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6PPD and 6PPD-Q from Tire Wear Particles: Environmental
Distribution, Toxicity, and Potential Health Risks
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Abstract N-(1,3-Dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD) and its quinone derivative, 6PPD-Q, primarily
originate from tire wear particles. Recently, these compounds have been widely detected across various environmental media,
including air, water, and soil, raising concerns about their ecological impacts. Notably, 6PPD-Q exhibits acute toxicity to aquatic
organisms, such as coho salmon, even at low concentrations, and has also been detected in biological samples, such as human
urine, indicating potential health risks. Despite advancements in research, significant gaps remain to be addressed, including the
development of standardized monitoring protocols, elucidation of transformation mechanisms in the environment, and
comprehensive risk assessments based on exposure pathways. Bridging these gaps is essential for mitigating environmental and
health challenges and for exploring sustainable alternatives to 6PPD. This study summarizes the analytical methods for these
two chemical substances across various media, including aerosols, and examines their relationship to human health risks. This
review aims to evaluate analytical methods, concentration characteristics, toxicity, and risks of 6PPD and 6PPD-Q in the
environment while identifying knowledge gaps and proposing future research directions
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LA = Zapage Jge] BE HHTRE & 9RE 5
= Holojs 457 2 £ A] njHSetage v

OAESAE YAb= 927t T80k BI04 - &5t ti7] T RIAESRAE 9] 84%7t EROA] T
27} B 2o o]|27|7kA] g 9] oftiofut A AYJITH(Hu et al., 2022; Brahney et al., 2021). SFA|TL,
St} (Koelmans et al., 2022; Kumar et al., 2020; Ng et 7] 5 HlAIEEtAEof gt A= ob&7kx]
al, 2018). Y¥H2 0 2 nAEetAE Zolu 2l5o]  skA] Tk
5mm ©|5} 27]9] ZetAE Q= olu|stA|gt 7] Efo]o] kL Q1R (Tire wear particles, TWPs)= H]|
Z HAEStAE ol tigt Hol= FESIEA] Sorh AlESRAEL 54 9o, 2T &7 Aol
oA EetAE2 12 9 222 BREY, 221 vAlE LR 55 T Qo (Luo ef al., 2024; Xu et dl,,
2tAEl2 BIAZ H|QE 1, Blo]o] nit 5 o] 2024). N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylene-
A WA E= EAo|th(An ef al, 2020). F2 A8 diamine (6PPD)= 1960 THEE] Efojo]o] 415} 9l ©
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Fig. 1. Transport and hazards of N-(1,3-Dimethylbutyl)-N'-
phenyl-p-phenylenediamine (6PPD) and its quinone deriva-
tive, 6PPD-Q from TWPs.

o ot &4 WIS s AHE AL, 11 1
I} o] gfolojrh mpitd wj 7] Fofl Atz WEH
t}(Lane et al., 2024; Sustainable Chemistry Catalyst,
2023; Seiwert et al., 2020). 5] W-gFo] T2 TA] 7|

ool oleist SfatRzlo] o] Fo EgatAt

H EoF 9l 27 $AbE 7HsAdo] ul¢ = TH Wagner
et al., 2018). TWPs U] 6PPDE= E543t B o Hg)
HGE AXHA M2 544 EELE Ao, o]+

B2 75 Y A7l 752 ol A AlA L ot A
iAol FH AsHA R E| o] BEA FAHA Q) FF
£ 0|4 4= 9t} (Castan et al., 2022). 6PPD7} th7] &
of| A Ats} ¥4-& E3 6PPD-quinone (6PPD-Q)E
gt o], 22} @ AEA-S ATt Atet 2 5
2 7] F9 @&9| §h-g-& Fofl XY=, 6PPD
+ &} WEA ¥E-gsto] ofnjnA gz 34

S HEHoR F= IZE ZH= 6PPD-QRE AHSE
T} (Hua and Wang, 2023). T3}, 6PPDO] 4t8h= @

o o} F= ZZE AT, thE ArsiA|of ofsiA &
3= 4= ek dAtol w2 OH =t} (- OH), A
AFSHE (NOy), B4 o2 (Fe’™, Cu*h) it 22 2+
Ul AF51A|7F 6PPD O] Hof W A8 wpA o] kS n|
A= Ao 2 YENYTH(Zhao et al., 2023; Tian et al.,
2022). £3| OH ZHZ-& 6PPD Y] AISlE 71&35)5)
o] 6PPD- Qs 3skol thofol Abgl AJAES AJSH

B rﬁ r}N i ok

o 9lom, F4 o] 28 Euff JEg Sfo] Als &
£ 37112 4= Qlth 6PPD7} 7] 5 ALSHHES-S 5
3 P4 == 6PPD-QE ©lu] =AIH AefAILt Q17F
A7k mlA= A9 G2 Al7IgE B ATk (Seiwert

et al., 2022). TSt Hiki et al. (2021) A0 2J5hd A
2ol4 6PPD ¥H}7]+= 5A17H] WA 6PPD-Q2] HHE
7= 33X]17te.2 H 11 E|9th 2 6PPD ¥ 6PPD-Q
< &, 7], EY T Oe &4 AlmolA HEE]
YA W 2ol mlA]= Gkl tiet -7t A7
Et}. Cao et al. (2022)2 TA| Ao &, U
7], EdollA T Be 1 1*1 6PPD-Q7} HEE3
ok B vskgeh E3h 6PP FH A shdo=
WEEo] ¢loje} Fol& Eﬁ‘;‘%& T A=t
HANE fots F8 YQle 2 Bre| X th (Tian et al.,
2022,2021). L5 Aol 6PPD-QO) S == 75}
AAETEY 50%7 F= =4 249 s=E vt
= LCsy (71 AAFEE)2 0.041~0.095 pg/L =3
t} (Lo et al., 2023; Tian et al., 2022). ©|2$t 6PPD2}
6PPD-QO] FHN BEE F2 52 WFFOR Sl
o} B/ == 5 Brolo] YAte]] 7]R1R e o] 2jef
O, =ol A, A3 = ], 11T who] i, 24 9l 7|
o] 53} T2 ofe] 117 I A& 6PPDL} 6PPD-Q
O] A Yo r ThHeh ofg Ad AFoM=
6PPD2} 6PPD-Q7} 214 ] A7 gl v 4 Q=
A2 1A wiZel Azt $27F A7 =L Qlok
F3F, 2023\ 129, RSOl A= Bro]ojofl A Ay
6PPD7} 73k HITHE @ GAIA o] et HARY] ¢
Qlo] &7 qlrH, Bfo]o] Al xAREo] oY 27 &4
S&25H fAaHich o voprh, QIZH(ERT 44, of
o], i) AW HEoA T o] 5] EAI7F Halk
o] 6PPD2} 6PPD-Q7} S8t ofua} QlAf|oflA %=
gl =it (Du et al., 2022). E35], Gut A
Q1 9 oflo|Hr} QAR AR H 22 Tt A
ZE| QU] T3, 6PPD+= ZF thAtel] ool whaA] AW
oAl THAasH= ¥, 6PPD-QE 24T} A ol A
o] QFEZQl Zo® UehHth A o= 6PPD2}
6PPD-Q =2 oot ZAA oA A7} £dof st

»x_xH o]—o]
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S S{l‘jr(]iang et al., 2024; Lo et al., 2023; Tian et al.,
2021). kA, 6PPD X 6PPD-Q= ©[3l5t7] 9fsf &
A o8 7Fsdt AHE AAFCE HES R0
Sie, ole] & AL 714, B, B2 % =S
ARF okt viA oA o] & 3t & o] 74 W
ao¥sl, ARSI PAS ARSI £ 2
3o male cham} 2k 1) B4 AzelA epppS}
6PPD-Q2] @A 24 WHlS AE; 2) o] 7 3d=2]
& 54 ek 3) 6PPDL 6PPD-QO =4 B 919
2405 4) FA 24 9] TS Zroliar €7 U] 6PPD
o} 6PPD-Qell et B 172 W W B A
Shlt

mlo kel

2.1 A2 iH$I

6PPDE 15 BEHO R ZIE o] Az 9 ALE 5
o] 6PPD-Q= tﬂi% T om0
HE2S 5ol 22 FAHAY t7] e Bl =4
o}E‘r(Wu et al., 2020; Liu et al.,, 2019). o]of o=] &+
o= t7], &, EFORRE A=E HF | 6PPD
¢} 6PPD-Q F=5 A4St WA 7] Aaes &
2 7] T PM, 55 24A17F B¢ A TE o 27
T (Wang et al., 2022a, 2022b; Liu et al., 2016). 23
A A "E=550°ColA 249 =2d2 AA F, 3%
Hsteich

6PPD, 6PPD-Q7} TWPs7} 8 H&¥o=x W
2] 42+ Y 6PPD-Q= TWPs aft o] 9l A
o7 AFEYoH, ol wE T FFHelA Y

2 YebdcH (Klckner et al., 2021). =2 WA HE

= EEOM B4 e AFHL7E o854
off Dol EejolE il Woll TATH(Luo et al., 2024;
Mao et al., 2024; Jin et al., 2023; Hiki and Yamamoto,

2022). o|Hf] A= AF= “194 FF= ] &7 9
o ¢ A g2 Gl 4 .
A= 2H Q1 A w4 Zﬂ“*‘ o &, U271, o=
T T YAE AAY & A& (-40~-20°C) H¥+ T,
6PPD 4 6PPD-Q & Aol AFEE ST} Mao et al.
(2024)2 A A3 AlZo] 1 mmol/L SFEFA]-L &
02mLE H7tste] AZ FH] o] PPDO| FAHS
AFetA WS Hh] g}

& Ales tiiiE
S FYSIHTH (Helm et al., 2024; Zhang et al., 2023;
Caoetal,2022). 733 =2 ‘ﬂx} 9 TWPsE EH
A o T Aok o] FA7lE T8 Yo r FF
T 27 fET LdEEY —rﬁl o= 28
St7] wiZoltt. 3l 2pekS ffal A fEHeoll 4
g EXEE FE B8S Fol1L, A 1A 9 1
B AL ARS8 AL B BB 5 ALY
Sz A5 & B d7kx] WAk Bkstoict
= A= A AR

[e A= A =]
&S 27 fE4E 46 24

l

2 4847 ol = 9 24o

|
433 %] It Rauert ef al. (2022) A= I&E 2 Ll
of IxI3t ZollA Al =5 AHFSHALL, Al=AHF 23
2 AP 7, &4 B4 79, gaofo]A, SN
B Ao R Abgdolut Hl4 ool gle FAaR &
7 =Y G ] G el A BskRIT: Al
e B4 717 -20°C W Betdal, A2dls
T A4S APl =5 Qo H4- 2 Al
22 BUND 2 B0 098 T 4 Ak

= (PP) ol Hol AR A &
A wj712] 4°Coll A HEFATY. Zhang et al. (2023) <
= 5 3 BAIA 67l S8 A7 9ol
A =& AFk ol £ EH AME2 pH3.00% =
AEAA, S A4S ﬁxﬂo}ﬂ A3l 5%

7] 9 LAEEE =Y #74]9} Az o
E7 o]0 7|0t 4= QITt. Zhang et al. (2024)2 =
2ro] Al wo] opd AT JEoHA] Fe v X
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2.2 6PPD, 6PPD-Q £&
& Ao|A Liquid Chromatography/Tandem
Mass Spectrometry (LC/MSMS) 7]7] EAH-E 55
L5 AR v, Als & 2 2to] 7t Qlth
5, 7], EYF Sol4 4L A= Y 6PPDE} 6PPD-Q
£ Ao ez ZAs] Sl 2 7HA] & e
S8tk 6PPD 9 6PPD-Q FE0ll= T2 oA EY]
E 2 (Acetonitrile), M¥-2 (Methanol), T2 2 W&t
(Dichloromethane, DCM), 14T (Hexane) 5°] A+&5]
At OPEHE DT vet-E-2 F/4do] ol 4 d
7] Aol A 9] glg-go] &2 R, T2 2 2 ekt
ik v QHEEE avtEo= gofste] =
B AU EG AR H 2 F& 882 Hole
7d3Fo] Utk (Zhang et al, 2023; Hiki and Yamamoto,
2022). 3 &9t BUE ARESto] 5490 HI54E @
FE=H TA 55 Aot RS Aljtstaltt
(Mao et al,, 2024). =2 HAZ] A7+ S0jE H7I5|
o, TN A4 7k BF sl 55
| B efQlo 2 o stltt (Jin et al., 2023;
and Yamamoto, 2022; Huang et al., 2021). ©]d]
’qi = e QA o o= A vkt
t}. Huang et al. (2021)X} Mao et al. (2024)2 O E
HEY & ¥ F&ot tE222He/dit ==
3024 & | Z—O—Jﬂr #]2] 3}, Hike and Yamamoto
(2022)= S EYEH T} oA E/3l4T 29 B0l A
g5kl 23 TZFO 73k,
4 7k 55 st AxA714L, 2F B2 Ad3
o} ol ¥F full= HEhE 0.5 mL (Hike and Yama-
moto, 2022), 1 mL (Mao et al., 2024), YR EZE2 (Jin
et al., 2023; Huang et al., 2021)2 5ng 347} & A8}
it
PM,; A&7 T AGLE = 235 55, 44
5, 81 &9ll, o AR Alm FE2 st

S

oo
AT

1z

29

(Wang et al., 2022a; Zhang et al., 2021). 231} F&
TrgelA At & BulE ot AolskAl A
43It} Wang et al. (2022a) 7= HZZHE 15mL
& 230 A 35, oMEYEY 5mLE 57 &5}
‘3‘3\4_ Zhang et al. (2021)2 SHHEHEHE g mLE A
=, S22/t 8 mL & FZ515ITh Wu et
al. (2020) 9= HE==meldito g A S5, of
HNEUEZ/olaxzg § 255 5306t e
A AL 55 F 2T 8= oHEYER
et al., 2022a), Y|€t-& (Zhang et al., 2021; Wu et al.,
2020)= ARESRH 2E FEN2 FUSH PTFE
e o} & 71724 A"“O]'Oﬂ‘:} E 3k, Wang et
al. (2022a ) AellA oHEUEZS o83 PM, 5 Al
= 3% A 6PPD ¥ 6PPD-Q9] 358 0] 85~95%%
HE vhd, t 22 2ve 7|9 229] 39 70~85%
B oA W2 ghe B ol S/l EE 6PPD-Q
7HdH s S4 §rfelA ‘:1 2 dres Y
7FsdE onl-f‘:} = /\]ﬁ &4 or WA {2
¥ 74]*— 11]743 =, U5
A& A7kt 1 E]'— IAE FEE Sl 2
eh2 22 AR ZASHE Qasis HLB 7HE 2] Ao AZ
7,02 % 2% SU12 Aesletd
=St} Li and Kannan (2024) 9] =<~ A
2 52 4 BeLS Ageil clata
A &, R 25E24e Aokt &
=, Wt 3 mLe & 3mLE A
Oasis HLB 7FE | A]o] ME-S 2590,
JEfol A 523t Axet & g2 (3 mL) = Bkt
BEoHE 8EH2 AA T % A1-g-3h 7%4

(Wang
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ZF=7% benzophenone-d;, 1 ng= 5,‘37]-%1\3} (Zhang et
al, 2024). °|% A& g SAZSHL, WEkE 1mL=2
45 & Y BFEH 6PPDQ-ds 1 ng= 715 7]
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2.3 6PPD, 6PPD-Q 2A{H

3 13} 7] 6PPD W 6PPD-Q 5= F2 800
BolEE ooy 2AE Eelchs Hl AN EE 2
EtE Tefju] 24 7] Fo] shuel LC A 28
Sto] Heg2lot Tt (Deng et al., 2022; Hiki et al., 2021;
Zhang et al., 2021). LC/MSMS+&= 4| 2 20tE 12 1]
o} A= BA7|9] Agto g o|Foj 1A BA 7]
otk Mao et al. (2024) A= 7] 25 o] 23t &
AE ZhE AR AREEAE AwF B4 (UPLC-MS/
MS-8050, Shimadzu Scientific Instruments, Maryland)
= 2% 4% AA A2ntE IS AE-Sho]
6PPD ¥ 6PPD-QE A5t} A 2utE 1]
22]%= Shimadzu Shim-pack GIST C18 Z ¥ (2.1 250
= AHgsto] PPt o 54
2 10 mmol OFHEAL P -5 = (A) 7 HEt
B)¢] EgHEo|9 842 0.2 mL/Eo|grh 12
J 90% A/10% B, 4+ &<t 100% B= F7HA]7] 1 3
&<t 100% BolA F-A1%F T 242 ool 90%
A/10% B2 o7t F A7 A7 9ot Awf 24
71& o B BYEES ARSSte] A 7] &
o] 23} " Eof| A ZF 3t FFE YA E X5 AdHoll A
587F ARSte] £8S AASH thE 3 mL MeOH=ZE
|=Y 859S A4 55 stoll A9 AxE izt

mm, 2 um particle size)=

gl o[-n FU}O

Table 1. Instrumental analysis conditions for 6PPD and 6PPD-Q.

3 ZH2E-5 250 uL MeOH O]l Al 7-435H1
sl 2] Hol gl &3t

Wang et al. (2022a)°] 2]5}H PM, ; Al 2E electro-
spray ionization (ESI), ultrahigh-resolution Orbitrap
mass spectrometry (MS), ZL2] 1 triple quadrupole MS
£ Z9319 6PPD % 6PPD-Q w42 I 2
HE49] 542 Q Exactive hybrid quadrupole-Orbi-
trap mass spectrometer (Thermo Scientific, USA)E
AHESE e, ATF2 TSQ Altis MS system (Thermo
Scientific, USA)& ARg-sto] THE HHg- BUE Y HE
oA XY= At Zhang et al. (2023) Th ¥H-5 24
By BEoA g £F o] 28k (ESI) 42 (UPLC-
ESI-MS/MS)7} Sl Xevo TQ-S 415 A =4+ Ak
471 (Waters Co., USA)eF 9 23145 4 2
EutE T 0)E AMgSte] EA T ESI(+) REOfA]
BAglon o542 Milli-Q 2 (0.1% Z54T X7k
AT} e (B) 2 9= A

3. 6PPD, 6PPD-Q 5%

O™ 29 B 2= 7], 8, ESC
6PPD ¥ 6PPD-QO] Wist AlA 2

O

58
o
AL

o
o
oL o
@

Conditions Wang et al., 2022a Seiwert et al., 2022 Zhang etal., 2023 Mao etal., 2024
Instrument UHPLC-MS LC-HRMS UPLC-MS/MS HPLC-MS/MS
(Orbitrap MS) (Q-TOF MS) (Triple Quadrupole)  (Triple Quadrupole)
Waters Acquity Acquity UPLC Shimadzu Shim-pack
Column HSS T3 column HSST3 Not specified GISTC18
(1.8 um, 2.1 X 100 mm) (100X 2.1 mm, 1.7 um) (2.1 X250 mm, 2 ym)
Mobile phase A: 0.1% formic acid A: 0.1% formic acid A: 0.1% formic acid A: Ammonium acetate
P B: Acetonitrile B: Methanol with 0.1% formicacid ~ B: Methanol B: Methanol
Flow rate 0.3 mL/min 0.45 mL/min Not specified 0.2 mL/min
Column temperature  35°C 45°C Not specified 45°C
lonization mode ESI, Positive ESI, Positive ESI, Positive ESI, Positive
Scan mode dd-MS2 Full Scan + Product lon Scan MRM MRM
L0Q 0.25 pg/m3 (6PPD) 100 ng/L (6PPD) 0.12ng/g (6PPD) 0.12ng/g (6PPD)

0.08 pg/m? (6PPD-Q)

25ng/L(6PPD-Q)

0.17 ng/g (6PPD-Q)

0.08 ng/g (6PPD-Q)
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Atmosphere
) 6PPD (pg/m?)
Wang et al., 2022a l | g N g § g
=1 [
Zhang et al., 2021 | J kel § N N ;:
| g | X S S S
Zhu et al,, 2024 [F— Soil dust e |3 = 5 5
E— (ng/g) 3 o o =
Crmchel zozz—!_l e ,;u § g8
v N
Huang et al., 2021 I_ I
[ 2
Hiki et al., 2022 | | = g n
, 2 E A 2 g
Deng et a!,2022| | i p g 'g S
caootan 2021,—]_ Water el g & 7 =
| I (ngn) < | s S Y
Seiwert et al., 2022—!_ ) é é é %
e ——] = > > >
Zhang et al., 2023
Zhao et al., 2023 5
— s g2 -
e S 0|2 B8R 32858 838323
O ey |B|3 358|2888% /358558
rati o N MmN — -
Fig. 2. Results of a previous study on 6PPD and 6PPD-Q con-
centrations in the atmosphere, soil dust, water, and snow.
o &R ¢ N n
M| = om S 02 oom
QO|Y | moo —F O N = —
a ? 22 [ | R
a |l glaam Ny S IO
t}. 6PPDS} 11 AFSE AAE<Q] 6PPD-QO] HE7T A ClIS|2NA s°°eee
o 9 Al o] whet Ads] hed Yepdet @
o] Al 4HdekE A oA Bt 7P =0, R
- — = S
7] 3 PM, s, soil dust7} 32 @ mi7f4| Q& 5ol 5 E
@ 4 ek oleiF AT B2 uiw 4o W §
6PPD At8t] F 9438 Fxotn, 8 el Ao gt £
- — _ [ M © © © © ©
3} ol Hzo] gt 27t A7t A4 Waste & JE2Ez, 21E 2 £
e S L% - £ c - =] £ o<
th712] 7%, PM, s Ul 6PPDS} 6PPD-Q 5= M7t o | & | 2| £33 | 339E3|3£2539
B a 5 . c|lco0m® . c| £ L0 Ccm
ThFsHA YEFGLT. Wang et al. (2022a)2 F=rol 9] & E, § % g‘ %@% § % ;',’ gfzng %’E’
|t Taiyuan (TY), Guangzhou (GZ), Guangzhou 2 2IE33IGES5CNINEEZ23G
road (RS) 32014 PM,5 AlBS 24417 71202 2 £
- = — O
FI?t A3, 6PPD Bt 4= RS (4040 pg/m’), GZ g
w g
(1820 pg/m’), TY (81 pg/m’) %L, 6PPD-Q H-5= § g
+= RS (2810 pg/m ) GZ (1100 pg/m?), TY (744 pg/m?) ‘g s
[
= WEF] w2 RZF 7V wS0Th B ePPDOF 2 | 5 "
6PPD-QE &2 AT (P =0.84)5 eI 6PPD & z
[e]
7t 70l 6PPD-Q= A= It £
79 27) §E5=0]4 6PPD-Q HE0 FAG =7} & g
- N | o <
hEgsgon o =2 Bl AA e 2 5| B 5
—— <2 £
o] 23E]9)7] wjEoltt 6PPD-QO T 8 b
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Table 2. Continued.

Type Type of sample Site Unit 6PPD 6PPD-Q Analysis Reference
R G hou, Chi 15.1~1 10.5~
oaTd uangzhou, C !na 5 508 0.5~509 LC-MS/MS Deng etal, 2022
Prking lot Guangzhou, China 11.4~5359 4.02~2369
Road Tokyo, Japan 45~1175 116~1238 LC-MS/MS Hiki and Yamamoto, 2022
Road Guangzhou, China 4.1~238 3.0~88.1
Vehicle Guangzhou, China 5.0~41.9 17.9~146 .
. Triple TOF 5600+ Huang et al., 2021
Soil dust House Guangzhou, China ng/g <LOQ~6.1 <LOQ~0.4 'P uang
Prking lot Guangzhou, China 13.5~429 5.7~277
Road Hangzhou, China 0.46~245 0.46~143 UHPLC-ESI-MS/MS Jinetal, 2023
Driving school ground Xiamen, China 0.47 150~990 HPLC-MS/MS Luo et al., 2024
Indoor dust Hangzhou, China 0.48~135 0.33~82 HPLC-MS/MS Zhu et al., 2024
Runoff water Hong Kong 0.21~2.71 0.21~2.43 UPLC-QqQ-MS/MS Caoetal., 2022
Road snow Leipzig, Germany Ho/L 44 0.105
UPLC-TOF-MS Seiwert et al., 2022
Rainfall Leipzig, Germany 143 0.052 clwerteta
Surface water Courtyards 0.19~1.10 6.03~875
Surface water Roads 0.41~7.52 38.5~1562 UPLC-ESI-MS/MS Zhang etal., 2023
Surface water Farms ng/L 0.10~2.54 0.53~5.58
Water Roadway runoff Washington, USA 75 140 LC-MS/MS Zhao etal., 2023
Anyang, China 11~85 1.2~62
Xinxiang, China 16~24 10~12
Zhengzhou, China 10~16 3.7~10
Atmospheric snow Luoyang, China pg/g 8.1~403 4.2~464 LC-MS/MS Zhang et al., 2024
Pingdingshan, China 6.5~1247 4~1024
Nanyang, China 35~428 3.8~620
Xinyang, China n.d.~11 nd.~14

4%

o) ‘lees

iaha &4



Efo[of Ob2 URjol 71913t 6PPD % 6PPD-Q: 1

2 FE5A ] 1562 ng/LE 7| FE=1.0H, 6PPD
B} 1008 o1 =4 YEFFTH(Zhang et al., 2023).
Zhujiang ZFoA= 739 & X7t Bt 234 ng/LE
=7Vt A, Dongjiang 73l A= 1.69 ng/L= LFERSE
© 5 A7Vo] ZLPAA 6k Y 9 GEA
& S7tol w34 avtE Qs HAk Ada
= A%S Btk 2aHo s e & k' WA
M 7t AR o 9 &M B
0 & Bt ol A= 7
7t LFEHY] o5 Exo) Fa% JFE K
Th= 22 ou|eith Aiutt e F T RoA &
izl 2ol 4 6PPD-Q2] HEE 0.05~0.20
(0.14) pg/LAY, BE MEfA 6PPD-Q7} ZZ*EJO*
Q'(Prosser et al., 2023). =9 77} A4 £t
Al=ol A= 6PPDE} 6PPD-Q7} HF HEH T
(Zhang et al., 2024). &= Pingdingshan (6PPD:
237 pglg, 6PPD-Q: 265 pg/g)Zt Nanyang (6PPD: 246
pg/g, 6PPD-Q: 189 pg/g)©] 7F4 =34 Th. 2L PPDs 2]
% 5 X9 PPDQs9] & 5k Aolof =& A4
(r’=0.63)= Ul 7] 5 PPDs7} 4tet Y& 5
3]l PPDQsZ H2HES & 4= Ut} Zhao et al. (2023)
L2 6PPD2] 2Z35}2 I35t 6PPD-Q HEHS PotH 1l
A+ TWP FE59 F & A, air controls (29|
e 45 Az 18e|= £7]), 6PPDE 7EAA) oF
(330 ppbv)©ll i 2] 6PPD ¥ 6PPD-Q9] 5= E
ST (3 3). 11 AT, @F WeEo] o) thetRt
Agk4hHaS Ad3eH, 6PPDQ= 7HE Fajt At
4He 5 sl 6PPD 5= 0F b5 A By

Table 3. 6PPD and 6PPD-Q concentrations in TWP extract
(before and after ozonated) and road runoff (Zhao et al.,
2023).

Sample type Unit 6PPD 6PPD-Q
Pre-ozonated  ug/g 1500+ 40 12402
TWP extract  Air control ug/g 1500+ 20 131
Ozonated pg/g 610+20 26+2
Roadway runoff ng/L 75£40 140x60

=X, 54, J2|0 A A /A 24 33

T 1500 ug/g o & 714 ot Twpe th £A41-S
4= QT 2F E T 610pg/gS 2 9F59% A
Ut 6PPD-QE 2F E H a5k 12 ug/go 2
6PPDET} 33745] WOIATE QE b Z F 26 pug/gl =
28] o 5715t o]’ A= 6PPD-Q7F 2Eof
o5 FAEo] FH o7 HEES Fold 2 99tk
E9 SR TWP B &2 {E59] 245k
th =2 FE5|A 6PPD-Q (140 ng/L)7} 6PPD (75
ng/L)ETt oF 28] &2 s& HEHUCH o=
TWPs®] g0l frEol =& § 415} k5o
GEsHA dolta= Hehdnh

4. 54 Y7t L AA AT BA

6PPD-QO] =&d 2] (Oncorhynchus kisutch)
7h#4 e 9o ppp-Qe] Sl 913
o] F52 211 Tk (Mclntyre et al., 2021; Tian et al.,
2021). Lo et al. (2023)2 2] E 41 ng/L2] 6PPD-Q
off 24417t E=E A7 " E31719] AFEE©] 50%
(LCs)7t H Tkl HFETH(E 4). Tian et al. (2022) A
ol A HrE St 6PPD-Qofl Th$h LCs, (95 ng/L) Er} o
92 FE 6PPD-QE ERF A e {ES
e 2019 iz ArgET Belo] Ale Aor:
oFe{ A Ath(Tian et al., 2021). Brinkmann et al. (2022)
< rainbow trout, brook trout, Arctic char, white stur-
geonoﬂ tﬂﬁ]— 6PPD-Q 94 :L/H E/R—] 1 7]-:?_ _/[:ﬁﬂ—a]-gg\q-.
brook trout®} rainbow trout®] LCsy< 242} 590, 1000
ng/LAAL, AP 2o EFAR] S (=1 71710l
Hrpy7), 75 o &5, @EAE, e =%
5)= YEFATE. Arctic char, white sturgeon+ 2| &
T 14.2 pg/LOAE Apgo] THEE]R] oFofTh. Hiki et
al. (2021) A= 24 919 BrtolA Rd BEe d
2] AF8-E]31 Q)= Danio rerio (D. rerio), Oryzias latipes
(O. latipes), Daphnia magna (D. magna), Hyalella
Azteca (H. Azteca) & AFE51o] 24 B4 AlE-& 9
gt A3, 6PPD-QOl TRt =92 T H ] gttt o
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et al., 2024; Fang et al., 2023). Du et al. (2022)-2 150

oQ
=~

o] BAETH =t BfollA 6PPD-Q= AESH
njgtoe 2 SAE Y, 6PPD7F HAEE AT (Liang et
al., 2024). JFE HFSZ 100 mg/kg e = A-ST
bl %215 6PPD2} 6PPD-Q §5= 27} 681, 1,194
ng/gO1 111 (Fang et al., 2023), 6PPD-QE A+2 &
oJ5hH 7hof] 3 TAYITh (Yang et al., 2024). Rain-
bow trous 42 6PPD-Q & ARt A7 =&
B} Eold4E &) 279 6PPD-Q Tt SV
T}(Liao et al., 2024). =3t 6PPD-QO] & W &, 2%
26 2 AJZE3St Rainbow trou Tt Z017H= Rainbow
trou®] o]A 6PPD-Q F=7t FolotA B =%

o|2{’t A= 6PPD-Q7} H Hol HAE45= 294
o] o= A& 52 4 lth 6PPD-QE 371 F
Aol 2= FYS Foll Al =]
o o5 7|3l A & Sloh folgh 3kekA 4
S8 14E dAE BEE HARAE 127
/3 1FA%F (Reactive Oxygen Species, ROS)= A§-Jo}
= A4S Z A E (Oxidative Potential, OP)©] WA= o]
ATt =1 570 EAIS] PM, 9] AR E S AR

RoAE

Table 4. Results of previous studies on LCs, concentrations evaluated through toxicity tests using 6PPD-Q.

Species Exposure period (h) LCso(ng/L) Reference

D. rerio 96 -

. lati -
O. latipes % Hiki et al,, 2021
D. magna 48 -
H. azteca 96 -
Oncorhynchus kisutch 24 41

Lo etal, 2023

Oncorhynchus tshawytscha 24 -
Oncorhynchus kisutch 24 95 Tian etal., 2022
Salvelinus leucomaenis pluvius 24 510 Hiki and Yamamoto, 2022
Brook trout 24 590 Brinkmann et al., 2022
Rainbow trout 72 1960 N
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Z 3}, Hangzhou (1.41 nmol/min - m?), Guangzhou (0.87
nmol/min - m?), Taiyuan (1.79 nmol/min - m?), Shang-
hai (1.71 nmol/min - m®), Zhengzhou (1.29 nmol/min -
m’) 9T, 25 6PPD-Q Atst HAE 7o
=, Hangzhou (5.2%) > Guangzhou (3.3%) > Taiyuan
(3.1%) > Shanghai (2.9%) > Zhengzhou (1.1%) <=2
= QCH(Wang et al., 2022b).
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