degradation of 6PPD-quinone and formation of TPs. 211 

 212 

Reaction mechanism and routes of IO3
•/•OH with 6PPD-quinone 213 

The electrostatic potential (ESP) distribution displays the electron-rich region of 6PPD-214 
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quinone concentrates on the quinone groups (Fig. 5a), which are reactive for attack by 215 

electrophiles such as IO3
• and •OH39. Both the highest occupied molecular orbital (HOMO) and 216 

the lowest unoccupied molecular orbital (LUMO) of 6PPD-quinone are located in the quinone 217 

groups (Fig. 5b), indicating that the quinone groups exhibit high reactivity in terms of both 218 

losing and gaining electrons. The condensed Fukui index is introduced to further quantitively 219 

describe the reactive sites40. As both IO3
•
 (primary radical) and •OH are electrophilic species41, 220 

42, the electrophilicity index (ω), defined as the ability to attack the electrophilic site of target 221 

pollutants, is calculated as a measure of electrophilic power43. Here IO3
• (ω = 8.11 eV) has 222 

even higher electrophilicity than •OH (ω = 7.48 eV) (Supplementary Fig. 16). In addition, 223 

theoretical calculation for IO3
• shows that it has higher electron affinity (4.3 eV) than •OH (1.8 224 

eV), indicating stronger ability to achieve single electron transfer44. Higher values of 225 

electrophilicity index and electron affinity of IO3
• are obtained because this radical displays a 226 

pyramidal equilibrium structure (C3v symmetry), and the unpaired electron density is 227 

delocalized equally on the three oxygen atoms (Fig. 5d), thus elevating both the delocalized 228 

charge density and spin-orbit splitting effect45. Hence, the condensed Fukui index (f –) 229 

representing the electrophilic attack on 6PPD-quinone is calculated (Fig. 5c), indicating that 230 

3C (f – = 0.134), 6C (f – = 0.174), 9N (f – = 0.105), 13C (f – = 0.085) and 16N (f – = 0.092) sites 231 

with highest Fukui indexes are the most reactive sites. In general, the reaction routes between 232 

radicals and organic pollutants include typical RAF, HAA, and SET routes42. To further reveal 233 

the reactive mechanism of IO3
• with 6PPD-quinone, especially the cleavage of quinone groups, 234 

the energy change profiles of each route are calculated. Supplementary Tables 4-5 list the 235 

optimized structures of the reactants (R), transition state (TS) and intermediate (IM) during 236 

6PPD-quinone oxidation determined using Gaussian software. 237 

For the RAF route, the 3C (f – = 0.134) and 6C (f – = 0.174) atoms in the quinone structure 238 

with the highest electrophilic Fukui index and double bond are inclined to be attacked. However, 239 
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the energy changes indicate that RAF reaction is both thermodynamically and kinetically 240 

unfavorable at these two sites for IO3
•, owing to the positive Gibbs free energy change (ΔG = 241 

3.4 kcal mol-1 at 3C and ΔG = 5.1 kcal mol-1 at 6C) and high reaction activation energy (ΔG‡ 242 

= 13.7 kcal mol-1 at 3C and ΔG‡ = 15.4 kcal mol-1 at 6C) (Supplementary Fig. 17a and Fig. 243 

5f). It is because the large van der Waals radius (3.00 Å) of IO3
• leads to high steric hindrance 244 

which affects the radical addition reaction. By comparison, reaction driven by •OH with a 245 

smaller van der Waals radius (2.22 Å) is feasible thermodynamically because the RAF reactions 246 

at the 3C and 6C sites exhibit negative Gibbs free energy change (ΔG = -24.4 kcal mol-1 at 3C 247 

and ΔG = -16.3 kcal mol-1 at 6C) and low reaction energy barrier (ΔG‡ = 5.5 kcal mol-1 at 3C 248 

and ΔG‡ = 6.7 kcal mol-1 at 6C). The addition product of •OH then achieves cleavage of the C–249 

N bond (2C–16N and 4C–9N) (Fig. 4b). Moreover, •OH addition at the 3C site leads to 250 

formation of TP-C after electron transfer between fragments and the hydrolysis reaction, 251 

whereas addition at the 6C site leads to the formation of TP-D (Fig. 4b). However, the 252 

contribution of the RAF route driven by •OH to 6PPD-quinone is limited as previously 253 

discussed, due to the low concentration of generated •OH. This unfavorable RAF route for IO3
• 254 

avoids generation of iodine-addition byproducts, consistent with the TPs identified by UPLC-255 

MS/MS (Fig. 4a).  256 

HAA

3 36PP IO   IO  D quinone 6PPD quinone H⎯⎯⎯→− + − +                     (4) 257 

HAA

26PP OH  O D quinone 6PPD quinone H⎯⎯⎯→− + − +                     (5) 258 

For the HAA route, 6PPD-quinone transforms into a neutral carbon-centered radical 259 

(6PPD-quinone•) after H abstraction, and meanwhile, IO3
• and •OH transform into HIO3 and 260 

H2O (Equations 4-5) (Supplementary Fig. 18)46. In addition, abstraction of H atoms in the 261 

quinone structure (C3–23H and C6–24H) and associated with N (N9–H25 and N16–H31) are 262 

likely to occur due to the low values of bond dissociation energy (BDE), which is of 263 

considerable relevance to the toxic quinone structure (Supplementary Table 6). However, the 264 
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energy changes indicate that the IO3
•-driven HAA reaction at the four sites is 265 

thermodynamically unfavorable considering the positive Gibbs free energy changes and quite 266 

high reaction activation energies (Fig. 5f). Conversely, for the •OH-driven HAA reaction, 267 

abstraction of H atoms at all the considered sites is thermodynamically favorable due to the 268 

negative ΔG values (Supplementary Fig. 17c). However, high activation energies are 269 

observed at 3C (ΔG‡ = 7.4 kcal mol-1) and 6C (ΔG‡ = 10.6 kcal mol-1) sites. Thus, the most 270 

reactive sites are located at 16N and 9N due to the greatly negative ΔG and lower ΔG‡ (Fig. 271 

5f). We now introduce bond order as a descriptor to describe bonding strength in order to 272 

investigate the bond change during the reaction (Supplementary Tables 7-8)42. The bond order 273 

of 9N–25H gradually decreases from 0.74 for R to 0.53 for TS, and then to 0.17 for IM, while 274 

the bond order of 25H–46O increases from 0.22 (R) to 0.82 (IM) (Supplementary Table 7), 275 

implying cleavage of the 9N–25H bond in 6PPD-quinone and formation of 25H–46O bond in 276 

the H2O molecule. The spin density distribution also exhibits spin change from the 46O atom 277 

of •OH to the 9N site of 6PPD-quinone during HAA process by •OH (Fig. 5e). A similar result 278 

is also obtained at the 16N–31H site (Supplementary Table 8). The HAA route driven by •OH 279 

at the 16N and 9N sites leads to the generation of N-centered radicals (Supplementary Fig. 280 

19). Then, C–N cleavage occurs through subsequent electron transfer from the 3C/6C sites on 281 

the quinone structure, resulting in the formation of TP-C and TP-D (Fig. 4c). 282 

 283 

Single electron transfer mechanism from 6PPD-quinone to IO3
• 284 

During the SET process, electrons transfer from 6PPD-quinone molecules to oxidant (IO3
• and 285 

•OH) (Equations 6–7), leading to the formation of 6PPD-quinone•+ (Fig. 4d), after which a 286 

series of subsequent reactions occur. The energy change profile indicates that the SET reaction 287 

driven by •OH for 6PPD-quinone oxidation is thermodynamically unfavorable (∆G = 10.4 kcal 288 

mol-1), with a high energy barrier of ΔG‡ = 22.6 kcal mol-1 (Fig. 5f). However, for IO3
•, a 289 
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negative ∆G (-28.3 kcal mol-1) and a low ∆G‡ value of 4.5 kcal mol-1 are obtained, suggesting 290 

that this reaction is both thermodynamically and kinetically favorable. As discussed earlier, 291 

IO3
• plays the dominant role in 6PPD-quinone degradation, but IO3

• cannot react with this 292 

pollutant through RAF and HAA routes, and so SET is the primary reaction route. IO3
• readily 293 

gains electrons from the 6PPD-quinone molecule, owing to the very negative energy of the 294 

lowest unoccupied molecular orbital (ELUMO). The calculated ELUMOs of IO3
• and •OH are 295 

-6.7 and -4.9 eV, respectively (Supplementary Fig. 20). Therefore, IO3
• can accept electrons 296 

from 6PPD-quinone due to the more negative energy level, but •OH cannot. Moreover, a dipole 297 

moment is created as IO3
• approaches the 6PPD-quinone molecules (Fig. 5d), requiring self-298 

driven electron transfers to maintain spatial inversion symmetry. The SET process mainly 299 

occurs at the 3C and 6C sites in the quinone structure of 6PPD-quinone, due to the higher 300 

electrophilic Fukui index and uneven electron density of the conjugated π orbital of the C=C 301 

bond (Fig. 5c). We now take the 6C site as an example for further discussion noting that it has 302 

the highest Fukui index (f – = 0.174) and largest spin density (0.392) after losing an electron 303 

(Supplementary Table 9). 304 

SET

3 36P IO   IOPD quinone 6PPD qu  inone + −⎯⎯+ − +⎯→−                        (6) 305 

SET -6PPD quinon OH  e 6PPD quinone OH  +⎯⎯− −⎯ +→+                     (7) 306 

The SOMOs of IO3
• and 6PPD-quinone are further analyzed to explore the electron 307 

transfer process at the molecular orbital level (Fig. 6a). For IO3
•, the I–O bond has a sp3-308 

hybridization form, where the unpaired electron is distributed on the non-bonding (n) orbital. 309 

Both O and I atoms in the I–O bond have delocalized electron pairs, with the empty antibonding 310 

orbital of the I=O double bond available for effective promotion of charge transfer22. For 6PPD-311 

quinone, the conjugated π electron between the two ketone groups and the connected 312 

asymmetric amino groups results in uneven electron density inside the molecule. For the most 313 

reactive 6C site for SET reaction, sp2-hybridization is adopted for the 5C=6C double bond, 314 
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including three σ orbitals and one π orbital. The π electron with higher reactivity tends to be 315 

captured by IO3
• and enters the n orbital of IO3

•, forming IO3
- and 6PPD-quinone•+. The 316 

isosurface of charge density difference also shows the generation of electron-rich and electron-317 

deficient regions on the quinone structure after electron transfer from 6PPD-quinone to IO3
• 318 

(Supplementary Fig. 21). The charge transfer characteristic of π electron involvement is 319 

obtained from the output configuration information, attributed to the nodal isosurface on the 320 

conjugate plane. 321 

6PPD-quinone•+ generated from the SET reaction by IO3
• is the key species for further 322 

reaction, as ring-opening reaction can be achieved through hydrolysis of 6PPD-quinone•+ (Fig. 323 

4d), leading to destruction of quinone structure and toxicity attenuation. Spin density 324 

distribution analysis shows that unpaired electrons of 6PPD-quinone•+ mainly concentrate on 325 

6C (0.392) and 3C (0.266) atoms (Fig. 6b), where the radical electron delocalizes on the ring 326 

of the quinone structure causing resonance and promoting the hydrolysis reaction. In the 327 

hydrolysis process (Fig. 4d), 6PPD-quinone•+ is attacked by H2O molecules and a ring-opening 328 

radical (TP-RO) forms after charge rearrangement-induced cleavage of the 6C–5C bond. Later, 329 

a radical coupling reaction occurs between TP-RO and IO3
•, resulting in a precursor of the 330 

detected TP-B product (TP-PB) after charge transfer between fragments. Similarly, the IO3
•-331 

driven SET reaction occurs at the 3C site, leading to production of the precursor of TB-A (TP-332 

PA) (Supplementary Fig. 22). After further oxidation, TP-PA and TP-PB transform into TP-C 333 

and TP-D, confirmed to be the primary TPs in the solar/IO4
- system.  334 

We further confirmed the production of 6PPD-quinone•+ through EPR and femtosecond 335 

transient absorption spectra (fs-TAS) measurement. In the EPR test, the generated 6PPD-336 

quinone•+ was captured by DMPO at a lower temperature (275 K), with a characteristic signal 337 

of AN = 16.4 G and AH = 23.2 G (Fig. 6c). The radical signal with a total spectral width of 56 338 

G and AH/AN ratio of 1.4 was assigned to a saturated carbon-centered radical47. In addition, 339 
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before fs-TAS characterization, the theoretical UV-vis light absorption spectra of 6PPD-340 

quinone and 6PPD-quinone•+ are simulated through a time-dependent density functional theory 341 

(TDDFT) calculation (Supplementary Fig. 23). Compared to 6PPD-quinone, the main 342 

absorption peak of 6PPD-quinone•+ displays a red shift from 340 to 360 nm after electron 343 

transfer. Moreover, an emerging peak at 550−700 nm is also observed, as a characteristic 344 

absorption signal for 6PPD-quinone•+. The fs-TAS detection then confirmed the formation 345 

process of 6PPD-quinone•+ because of the broad negative peak observed at 550−700 nm 346 

corresponding to the signal of ground-state bleach (GSB) (Fig. 6d)48. The GSB signals were 347 

attributed to the generation of the excited state, which was more reactive for oxidation. 348 

Interestingly, the bleach signal exhibited a red shift from 600 to 635 nm with reaction time, 349 

implying the effectiveness of electron transfers among the quinone structure and the excited-350 

state geometric relaxation49. The shift of the main peak therefore explains the simultaneous 351 

reaction between generation and oxidation processes of 6PPD-quinone•+. In addition, dynamics 352 

of the GSB signal indicate the fast speed of the electron transfer process as signals were 353 

observed just in 5 ps (Supplementary Fig. 24)50. In summary, the generation of 6PPD-354 

quinone•+ was found to be the most important transformation intermediate in the SET reaction, 355 

with the ring-opening reaction of the quinone structure achieved under IO3
• attack. 356 

Water chemistry factors effects and 6PPD-quinone degradation under natural solar light.  357 

To verify the applicability of solar/IO4
- system to the degradation of 6PPD-quinone in actual 358 

aquatic environments, the effects of various water chemical factors were investigated. Our 359 

results indicate that high 6PPD-quinone degradation efficiencies were obtained over a wide pH 360 

range of 3–9 (> 88%) (Supplementary Fig. 25a). In addition, in the presence of a high 361 

concentration of Na+ (1.0 mmol L-1), Ca2+ (1.0 mmol L-1), Cl- (1.0 mmol L-1) and HA (1.0 mg 362 

L-1 as TOC), the final concentration of 6PPD-quinone was still below 1 μg L-1 after 60-min 363 

reaction, achieving high degradation efficiencies of > 99% (Supplementary Figs. 25b-25c). 364 
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In real water matrixes such as lake and river water bodies (Supplementary Fig. 25d), the 365 

6PPD-quinone degradation efficiency was inhibited due to the radical quenching effects caused 366 

by natural organic matter and microorganisms. However, solar/IO4
- system still showed better 367 

performance than solar/H2O2 and solar/PDS systems. To verify the effectiveness of 6PPD-368 

quinone degradation by IO4
- activated under natural solar light, experiments were carried out 369 

at times of 10:00 (light intensity = 45 mW cm-2), 13:00 (light intensity = 60 mW cm-2) and 370 

16:00 (light intensity = 18 mW cm-2), respectively (Supplementary Fig. 26). Photolysis of 371 

6PPD-quinone hardly occurred under natural solar light (Fig. 2d). However, in the 10:00 and 372 

13:00 tests with the addition of IO4
-, 6PPD-quinone was degraded by 94.0% and 94.8% within 373 

60 min, and the residual concentrations were below 1 μg L-1. The foregoing results indicate 374 

that the solar/IO4
- system can efficiently degrade environmental-level 6PPD-quinone under 375 

natural solar light. 376 

 377 

Implications for 6PPD-quinone degradation research 378 

The emerging threat of 6PPD-quinone to the natural water environment is greatly concerning 379 

due to the sheer quantity of tire-wear particles in urban rainwater runoff and water bodies. For 380 

the removal of 6PPD-quinone from water, efficient and effective technologies, such as AOPs 381 

with high reactive species, urgently require implementation in order to remove this contaminant 382 

from water even at environment-level concentration. The present study has reported on a solar-383 

light-driven periodate activation system that achieves removal of 6PPD-quinone at 384 

environmental level with high efficiency (> 99%), resulting in a residual concentration much 385 

lower than the reported LC50 for coho salmon (an aquatic organism that is highly sensitive to 386 

6PPD-quinone). More importantly, as a specific, key reactive species, IO3
• is found to exhibit 387 

higher electrophilicity and electronic affinity than conventional •OH. The underlying 388 

mechanisms of IO3
•-driven SET reaction and quinone structure ring-opening reaction for 389 
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detoxification have been explored at the molecular level. In short, the IO4
- activation system 390 

effectively removes 6PPD-quinone under conditions of natural solar light with strong 391 

environmental resistance, providing a reference technology for the treatment and removal of 392 

toxic organic pollutants from water. 393 

 394 

Methods 395 

6PPD-quinone degradation by IO4
- activated under solar light 396 

Batch degradation experiments were carried out in a quartz reactor with circulating water to 397 

maintain the temperature at 25 °C. Simulated solar light was supplied by Microsolar 300A 398 

irradiation equipment (AM1.5 mode, Beijing PerfectLight, China) equipped with a 300 W Xe 399 

light, whose light intensity was set at 100 mW cm-2 during the solar irradiation process. A 400 

typical 6PPD-quinone degradation test was carried out as follows: 99 mL of 6PPD-quinone 401 

(100 μg L-1) and 1 mL of 20 mmol L-1 IO4
- (stock solution concentration of 20 mmol L-1) were 402 

mixed and stirred at 400 rpm. The solution pH was adjusted to 5 using HClO4 and NaOH (0.1 403 

mmol L-1). IO4
- activation was initialized after the simulated solar light was switched on. At 404 

predetermined time intervals, a 1 mL sample was collected immediately in a vial, and 10 μL of 405 

0.1 mol L-1 Na2S2O3 pre-injected into the vial to quench the radical reaction. All experiments 406 

were conducted in triplicate. Control tests of photolysis and direct oxidation of IO4
- were also 407 

carried out under the same conditions. Degradation experiments under natural sunlight 408 

irradiation were performed outdoors in August 2022 on the campus of Peking University 409 

(Longitude: 116.31088; latitude: 39.99281), Beijing, China. Degradation experiments were 410 

carried out at 10:00, 13:00 and 16:00, when the light intensity was ~45, 60 and 18 mW cm-2 411 

measured by an optical power meter (1919-R, Newport), respectively. The quantum yield of 412 

IO4
- was calculated from the fluence-based reaction rate constants29, 51. 413 

Analysis of 6PPD-quinone and formed I-related species 414 
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Concentration of 6PPD-quinone was determined using a UPLC-MS/MS (Dionex UltiMate 415 

3000 Series; MS, Thermo Scientific, USA) equipped with a Zorbax RX-C18 column. The 416 

column temperature was set at 30 ℃ and a sample volume of 5 μL injected. The mobile phase 417 

comprised a mixture of chromatography-grade water with 0.1% formic acid and methanol at a 418 

flow rate of 0.2 mL min-1. Concentrations of IO4
-, IO3

-, HOI and I- were determined by UPLC-419 

MS/MS in electrospray ionization negative mode (ESI- mode). The concentration of I2 was 420 

determined by measuring the absorbance at 460 nm36. 421 

Zebrafish exposure test on toxicity evaluation 422 

Zebrafish eggs were collected from adult zebrafish, maintained in an automatic circulation 423 

system at 28 °C and subject to a regular light (14 h)/dark (10 h) cycle. Exposure tests were 424 

conducted using 12 well plates with 15 embryos per well in a constant temperature incubator 425 

at 28 °C, following the Organization for Economic Cooperation and Development (OECD) test 426 

guideline (236) for fish embryo acute toxicity52. The embryos were exposed to water samples 427 

(containing residual 6PPD-quinone and TPs) taken at predetermined degradation time intervals 428 

(0–120 min) for 48 hours post-fertilization (hpf). The exposure tests were conducted in 429 

triplicate and 15 embryos were used in each parallel experiment (i.e., a total of 45 embryos for 430 

each collected water sample). Embryo pictures were obtained by means of an inverted 431 

biomicroscope (JSZ6S, Olympus, Japan). Mortality rate and hatching rate were recorded. 432 

EPR test on the identification of radicals 433 

ROS generated in the solar/IO4
- AOP system was obtained using an EMXplus-6/1 EPR 434 

spectrometer (Bruker, Germany). DMPO was used as a spin-trapping agent for the detection of 435 

•OH, •O2
- and IO3

• in the reaction system in water or DMSO. Specifically, the mixture for •OH 436 

detection was prepared by mixing 50 μL of DMPO (1 mol L-1) and 450 μL of IO4
- (10 mmol 437 

L-1) solution in water, whereas •O2
- and IO3

• were detected in DMSO. The resulting EPR data 438 
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were analyzed using MATLAB Software (version R2021a) and the EasySpin package (version 439 

5.2.33). 440 

DFT calculation methods 441 

Theoretical calculations of the 6PPD-quinone reaction are all performed by Gaussian 16 C.01 442 

software53. All geometrical optimization and vibrational frequencies of R, TS and IM are 443 

calculated using hybrid density functional theory (DFT) at B3LYP/def-SVP level. Single-point 444 

energy, spin density, and electrophilicity index of radicals and organic compounds are 445 

calculated for the optimized geometry using B3LYP/def2-TZVP. Specific analysis is completed 446 

by Multiwfn 3.8 software, combined with Visual Molecular Dynamics (VMD) software54. The 447 

change in Gibbs free energy of reaction (∆G, kcal mol-1) is determined as the difference 448 

between the product and reactant of elementary processes, while the reaction activation energy 449 

(ΔG‡, kcal mol-1) is calculated as the difference between TS and R for HAA and RAF routes. 450 

Electrostatic potential, HOMO, LUMO, condensed Fukui index of 6PPD-quinone, and BDE 451 

of the H–C/H–N bond are calculated at B3LYP/def-TZVP level after geometrical optimization 452 

of the chemical structure. Theoretical UV-vis absorption spectra are obtained by calculating the 453 

excited states using time-dependent density functional theory (TDDFT). Sixty excited states 454 

are evaluated in the TDDFT calculation to cover the entire UV-visible light range. 455 

 456 

Data availability 457 

All relevant data that support the findings of this study are presented in the Article and 458 

Supplementary Information. Source data are provided in this paper. The source data can also 459 

be accessed through the fig-share repository and are freely available for download. 460 

Code availability 461 

The codes for structural optimization of organic compounds performed on Gaussian 16 462 

software are provided in this paper. The initial configuration of reactants and conjectured 463 
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structure of the transition state (TS) is built on GaussView. The geometrical optimization and 464 

vibrational frequency are calculated at the B3LYP/def-SVP level. Single-point energy, spin 465 

density, charge distribution, and electrophilicity index are calculated for the optimized 466 

geometry at the B3LYP/def2-TZVP level. Specific analysis is completed by Multiwfn 3.8 467 

software, combined with Visual Molecular Dynamics (VMD) software. 468 
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Figure Legends 486 

Fig. 1 Schematic diagram showing the construction of the periodate activation system for 487 
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degradation of 6PPD-quinone. a, Transformation route from 6PPD to 6PPD-quinone through 488 

ozonation in the environment. b, Design of solar-light-driven periodate activation system and 489 

properties of generated IO3
•. c, Degradation of 6PPD-quinone under attack from IO3

• and •OH. 490 

Fig. 2 Degradation and toxicity reduction of 6PPD-quinone by solar light activating 491 

periodate. a, Degradation kinetics of 6PPD-quinone in the solar/IO4
- system. b, Degradation 492 

kinetics of 6PPD-quinone in solar/IO4
-, solar/PDS and solar/H2O2 systems. c, Acute mortality 493 

of zebrafish (48 h) after addition of degradation water samples in the solar/IO4
- system at 494 

predetermined time intervals. d, Degradation performance of 6PPD-quinone under natural 495 

solar light. Data are presented as mean values ± standard deviation from triplicate independent 496 

experiments (n = 3). Experimental conditions: pH = 5, [oxidant (IO4
-, PDS or H2O2)] = 0.2 497 

mmol L-1; [6PPD-quinone] = 100, 50, or 10 μg L-1 for a, [6PPD] = 100 μg L-1 for b-d. 498 

Fig. 3 The contribution and identification of reactive species on the degradation of 6PPD-499 

quinone in the solar/IO4
- system. a, Influence of different scavengers on 6PPD-quinone 500 

degradation. b, Conversion of iodine-related species during the reaction. c, EPR spectra of 501 

DMPO-•OOH and DMPO-IO3
• in DMSO (SSL: simulated solar light). d, EPR spectra of 502 

DMPO-•OH and DMPOO in water. Data in a and b are presented as mean values ± standard 503 

deviation from triplicate independent experiments (n = 3). Experimental conditions: pH = 5, 504 

[IO4
-] = 0.2 mmol L-1, [6PPD-quinone] = 100 μg L-1; [scavenger] = 50 mmol L-1 for a, [DMPO] 505 

= 100 mmol L-1 for c and d. 506 

Fig. 4 Degradation pathway of 6PPD-quinone and typical initial reaction for destruction 507 

of quinone structure. a, Proposed degradation pathway of 6PPD-quinone in the solar/IO4
- 508 

system. b, Radical adduct formation route for •OH. c, Hydrogen atom abstraction route for IO3
• 509 

and •OH. d, Single electron transfer reaction for IO3
•. 510 

Fig. 5 Reactive sites of electrophilic attack and energy change for HAA and SET routes. 511 

a, ESP distribution of 6PPD-quinone. b, HOMO and LUMO distributions of 6PPD-quinone. c, 512 
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Natural population analysis (NPA) of charge distribution (q) and condensed Fukui index (f –) 513 

representing electrophilic attack on 6PPD-quinone. d, Spin densities of •OH and IO3
•. e, Spin 514 

density distribution of reactants (R), transition states (TS), and intermediates (IM) during 515 

6PPD-quinone degradation through HAA reaction at 9N site by •OH. f, Hot map of Gibbs free 516 

energy change (∆G) and reaction activation energy (∆G‡) for typical reaction routes. 517 

Fig. 6 Single electron transfer mechanism from 6PPD-quinone to IO3
•. a, SET reaction 518 

mechanism for 6PPD-quinone oxidation by IO3
• at 6C site based on dynamic analysis of the 519 

electron distribution at the molecular orbital level. b, Calculated spin density of 6PPD-quinone 520 

and 6PPD-quinone•+. c, EPR spectra of detected 6PPD-quinone cationic radical. d, 521 

Femtosecond transient absorption spectra (fs-TAS) of 6PPD-quinone•+ in the time range of the 522 

IO4
- activation system (λexc = 320 nm). 523 
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 675 

Fig. 1 Schematic diagram showing the construction of the periodate activation system for 676 

degradation of 6PPD-quinone. a, Transformation route from 6PPD to 6PPD-quinone through 677 

ozonation in the environment. b, Design of solar-light-driven periodate activation system and 678 

properties of generated IO3
•. c, Degradation of 6PPD-quinone under attack from IO3

• and •OH.  679 
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 680 

Fig. 2 Degradation and toxicity reduction of 6PPD-quinone by solar light activating 681 

periodate. a, Degradation kinetics of 6PPD-quinone in the solar/IO4
- system. b, Degradation 682 

kinetics of 6PPD-quinone in solar/IO4
-, solar/PDS and solar/H2O2 systems. c, Acute mortality 683 

of zebrafish (48 h) after addition of degradation water samples in the solar/IO4
- system at 684 

predetermined time intervals. d, Degradation performance of 6PPD-quinone under natural 685 

solar light. Data are presented as mean values ± standard deviation from triplicate independent 686 

experiments (n = 3). Experimental conditions: pH = 5, [oxidant (IO4
-, PDS or H2O2)] = 0.2 687 

mmol L-1; [6PPD-quinone] = 100, 50, or 10 μg L-1 for a, [6PPD] = 100 μg L-1 for b-d.  688 
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 689 

Fig. 3 The contribution and identification of reactive species on the degradation of 6PPD-690 

quinone in the solar/IO4
- system. a, Influence of different scavengers on 6PPD-quinone 691 

degradation. b, Conversion of iodine-related species during the reaction. c, EPR spectra of 692 

DMPO-•OOH and DMPO-IO3
• in DMSO (SSL: simulated solar light). d, EPR spectra of 693 

DMPO-•OH and DMPOO in water. Data in a and b are presented as mean values ± standard 694 

deviation from triplicate independent experiments (n = 3). Experimental conditions: pH = 5, 695 

[IO4
-] = 0.2 mmol L-1, [6PPD-quinone] = 100 μg L-1; [scavenger] = 50 mmol L-1 for a, [DMPO] 696 

= 100 mmol L-1 for c and d.  697 
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 698 

Fig. 4 Degradation pathway of 6PPD-quinone and typical initial reaction for destruction 699 

of quinone structure. a, Proposed degradation pathway of 6PPD-quinone in the solar/IO4
- 700 

system. b, Radical adduct formation route for •OH. c, Hydrogen atom abstraction route for IO3
• 701 

and •OH. d, Single electron transfer reaction for IO3
•.  702 
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 703 

Fig. 5 Reactive sites of electrophilic attack and energy change for HAA and SET routes. 704 

a, ESP distribution of 6PPD-quinone. b, HOMO and LUMO distributions of 6PPD-quinone. c, 705 

Natural population analysis (NPA) of charge distribution (q) and condensed Fukui index (f –) 706 

representing electrophilic attack on 6PPD-quinone. d, Spin densities of •OH and IO3
•. e, Spin 707 

density distribution of reactants (R), transition states (TS), and intermediates (IM) during 708 

6PPD-quinone degradation through HAA reaction at 9N site by •OH. f, Hot map of Gibbs free 709 

energy change (∆G) and reaction activation energy (∆G‡) for typical reaction routes.  710 
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 711 

Fig. 6 Single electron transfer mechanism from 6PPD-quinone to IO3
•. a, SET reaction 712 

mechanism for 6PPD-quinone oxidation by IO3
• at 6C site based on dynamic analysis of the 713 

electron distribution at the molecular orbital level. b, Calculated spin density of 6PPD-quinone 714 

and 6PPD-quinone•+. c, EPR spectra of detected 6PPD-quinone cationic radical. d, 715 

Femtosecond transient absorption spectra (fs-TAS) of 6PPD-quinone•+ in the time range of the 716 

IO4
- activation system (λexc = 320 nm). 717 


