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N-(1,3-HE T 38)-N-IRHEXT K —Jf%(6-PPD) W E 42 8.0 mm. K& 20 mm (1 [ A /2 58 BE R THI

Je— M N TR IR AR T
S AR R T R 52 5 R 24 1 g S AL
2ER, EiE. mE. B, A4k%, 6-PPD
(BT A A FH BB A% A RS A TE A I [a] 4 A
RE AR HL R A A EE v RE AL E , b A
AT SR RS. AR R R A ) ) R A
FIR6-PPD B A B ML AMAEH, (HIER T %
PER A B AR BRI, R — LR
FEPEY) R . Tian Z523 % I 6-PPD 2 5 B [ M
M % %0 48— i B8 (6-PPDQ),  6-PPDQ E. i 2
M, FEIRFEZIN 1 pg/L & oK R 2hEEFET S,
WNERNKEEDR) “RIEE” 15 RY), 6-
PPDQ X AN [FZK A W Fp U E A [F07), o] F: 3 ik
HMERLARBERSE. 6-PPDQ X A _E IR E B A v
F A, FEAE R Hb XN PR PRI AR S i AR 24
i, HILEREH W& EE S T REAND BT
W FC IR TE 5 TR BRI, S5 B kL, H
HF] 6-PPDQ 1] LA 2 A7AE T 52 38 1% 5 M AR i
K BENPRA . IO A R R R R
B PR 00, AR AL R AR SO TR T A
R, Cai 78 T 6-PPD 7 A= B 75 A 5] P4 35 2 it
H o A AN B KT, BR 1 5% T B AL 7 6-PPD
1EH ALK IE T 2B 240K 6-PPDQ 5 L Ah
HRGRIAD, i WS .

AW TR E S R TR 2 2 4k
FARST B E, W EC ARG RE AT AL 4R
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P 6-PPD. 2,2,4- = HI -1, 2- — S MM 5
ENHUAMTIRD) N-FUT FE-2- 74 15 s Y fig
BERZ(FEFEFINS) FhaR 7R 2 & AR A EE
TERETR . BRALFBRAS . N-3A CLIERRAC AN 2 — Wk
T (B7 555 CTP) S5 e 53, He b 7 277 6-PPD s
TNE R E A IS 2 2%. NIRRT IES0™N
EC ARSI A 5 I DR E AT, HLARDIE N T

B .
1.2 RXFI5HR

6-PPD (CAS 5 793-24-8, 4JF>98%, % it
PR TR HIEE. IE Cbr( ik al) 5
T35 [H Fisher Scientific AR A A]; 526 % FH/KH
Milli-Q 8 4l 7K 7 A AL BE R e il 2% s AN 85 4 8 I
(10 pm, E4%47 mm), Tenax TA (60/80 H); 445
ANRERTE, 0.64 cm x 8.89 cm, W H FE 2%
ISR A A PR A A
1.3 {USFig&E

il 5 2 7 MR 28 I 22 Ak 3 B3 R
fT 2 AR KA (Q-Sun, 3 [E Q-Lab A l); fiM-
18 B AR e 21 ARG 1A (HY PERION2000, 7 [
11 & i (Bruker) 2 ®]); R0 FERLIE K B3 43 AT AX
(Morphologi G3-ID, #<[E Malvern A #]); “SAH €
R (GC-MS, 6890N/5975C, £ [H Agilent 23
F); SR AE R BRI DO MR AT B TR R
{% (UHPLC-Q-TOF/MS, Acquity I-Class/Synapt
G2-Si, FE[E Waters A 7], 73 #3 20000 FWHM);
ST R-(SQP, FEZ R RIS LA R A
Al); HAK RGUMIll-Q, 3% [E Millipore 2 7)) .
1.4 RRREEEBEERZNIRE

T S sy ONER T A I E e S A (<
Dy, FHEAT AR o ) 3 17 5 20 B ) o b
W 1242 9 8 mm, A fiE 1 1.892 N. &1k
PP KRS N B BB AK, A R
BE Ot B KA % HAE R B SRAe 1, R 3
U1 7725 s A S 5628 B N T 2 ARG A
o, AT N D0 S s sEsR S E N MK
FH& 60 g; J6580.68 W/m¥nm; EAR R 80 °C;

Fig. 1 The mechanical accelerated aging device for polymer

materials.
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R 50 °Cs AHXTRE 65%; IR+ 720 h
(30°K).
1.5 BREBUEHREBHRGEBAIEE AEM
St

FIRANSB B e KR, WK BB IS 1
O RE S, 2K F Micro-FTIR (1) 5 U 4 J 5 %
(ATR)BE A TR IR, HEIR B AHT IS A8 4K . R
FARE EERLTE S i 53 53 B ASOR B2 1) R iR B s T
BRRAREAT 34T
1.6 BEEZELIEBFISECIE-FIESH

BIFE R E G R G, ISR, A
10 mL iE Ce s B BCE AL RT . S AR, F)
F GC-MS 30 #7 . K HP-5MS (30 m x 0.25 mm X
0.25 um) S AEBEAT 70 B, W E BEAE R N
220 °C, FEAAT, AN 1.0 uL, HER
N 1.0 mL/min, JHEFET: 50 °CLRKF 1 min,
L 20 °C/min 78 S+ 7 £ 200 °CLR¥F2 min, Z
J&i LA 10 °C/min %] 280 °C##F 10 min. LT HL
HEIEREDHE, HERENT eV, (ERIZLIEE
280 °C, &FUREE N 230 °C, R
940~550 Da. SKAHH 4 NIST i AT 70 b7
1.7 EMF 6-PPD E R EEL =W

FREX 6-PPD £ i 50 mg (& #i 21 0.0001 g) T
TR, 43BN 10.0 mL # 4l K fTIE 2k
B2 s 30 Kk, HRES AR,
K GC-MS 73 lxtZ46 0. 3. 10, 30 RHIE K
T2 AR S AR = AT b, R SR AR 1.6 715
W B 24k 30 K5 7KK FH UPLC-Q-TOF/MS
AT AR R 0. e 4.0 mL, O
4.0 mL & FHe, WHE30s, HESE, WFZE
EWEW G, H 1.0 mL FEEE %, A UPLC-Q-
TOF/MS 71, [AIZB AR BE 25 (I FE b . SR Acquity
UPLC HSS T3 (100 mm x 2.1 mm, 1.8 pm) i
&, Wi ANHEEET, BRNO0.1% FIR
K, #EWME0.3 mL/min, ¥ 40 °C, #EFEE
2.0 uL, K HBRE BE AR P BEBL . 0~1.0 min,
5%A; 1.0~12.0 min, 5%~98% A; 12.0~13.0 min,
98%~100% A; 13.0~13.1 min, 100%~5% A;
13.1~15.0 min, 5% A. FLIGE 2 B8 15 IF B8 TR =X
(ESIHHE, wEEBMEHIE3.0kV, HEfLHE
30V, Y5l 150 °C, BiiEFFIE AL 400 °C, it
SIALE 800 L/h, HEFLIIH A& 150 L/h, 34
76 [ m/z=100~1200 Da, 415 B £ 6 3% 455 2
(MSEVIN,  Filffi BE B 20~45 eV, R ERLIERN

LG RN HE K (m/z=556.2771). %35 F) ] UNIFI#
4 (version 1.9) 45 & SLie = H i #% £ 48 A 2k
TR dT AR N ER L RT3, REiRE
<107°.
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BRI E I EER R, FeR AT 4> R
BEEEIG . S o7 BRI BERIERIR. BRAREEIR. Hih
PEBRAVS TSRS, BN R EM R RE DL
T TR A6 0 485 g S R 2 5 11 2 i 810 %60 s 1) S 45
SEBR BRI AR T R A, A SO RE % 57 B
B, BRI . BB, Sl BRNE T
B, TR A SRR L, AL — Rl BRI 5T
M TSP E R R AR B TR, R0 1 B i 4 M i B
L AL AR R 1R PT REME .
21,1 SREGAL B G T

PL215/55 R17 %6 G KUAs J o), 37 S0 5
B, VA ERIGIE AT IR . 215/55 R17%8
G4 B4R N 668 mm, &AM 12 308 mm, R3]
FA2r N 324 mm, FfAE ] 670 kg, % FERE L
& 208 1600 kg, RN NG 71 H 2974 400 kg,
YR e K g e 11 670 kg i, 1% 42 52 fn
SR AT L T4 x (670 — 400) kg, Bl 1080 kg. %
P M8 60% WA THEL, B AT 4074 648 kg,
I REAN 58 R SEBRAR F 4T G (400 + 648/4)
kg, B 562 kg, W25 5IE 2 0] (3 B BE4E &
HONS ERAEIE R AT R R B BE R R AN
5, TR RS NRIIRGSET, W23 BE

1 F R Mk 35 KA -
Frn=f"0 O
My, =0"G @

Frbh, R R AR BN /N IREN T Foin
MR AW BT TR N IREN T e 735904 «
My, 0
Fpin=—"=—G (3)

Fox=F; =G 4

W T A BE P 2R 06 9 2~10 mm 2 7], BX

HEIME S mm; 9T B T 30 BE AR R 2 0.6,

1 2R (3) FI(4) T 15 ZE 56 ke A2 TR Bl BT 5 B /N R )
D1 Foin FUR AV BN T BV IREN T F g s

Fiyin = 3% x 562 x 9.8 = 84.996 N (%)
Fnax = 0.6 x 562 x 9.8 = 3304.56 N (6)
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135 N-m, NI THEAEIZY E R SR
KHFE 81.6%, ULBH LRt FE s Rt &
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ARSEERH H EUPR SIS E, R
¥R 8 mm FIFEIAFE T . 215/55 R1THE R4 SCT
T %5 B8 215 mm,  QIASEES R G S 4R I A LA
i, AP Z N0 B 5 Pgmple T Price ML 1ZAH
&, LIRS TE 2 I TH AR Sample L 1T Gaample 5
FHAAESZ ITTHAR Sire LA G FIEUI T KR

M Gsample )
Psample _ Ssample _ 8xkx8 _ Gsample x215 -
Pme Gme 562x9.8 82X562X98
Slire 215xkx215
®)
82x562x9.8
Gsample = T =7.624 N (9)
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[ TS0 25 BN AR S S BR T IS B0 R R Al T
S, T 2(a) R 2(b) 2 ) A L6 2 B I 45 4
VA2 350 4 B R A e [l 2 T AL DA JE PR SEE 1)
P, SEERRE AL SRR R, R E
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Fig. 2 The structure (a) and force analysis (b) diagram of

the experimental device of techanical accelerated aging device.

T RE 1N 3.484 N, W LE RESHHZ ML
B4/, T Gampe T 22 7.642 N, Jit LLSEES
AT Goample LI 1/4TNE, £91.91N, AL BEESK
WA EMERESE, MR /T IH%E Y 1.892 N,

IR SIS T PRIV B R 0 -

Fr =f+G=0.6x1892=11352N  (10)

Rk, “pb5e %N 8 mm, HfifN1.892N,
HIHLAZ 1408 300 r/s (AL 240 LA 54 k/h (R AT
B, RS AT Rl I 2R 5 A AR S TR AR 1
ATl 2t e a SR Y A
22 WBRESFEREHTH

W AL HT G B 5 2 FTIR 20 4, 4F 750~
3000 cm™! i [ A RSO R R AR BT R AR AL, B
W AT J5 S5 A A A A R AE AR AN () 3). %
NER IR FE iz B 12 s, P AR AR R
SRR, RIS, kB2
K 4(a). ARG RiAR N 4.12 pm, 43 A 0 LA
T0.75~14.73 pm Z 8], FHXJ 5 1 22 5 0.61,
R34 RIER A, X~(4.12, 0.61), 1 4(b)
FIT7R . %6 1R B 45 0k 2 A2 18 12 i de B L (1) A 05
15 9eIR 2 — 04, BlA 2 SRR (MP) 1Y 5
FEORYFOS), AT I B M X R R
AR s ERZ, HEMAOIMEE LGSR
T 1 K 5B 40 FURL KL 42 7E 50~200 pm 2 [H] 04,
TE A 358 DR A LA I #fi,  R] B 22 J% 3 T A2
BORLOO), X PRI () AR A B B AP AR RO, AR
TEAE RS UT, AR R TN RIORL, Ll kL A% 5 3
2.5 um 8(<2.5 pm MIRORL, 2 R KSR,
BEE SR ERR I oy, AR e B -2 4
%7 (Micro-FTIR) ELEAG I 2 . SLI6 45 K ae %
A R B 4 9 1 B AR I T RN AR I B A R RS
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Fig. 3 FTIR spectra of rubber samples before and after aging.
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Fig. 4 The morphology (a) and particle size distribution (b) of microrubber for the rubber sample after grinding.
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2.3 ST 6-PPDENX W4T

BRI ZACTT E R 4 IE S pi R UGS, GC-
MS Kl 25 5B 5)FR B, HEar 1 SIEEZ
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AT R E R, A I R b2 RS
BB, BUHENAG S o e 2 AT R T R AR
T EAEREF, FH GC-MS 7 Al X AL 0,
3. 100 30 RIS S AR = WdiAT 04, 25
R 6 s, TEOR B H] 2.65 min &b 1) 15 g
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. . o~ 9
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Fig. 5 The GC-MS results of rubber samples extracted by n- mlz

hexane before and after rubber aging (black line represents the
sample before aging; red line represents the sample after

aging). (The online version is colorful.)

Fig. 6 The GC-MS result of 6-PPD transformation products
by aging 30 days with xenon lamp (chromatogram (a) and
mass spectrometry (b)).
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AAWE RN, MEZHREK, e
B, A 30 R, FHXTREE &S, £ NIST
WEEVLACS, ZAA YA MIBK, CAS 54 108-
10-1, B0k /AR FE 24 5 77 A2 1 MIBK A2 Hi
YL 6-PPD 7=/

[ 5 1 Fl UPLC-Q-TOF/MS 43 By iR 4 /K i 5751)
LS 6-PPD FE i, 454 S0 = H i ik 4L
P B AT R A A, R INATE T o8 [MHH],
JRERZEN 10, BB EMI TR, B
6-PPD A & 4b, RHIE| S L LF=Y), SAEY
B ICES TR e e R T o i ] ROk R 45
RS2 RE RIS, 451 N-Z8 F - X
7 "% (PFPDA, CAS: # L), X&KL
(4-ADPA, CAS: 101-54-2). 6-PPDQ (CAS:
2754428-18-5). 4-7t Nz K JZ(IPPD, CAS:
101-72-4)F1 N,N'- I K — % (DPPD, CAS:

74-31-7), [FIIF S =4 22 /b DU G 2 1 AN A {5
B 2RO 82 3] 6-PPD 7E IR 1B H % I 5
ZAF TR BERUE R R G, B AR
K, U] 6-PPD & RAEEUR IS, ML=
) PFPDA W] G 4% 6-PPD Jit & il F2 H 2 €4 N iR 1)
FEH &K . 4-ADPA s& & i 6-PPD [ JE RIS, Li
SELOE AN IR G S T K I T 4-ADPA 2 6-
PPD H #6472 ¥) 2 — . Johannessen 2512 211% 31l 6-
PPDQ /& 6-PPD [ A =4, 1E i BES T AL IR
g, B R AR A ) A R R, T RRAE
fi #1 (1) LDso, BEVEECE, [FET BEBEBE 5 £ iR iR
Wk, FESEBUAEFARRD, @A, KEK
HNER 3 K LDso UE W 6-PPDQ X-FiX J LR K A4
B, SR “RIEEYIRT 2 fE1Z% 4 6-PPD
ARG R I 7 BoR, EEAFEE. B
e AN e e S (S

Table 1 The UPLC-Q-TOF-MS result of 6-PPD and its identified transformation products by aging 30 days under xenon

lamp condition.

Component Expected mass (Da) Observed mass (Da) Observed m/z Mass error (107%) Observed RT (min) Adducts

6-PPD 268.1939 268.1927 269.2000 -4.6 8.90 +H
PFPDA 266.1783 266.1777 267.1850 -2.3 8.64 +H
4-ADPA 184.1000 184.0984 185.1057 -8.7 8.74 +H
6-PPDQ 298.1681 298.1668 299.1741 -4.4 10.03 +H, +Na
IPPD 226.1470 226.1487 227.1560 7.5 10.12 +H, +Na
DPPD 260.1313 260.1293 261.1366 -7.8 10.66 +H
0y
@NYY
(0]
CisHp»N,0,
Cleavage of H
g alkyl groups HNONHZ Phenylization N
I L YoNsas
O X
H H
o CisHigN, CioHipNy CigHigNy
% NOH ' Dehydrogenat H CH
o @\ /©/  Dehydrogenation i N 3
% N r P,
CgHyyN,O CisHpN,
)\/OKH Oxidation )\/I?\
C6H14O CGHIZO

Fig. 7 The possible pathways of 6-PPD by aging 30 days with xenon lamp.
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2.4 EAF 6-PPD EL = H T
FIAT.ES.THRHRTE, VAL 6-PPD fil6
FlEE AL P2 P ) 2 B0 & LDsp. £V B FIA T
HRBHEAMEEREN, SRAE2HR. He6-
PPD LR, HAL =AY &R 73508, 2
RAMEAE, F4DW0 R K E#B
(AT 0.5), HEMEA6-PPD A G X HIAK, #
B R H2b . X%FT LDsg, B 7 DPPD I MIBK 4F,
HoAth 7= ¥ LDso 2 /N T 6-PPD A &, RIS F
PR, 4 EE 6-PPDQ S & 14:,  IPPD Fl4-

ADPA [T 5 1E(LDso) #2158 T 6-PPDQ. $i5 14,
MIBK fE % 52 Wi fisg ZLR R i A Jse 3 35k DR 7 2 08
Ko 4 4y 424, 6-PPD £ 45 4 & I8 5 i e AR
6-PPDQ S5 G PR =4, I A v 1) B P R v 2 1k
FEW) (40 6-PPDQ) B 1% 1M 34 i . IPPD 5 5 28 AL,
N, PR g EEE T IPPD J5, PR TBEY
fuRRIEAL AR, 155 TisEiRE ), 480 T IRK,
HFET 2B 5K E 5L
DPPD N AMEPE K AR & & 5 3O R 1 %
B SR 1261,

Table 2 The toxicity prediction of 6-PPD and its transformation products.

Compound Mutagenicity Bioaccumulation factor Developmental toxicity LDs, (mg/kg)
6-PPD 0.12° 354.97 0.54 3579.70 3/1395.66 °
MIBK 0.00*/-0.03 ® 8.28 0.68 2078.65/1817.32 b

PFPDA 0.19" 203.49 0.58 1253.54

4-ADPA 0.00 #/0.67 ® 4221 0.38 463.91 %/630.43 ®

6-PPDQ 0.38° 8.05 0.53 1060.19®
IPPD 0.002/0.09 ® 13522 0.53 720.74 3/740.51 ©
DPPD 1.004/0.29® 68.56 0.44 2369.05 %/2096.51 ®

a Experimental values included; ® Predicted value.

3 %8

HIIGRA N FEIEENIR, P LK
KL, G BT R O A B T AT
S RSN, BRI LR, B
ekt dh b 6-PPD ISk, ZEIGIER-2E T 6 FbaARL™

Y, o, Bkt iy, s
BEPERCIRAYT 6-PPDQ, 4 Ff ™ M) U Sk 75 1 I
FE#RE T 6-PPD A B, DRI AG BRI B B e o
PR IR AL 3 446 7 6-PPD ) 1 2R Bt g m]
RE 20X PR B R AE XSSz, I TEX T 2 45 M
AR XS VA& EE R L.
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Determination of Microrubber and N-(1,3-dimethylbutyl)-/V'-phenyl-1,4-
phenylenediamin Associated Transformation Products in

Rubber Aging Process

Jian-feng Wang!, Yu-xiang Zhang!, Jia-min Wang', Zhao-yang Ding'-?, Xin-lei Gou!, Chong Qian!,
Yuan Gao!, Yan Liu!*, Xia Gao!”

(Unstitute of Analysis and Testing, Beijing Academy of Science and Technology (Beijing Center for Physical &
Chemical Analysis), Beijing Key Laboratory of Detection Technology & Quality Evaluation of Organic Material,
Beijing 100094)

(°Department of Chemistry, Capital Normal University, Beijing 100048)

Abstract N-(1,3-Dimethylbutyl)-N'-phenyl-1, 4-phenylenediamin (6-PPD) is a widely used antioxidant in tire
rubber, which can be oxidized into a highly toxic compound 6-PPD quinone (6-PPDQ) by ozone, resulting in
extreme acute toxicity in some fish species (e.g., coho salmon). To explore whether 6-PPD can produce 6-PPDQ
under natural light conditions, the experiment of the artificial accelerated xenon lamp aging test was designed. A
self-made mechanical accelerated aging device of polymer materials was used to simulate aging tire rubber
samples. Microrubber particles was determined. Then the associated transformation products of 6-PPD were
analyzed and verified by chromatography-mass spectrometry after further xenon lamp aging test. The results
showed that vehicles can produce smaller amounts of micro rubber on ideal road surfaces under lighter loads. The
recovered tire rubber samples were changed into microrubbers. The size of microrubbers showed normally
distributed with the average particle size of 4.12 um. The antioxidant 6-PPD disappears after aging. After
verification, it is found that 6-PPD can be changed into six transformation products under xenon lamp. They are 4-
methyl-2-pentanone, N-phenylformyl-p-phenyldiamine (PFPDA), 4-Aminodiphenylamine (4-ADPA), 6-PPD-
quinone, 4-isopropylamino-diphenylamine (IPPD), and N,N'-diphenyl-p-phenylenediamine (DPPD), whose toxicities
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were predicted using T.E.S. T software. Except for DPPD and 4-methyl-2-pentanone, the median lethal dose of
other products was higher than that of 6-PPD itself. This study shows that a large number of micronrubber
particles are produced during vehicle driving, which has great significance for ecotoxicological evaluation of
microrubber environment and safety and risk assessment of 6-PPD.

Keywords N-(1,3-Dimethylbutyl) -N'-phenyl-1,4-phenylenediamin, Aging, High resolution mass spectrometry,
Microrubber



