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fiE, PO T2 BRA) . RIZ RS G TR R 9FIPPD-
Qs FEAMFT Hh, WA AN E 1] B8 (1) 12F PPD-Qs(&1 1
(a)). EEERTHFGIRGE . RIS (MS/MS)FIbRIED)
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Bl 1 (MR ()PM, sH K 3 A9 PPDs ATPPD-Qs Y K endrick 57 i S 151 (a) LA X MS/MS T 18l (b~g). B %5 73 T IKMD— S LA EE LR AR, Al
JHUHPLC-Orbitrap MSZHT3 B IPPD-Q(b) . 6PPD-Q(c). CPPD-Q(d). DTPD-Q(e). DPPD-Q(f)F177PD-Q(g)[[M+H] & FMS/MSi

Figure 1 (Color online) Kendrick mass defect diagram (a) and MS/MS spectra (b—g) of PPDs and PPD-Qs detected in PM, 5. Consistencies in the
KMD of identified molecules are marked with lines. MS/MS spectra of [M+H]" ions of IPPD-Q (b), 6PPD-Q (c), CPPD-Q (d), DTPD-Q (e), DPPD-Q

(f), and 77PD-Q (g) using UHPLC-Orbitrap MS analysis

RI=R2(RAFERL). XF T ANRIBURIL )5 —FEPPD-
Qs, BEJIPPD-Q. 6PPD-QHMICPPD-Q, HAFMEREH LML
AMEL(b)~(d)FTR, TR EA TR T R G —
2, HAFE AR AR DT e U IS R B iz 2k, B
W ER BN HBR2EUC LA, RITPPD-QRYHF 1A
3L | 6PPD-QI1)4-FF LN Jog-2-FL AICPPD-QIF I C e ik,
HAT LR |88 5-C1oH N, O, (m/z 215.0815); [R]I, J
T BRHE(CO, 27.9949 Da)i Pk R RIE W T FRHIERE 8
?C11H11N20+(m/z 187.0864). X T HA AH R A IR
L)% —25PPDIE, HIDPPD-QFIDTPD-Q, TR
ZERABE L (e) (D) Frs, BT 00 BE B 3 i 22
(C1,HgNO,", m/z 198.0549F1C3H;(NO,", m/z

212.0705)5h, IR LA 0 2R COPE K

2638
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Figure 2 (Color online) Composition profiles of PPDs and PPD-Qs (a), along with the interannual variations in the concentrations of PPDs (b), PPD-
Qs (c), 6PPD (d), and 6PPD-Q (e) during the summers of 2018—2024 in Shanghai. The whisker plot boundaries are between the 10th and 90th
percentiles, the box displays the 25th, 50th (median), and 75th percentiles, and the dots display the mean values
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Figure 3 (Color online) Influence of MDA O and ambient temperature on the distribution of Y PPDs, Y PPD-Qs, and their concentration ratio ([PPD-
Qs]/[PPDs]) in PM, ;. (a) Observed MDA Os level versus temperature during the summers of 2018-2024 in Shanghai. (b) Diurnal and nocturnal
correlations between Y} PPDs and 7. (¢) Diurnal and nocturnal correlations between Y,PPD-Qs and MDAS8 O; levels. (d) Heatmap of the linear regression
(R) between the [PPD-Qs]/[PPDs] ratios and Os/temperature during daytime and nighttime. “*” indicates P < 0.05. (e, f) Interannual variation in the
[PPD-Qs]/[PPDs] (e) and [6PPD-Q]/[6PPD] (f) ratios during daytime and nighttime in summer from 2018 to 2024. The whiskers represent the 10th and
90th percentiles; the boxes represent the 25th, 50th (median), and 75th percentiles; small white circles indicate the mean values; and small black dots
indicate outliers and extreme values. (g) Screening of PPDs and PPD-derived quinones via a proposed transformation pathway"
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Figure 4 (Color online) Linear regression (R) heat map among PPD-Qs, PPDs, and Os/T during the summers of 2018—2024 in Shanghai.

* Correlation is significant at 0.05 (2-tailed)

2643



M4 EF LB O206F48 F11E L12H

AT AT BT, M2 T, FRTERE IR = O 1k
MR, RAPEATIE R, B dE T PPDsH
PPD-QsitAb 244k, MMiHISS T PPDs 5L 2Z [H] 1)
BEHEOARME. 5ib—3 FIKYPPDs+Y,PPD-Qs 5
[H] i AE e (R=0.68, P<0.01; [KIS3)M & 5% TPPDsA &
(R=0.51, P<0.01; [K[3(b)), RIDGIL A b BT R
PPDsIRE M I ¢ R A HEPHWIEM. 25k, %I
PPDs -5 I 1 AH 5GP BT 58 i W7 R 3R sh iy FE a1k
S 213/ G RTT = PN LB B =R N ot f s o =
et PR AR, X —22 Rk — bR W, BT seiE
Stk (IR & . HE g o) B SR S PPDs B
. HEAh, RO, MR B SR S I A IE A DC O R
(K13(a)). 2018~20244F K= ZM[E], Ozf K H 48 hF-1
W JZ (maximum daily average 8 h, MDAS)Bf i & =
Mg, REE ET1°C, ORI /NZ94.3 ppbv.
YEMER AT, 05 5PPDs& A A AL A i PPD-Qs,
TR E T e il e B OV B2 (R 422 i3 1 PPDs i Ak 2 5%
it . (AR 2, Y PPD-Qs 5O 7E I RAYHH
355 T (%13 (c)), FKBIPPD-QsIAE il n] B 224K
T O, MR EN b F Akt i R R [XPPD-Qs)/
[YPPDs]5 0, A M S48, {H[6PPD-Q]/[6PPD]
5O, ¥ B FEEAHX(R=0.47, P<0.05; [K13(d)), Ht—#
HE T OsFEPPDs AL ) SCEVE . ILAb, Bl PR
R85 %54 [6PPD-Q)/[6PPD] L (E B 3 jm, Feak
Vit e U S5 T PPDs [l PPD-Qs Y 5 AL 3k e ] g i — 40
2Tt

SRR, WT0,75 % 5 iR EE B UIAHOC, HIR A
OV EETHET. DAL Mo, $AR Rl AR I B 45 R T 1
PPDs 314, SEPPD-QsHk I FTF. YRR
25°CHHE BI35°CHT, 23 A M B 800 FIHE S n i 45
PPDsiR 3G N2 Wifis(EI3(b)). L4k, [PPD-Qs]/[PPDs]
FUMEAE R R TRRE(EI3(e)), RIDE AL 55k
R OB 45X PPDs [ PPD-Qs Ak B B2 57
Bk, CAMRRYL, BHGREE AR R T {2 PPDs W]
PPD-Qsi1#eAk, H FHYGER £ 5 il 5 KR T,
XL [R 2R P EHE R TR IG AR R E F Y IR AR
PR3 SRR, [ 6PPD-QB| R IIREE FALZ 3
2R, KT PPDHUAEALH S Ak ™= W e A )
e 5 K RISt B 2535 2141701 R e pkar g1y
S0, PRI ARG ] G i RE -05-PPDs” 1E L
TR — A IRIPPD-Qsi5 4. R, MR N5 X 4
O S54RI B BRI T, AR RS TE () PR EE XURS:

2644

ABIFSE I A5 5 R B PPDs S H AL = e RS AT
BT R, RIS R IR T S T Y
GG QBRI T EES . SRR
PR 5 O5 TEPPDSHEAL HH AN BTHR, IR IAE 42
BRAEET 5 T BRI A

24 NREEBERERURITEAS

AWF5E T PM, sBE i PPDs HIPPD-Qs 4 37 Kok
JE e A T pe/m? K S, (HELA #ERAFST 2, 6PPD-
Q5 AWFFT R IN R FEAH My Bl N, &R LIS Rk A
Wi 3 & AR e . A, Sh s
7, DPPDF16PPD ] 7F V1% 14 2 5 7 & 75 & k75
PERAET R & S U, TIPPDAICPPDINYE Y i
fol R AR PR, RS R BER BRI, (HAE R
B AN BT (0 SRRAONAT AT RE X A2 M R A s
FERU . % FPPD-Qs S HAF IR AL A e T W A 240
B R AR, RV HXT AR R R L2
KEE. ARBGEEE T KPR T PPD-Qs M HAE{K
AR A 0 e 5 0 £t IR D A AR L4041 e g A
L TE o7 S 82 1% e (MES) Fl 5 52 62 1% 5+ (HES) 38
it 2 S A PPDs MIPPD-Qs 43 H 5 A (DD
177 PFh. TEARRIZEEE ST, PPD-QsMDLEH N
1.76x107%~29.3x107% ng/(kgy,, d), 5 HAHAPPDsHIDI
(1.12x1072~46.5%107% ng/(kgp,, d)AHY, {H1E {7 2%
155 F, PPD-QsHYDIE N8.31x1072 ng/(kgyy d), M T
HAE AL A HIPPDsHIDI(5.17x107% ng/(kgp,, d))(415),
FWIPPDATAE MBS Ak 51 PT e A B 2EH 5 4 240
MRREERUR. X LE R R 10 2 v T I A v
PM, s"'PPDsFIPPD-Qs ) ADIHE(<0.001 ng/(kgpy d)),
AT REE P T A i 25 S IR Hh X 275 e (1 PR BT ik
FERARY, BT M AR B AR IS Y DI{E (PPD-Qs:
0.16~1.25 ng/(kgpy d); PPDs: 0.19~1.41 ng/(kgyy, )5
X —EEFE AR T X TS YR X R R R K B
G- Al

P RERIE T, MARULEAPPDs &XPPD-Qs
B DI 5120.14510.11 ng/(kgyy d), T 75 2 SR 87 1 5
T, JXEAE S AN 2 0.33F10.26 ng/(kgyy d). S,
I P S5 0 H 35 22 R s ] i 3 e L, Hl T
RERR, WATEPIFNZEE G 5T 9 ADLS JLEAR Y.
ARG S PPDs S HRRAT A Wil 3 P55 25 WA
(A DIEE 5 i 30 IR E (14 AH R Ak A 3 3 A4 A&
PR R B (MES: A 7.40x107° ng/(kgpy, d)FLH



= B Adults
> g

©

5 M children
E3 —

e~ W 25%-75%
= T Min-Max
=

g’ O Median
o ~ Mean
K]

o -

PPDs PPD-Qs| PPDs PPD-Qs| PPDs PPD-Qs| PPDs PPD-Qs| PPDs PPD-Qs| PPDs PPD-Qs

2018 2019 2021 2022 2023 2024

DPPD
() cppp DTPD

(b) DPPD

IPPD DNPD IPPD ‘i i ~ DNPD
© ©
° © .
H H Children
o (o]
= =
E-) ko)
£ £
L) 77PD-Q L)
o o

[ 2018
I 2019
I 2021
DPPD DPPD
@ cpep DTPD 12022 (€) cppp DTPD
[ 2023
6PPD 77PD B 2024
’
IPPD IPPD / ‘ ; DNPD
7 > \ ; ’\
© 3 ‘
2 z Children
o o S 3 5 I HEs
X X 8
= = (=) 7
: NNV
@ 77PD-Q Py ¥ JrrPp-Q
IPPD-Q DTPD-Q IPPD-Q S DTPD-Q

DPPD-Q

6PPD-Q DPPD-Q 6PPD-Q
CPPD-Q

CPPD-Q

Bl 5 (MR G) i T72018~20244F KL Z2PM, sH Y PPDs FlI Y PPD-Qs i i A AL FE S Z2 (A DIs. (a) M5 L EADIsfEAE; (b, o) 7%
BERIEFMES) T, A (b) AL E (c) X PPDs MIPPD-QsYDIsXT L ITAl; (d, e) 15 R AR5 1 S (HES) T, A (d)F1LE (e) 4t PPDs HIPPD-QsHYDIsX]
LG
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Substituted p-phenylenediamines (PPDs) are widely employed as antioxidant additives in rubber products, particularly in tire
manufacturing, to delay oxidative degradation. However, increasing attention has been drawn to their transformation products—quinone
derivatives of PPDs (PPD-Qs)—which have been detected in diverse environmental matrices, including urban runoff, road dust, snow,
and atmospheric particles. PPD-Qs, especially 6PPD-quinone (6PPD-Q), exhibit significant toxicity for aquatic organisms and are now
recognized as emerging contaminants of concern. Despite this growing awareness, research on the occurrence, evolution, and
atmospheric transformation of PPDs and PPD-Qs remains limited, particularly under real-world meteorological conditions such as
elevated temperature and oxidant levels.

Substituted p-phenylenediamines (PPDs) are widely employed as antioxidant additives in rubber products, particularly in tire
manufacturing, to delay oxidative degradation. However, increasing attention has been drawn to their transformation products—quinone
derivatives of PPDs (PPD-Qs)—which have been detected in diverse environmental matrices, including urban runoff, road dust, snow,
and atmospheric particles. PPD-Qs, especially 6PPD-quinone (6PPD-Q), exhibit significant toxicity for aquatic organisms and are now
recognized as emerging contaminants of concern. Despite this growing awareness, research on the occurrence, evolution, and
atmospheric transformation of PPDs and PPD-Qs remains limited, particularly under real-world meteorological conditions such as
elevated temperature and oxidant levels.

In this study, we systematically investigated the occurrence, chemical composition, transformation behaviour, and influencing factors
of PPDs and PPD-Qs in fine particulate matter (PM, 5) during the summer season (June—August) from 2018 to 2024 in urban Shanghai,
which is a representative megacity in eastern China. Via the use of ultrahigh-performance liquid chromatography coupled with high-
resolution mass spectrometry (UHPLC-HRMS), we identified 25 PPD-related compounds in total. Among these, 7 parent PPDs and 6
correspondmg PPD-Qs were selected for quantitative analysis. The concentrations of individual PPDs and PPD-Qs ranged from 45.7 to
1580 pg/m® and 83.9 to 1130 pg/m’, respectively, indicating their widespread occurrence in urban atmospheric particles. Both the total
concentration of PPDs (XPPDs) and that of PPD-Qs (XPPD-Qs) exhibited significant interannual increases over the study period. This
trend was highly associated with the increasing frequency and intensity of summer heatwave events observed in recent years. Notably, the
concentration ratio of 6PPD-Q to its parent compound 6PPD—used as an indicator of transformation degree—increased notably in years
with more intense heatwaves, highlighting the temperature-sensitivity of oxidative pathways. Further analysis revealed that the ambient
temperature and ozone (O3) concentration play crucial roles in shaping the atmospheric behaviour of PPDs. Temperature acts through two
pathways: (1) a direct nonphotochemical mechanism that promotes the release of PPDs from surfaces such as road dust or tires, and (2) an
indirect mechanism that enhances O3 formation, in turn accelerating the oxidation of PPDs into PPD-Qs. Moreover, Os contributes to
transformation via classical photochemical oxidation reactions, particularly under intense solar radiation. This dual mechanism
underscores the complex interplay between meteorological conditions and atmospheric chemical processes affecting PPD fate.

To further evaluate potential human exposure, we estimated the daily intake (DI) of PPDs and PPD-Qs via inhalation for both adults
and children. From 2018 to 2024, the total DI of PPDs and PPD-Qs for both adults and children showed a clear year-by-year increasing
trend. Under the median exposure scenario, the annual DI values from 2019 to 2024 were approximately 1.14, 1.50, 1.85, 2.37, and 2.98
times higher than that in 2018, respectively. These findings indicate that climate-related intensification of oxidative conditions is not only
altering the chemical landscape of PM, s but is also driving an upward trend in human exposure to previously overlooked toxicants.

Our findings provide critical insights into the environmental behaviour of tire-derived PPDs and their transformation products under
real-world atmospheric conditions. The persistent and increasing levels of PPD-Qs in PM, s, particularly during heatwaves, raise
concerns regarding their potential risks to human health and ecosystems through inhalation and deposition pathways. This study also
offers a systematic basis for environmental risk assessment and underscores the need for targeted regulatory strategies to monitor and
mitigate emissions of tire-associated chemicals, especially within the contexts of climate change and urban air pollution control.

atmospheric PM, s, p-phenylenediamines and their quinone derivatives, distribution characteristics, long-term
evolution trends, transformation mechanisms, heatwave, ozone
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