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Determination of seven tire antioxidants and their quinone
oxidation products in fine particulate matter by high
performance liquid chromatography-tandem mass spectrometry

LIU Feng, TANG Binbin, WU Liyuan, SONG Lixin, ZHANG Min, HE Min"

(Baotou Center for Disease Control and Prevention (Municipal Health Supervision Institute), Baotou 014030, China)

Abstract: p-Phenylenediamine compounds (PPDs) are widely used as anti-aging agents and an-
tioxidants in rubber industry. However, environmental concerns have arisen regarding the toxicity
of their quinone derivatives (PPD-Qs). Fine particulate matter (PM,,) serves as a crucial vector
enabling PPDs and PPD-Qs to enter the human body via respiratory exposure pathway. Therefore,
accurate monitoring of PPDs and PPD-Qs in PM,; is essential. In this research, a high performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) approach was established to
quantify seven PPDs and seven PPD-Qs in PM,,. Samples were collected on quartz fiber filters with
a diameter of 90 mm. The filter was cut into strips and subsequently spiked with 2 ng of 6PPD-d,
and 6PPD-Q-d; internal standards. The target compounds were extracted with 10 mL of acetonitrile
containing 1% (volume fraction) ammonia solution and 20 pmol/L glutathione (GSH), and purified
via a modified QUEChERS pretreatment method. Specifically, after salting out with 0.5 g of NaCl
and 1.0 g of MgSO,, the supernatant was subjected to dispersive solid-phase extraction for cleanup.
In this process, 0.5 g of MgSO,, 100 mg of octadecylsilane (C,) , and 100 mg of N-
propylethylenediamine (PSA) were employed as sorbents. Subsequently, 5 mL of the cleaned-up
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supernatant was evaporated to near dryness and then redissolved in 0.2 mL of a methanol-water
mixture (1:1, volume ratio) for instrumental determination. The compounds were separated on a
Waters ACQUITY UPLC HSS T, column (100 mmx2.1 mm, 1.8 wm) with mobile phases consisting
of a 5 mmol/LL ammonium formate aqueous solution containing 0.1% formic acid and methanol.
Identification and quantification of the compounds were carried out under positive electrospray
ionization in multiple reaction monitoring mode. The results indicated that all analytes exhibited good
linear relationships within the range of 0.05-20.0 ng/mL, with correlation coefficients (7) exceeding
0.999. The method detection limits (MDLs) and method quantification limits (MQLs) of the com-
pounds were within the ranges of 0.003-0.07 pg/m’and 0.01-0.2 pg/m’, respectively. At three spiked
levels of low, medium and high, the recoveries of the compounds were in the range of 66.3% to
119.0% , and the relative standard deviations (RSDs) ranged from 1.5% to 13.2% (n=6). Ultimately,
the developed method was employed for the analysis of PPDs and PPD-Qs in PM, samples collected
from Baotou during January and February 2025. The results indicated that seven PPDs and five PPD-
Qs were detected, with mass concentrations ranging from 2.26 to 251.2 pg/m’ and 2.36 to 105.4 pg/m’,
respectively. The proposed method is characterized by its simplicity, environmental friendliness and
accuracy, making it suitable for the rapid quantitative analysis of PPDs and PPD-Qs in PM, .
Keywords: high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS);
fine particulate matter (PM,,); p-phenylenediamine compounds (PPDs); p-phenylenediamine qui-
nones (PPD-Qs)
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pL T 10 mL 28 &t b, B B 2, Gl 1.0
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80 wL R}y 1.0 ng/mL (IR & br i 15 W, 20,
40,80 wL i & ¥ & 4 10 ng/mL B9 IR A Fr IR W,
20.40.80 wL & & 4k ¥y 100 ng/mL (118 4 b E %
W, I 4 5 A 20 WL it & % B2 100 ng/mL (1R
B AR bR HE TS T . SR 5 o8 42 4 HERE A A B ik
HEAT AL B, B AR B M B2 O 0.05.0.1.0.2.0.5,
1.0.2.0.5.0.10.0 #1 20.0 ng/mL 1Y % % 5 #E T. 7k
W, N bR BT i M B2 R 5.0 ng/mL,
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it v O o S AORBE AR R AR PML B L R AR
b A5h PN 5 A Sk T R LD XA Sk PR 2 B AR IR
[ B 1 AR 3] DX IR B A X T A AR S5 HR o B T, SR AR
]2 2025 4F 1.2 H & A &2k 7 K (10~16
H ), 4 KRB ] A 2> F 20 h, R AR 3 E A 100
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U8 A DR B OR A A A

B 5K R R 8 BT, BY RS LA 50 mL B0 A
WA 20 WL BTt ik B2 24 100 ng/mL /Y 1R &
bR 10 mL 3 1% R 23 %00 Z K Fil 20 pmoV/L ik i
TUZ e H K G, vk 78 8 75 42 B 30 min. R )5 7E
BB TIMA 1.0 g oK EREE R 0.5 g F AL, iR
i€ 1 min,4 CF 9 000 r/min &.0> 5 min, # b 5K
W% ESTA 0.5 g LKA EE 100 mg C,, F1 100
mg PSA 1L &, W€ 1 min, 4 TF 9 000
r/min .0 Smin, BH 5.0 mL FERES — T
f) 15 mL 2.0, 76 40 CFAS WA 2iE T,
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il AT 58 SEBR R 1/8 A it 8 B B A7 4G 0 o
14 NFEEH

&3 A (A% Waters ACQUITY UPLC HSS
T,(100 mmx2.1 mm, 1.8 pm) , f: i 40 C, Fish A A
5 mmoVL H iR #: (% 0.1% H g ) , i sh A B
Fist 3 O 0.35 mL/min, JF#E 20 pL. BB VRN
F2JF :0~1.0 min, 90%A~5%A; 1.0~8.0 min, 5%A; 8.0~
8.1 min, 5%A~90%A;8.1~11.0 min,90%A .

Jik 5 3 ST B TR IE B AL (ESD) , £
J2RE WA S (MRM) 5 K D0, B R IR R

®1 77 PPDs.7# PPD-Qs # 2 F[E) {i 5 N #R AT 4R B B 18] 2 T i

250 C,# 0 HJE 4.5 kV, SR 400 C, % kA
it 3.0 L/min, T4 <0 & 15.0 L/min, H Al 5T 3%
SR 1,
1.5 REEHSRKRIE
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HH G 7™ i 22 4 T G i) 1) €28 0TS e (55 ) b AR
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Table 1 Retention times and MS parameters of seven p-phenylenediamine compounds (PPDs), seven p-phenylenediamine

quinones (PPD-Qs) and two isotope internal standards (ISs)

Reten-  Precur- Collision

. K K Product Q1 Pre Q3 Pre
Compound name Abbr. tion time/ sorion . ener- .
. ions (m/z) Bias/V ] Bias/V
min (m/z) gies/V
N-Isopropyl-N'-phenyl-p-phenylenediamine IPPD 4.694 227.0 184.1°,107.0 -15,-12 -17,-43 -19,-11
(N-FNHE-N"- R HE-1,4-98 %)
N-cyclohexyl-N’'-phenyl-1,4-benzenediamine CPPD 5.092 267.1 184.0°,129.9 -14,-11 -22,-42 -20,-26
(N- O JE-N" R X 28 e )
N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine 6PPD 5.283 269.3  184.17,107.0 -15,-15 -20,-51 -13,-22
(N-(1,3-ZH 3T 38 ) -N R X 8 ke )
N-(1, 4-Dimethylpentyl) -N'-phenylbenzene-1, 4-diamine 7PPD 5.491 283.1 184.1°,93.0 -12,-12 -20,-36 ~-13,-20
(N-(1,4- 7 HUBE B ) -N - 2R B X 28 i )
N,N-Bis(1,4-dimethylpentyl)-p-phenylenediamine 77PD 5.653 3052  135.0°,206.1 -16,-17 -34,-20 -29,-24
(N, N-XU(T,4-Z R RO ) -4 8 ke )
N,N’'-Diphenyl-p-phenylenediamine DPPD 6.052 261.0 184.0°,107.0 -11,-11 -32,-47 -20,-21
(N, N-" 8 5E-% R — )
N,N’-Bis(methylphenyl)-1,4- benzenediamine DTPD 6.723 289.1 198.0°,183.1 -15,-15 -26,-33 -20,-18
(N, N'-Z (4B W R FE) % 28 )
N-Isopropyl-N'-phenyl-p-phenylenediamine quinone IPPD-Q 5.543 257.0 215.0°,187.0 -11,-14 -17,-28 -24,-20
(N-52 T 5 -N" 28 e -6 28 — e i)
N,N’'-Diphenyl-p-phenylenediamine quinone DPPD-Q 5.827 291.0 263.17,235.0 -15,-12 -22,-30 -14,-24
(N, N'-Z R -X 2R Z el )
N,N’-Bis(methylphenyl)-1,4-benzenediamine quinone DTPD-Q 6.058 318.9 212.0°,184.0 -18,-14 -19,-25 ~-14,-22
(N, N'-Z (4B PR3 ) X 28 — i)
N-Cyclohexyl-N'-phenyl-1,4-benzenediamine quinone CPPD-Q 6.162 297.1 187.0°,98.0 -16,-12 -32,-25 -19,-25
(N-21 O =N -8B X8 8 e )
N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine 6PPD-Q 6.231 299.0 214.87,241.0 -13,-16 -19,-33 -25,-17
quinone (N-(1,3-ZF 3L T 3 ) -N"-F8 3 X6 2 Bk )
N-(1,4-Dimethylpentyl)-N’-phenylbenzene-1,4-diamine 7PPD-Q 6.514 313.1  215.0,187.0 -16,-17 -19,-30 -24,-20
quinone (N-(1,4- W13 8 3L ) -N7 28 3 X6 28 i)
N, N’'-Bis (1, 4-dimethylpentyl) -p-phenylenediamine qui- 77PD-Q 7.335 3352 237.1°,138.9 -18,-19 -21,-32 -17,-28
none (N,N'-X(1,4- " H 3 8¢ 38 ) -3 % —JZiR )
N-(1,3-Dimethylbutyl) -N’-phenyl-p-phenylenediamine-d; 6PPD-d 5.260 2742 189.17,107.0 -15,-15 -23,-50 -13,-23
(N-(1,3- RT3 -N IR XK -1 S)
N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine 6PPD-Q- 6.208 304.1 220.0°,192.0 -16,-10 -20,-32 -24,-20

Quinone-d, d
(N-(1, 3-ZF BT ) -N7 2R B X 28 e -5 5)

5

* Quantitative ion.
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AR R MR B E AR . R, RS
mmol/L H 4% (& 0.1% H R ) -H B b i sh A . 1t
Hh W% H] CPPD 7E T, (A% A - iy o iz 58 5 1 il v
T C i, Bk T, ik ke . A @ik
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Fig.1 MRM chromatograms of seven PPDs, seven PPD-Qs
(10 ng/mL) and two isotope internal standards (5
ng/mL)

Peak identifications: 1. IPPD; 2.CPPD; 3. 6PPD-d; 4. 6PPD;
5. 7PPD; 6. IPPD-Q; 7. 77PD; 8. DPPD-Q; 9. DPPD; 10. DTPD-
Q; 11.CPPD-Q; 12. 6PPD-Q-dy; 13. 6PPD-Q; 14. 7PPD-Q; 15.
DTPD; 16. 77PD-Q.

i, RIS 2K AR FRL B 1% B, BR 77PD
Ab, HA A B AR Y R Ry 63.0%~116.3% , i —
A 2 v K AR R4 B0 H AR 9 DR 52 i AS B
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K L RE VS > 6PPD 41k R A X Ath v 7 4K 3
7 R R P R R R T AR SCRIF Y R B, B BT
PRI 20 pmoV/L i i A 43 ik H KT LL$E & IPPD |
CPPD F1 7PPD 45 (1) [l g 58 | ik — 20 £ g 4% B H ik
0V B3 O AN B S M0 4R AR (| 2) 0 R, BE 4
TESEBOR AR 20 wmol/L 23 Bt H Ak .
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YRR B, TS TR A B RO AR SR
QuEChERS J5 ik # 17 fb . B, L T Jook
MgSO, TG /K Na,SO, Xt H fr 4y [ 3 14 52 | & B8R
T H AR R R W R 25 R H B K
Na,SO, Br /K J5 $ BOR h £ BIR Y . dE— 20X [
T AR 42 TG 7K MgSO, X 8] s 3R (1) 52 ), & B 0.5
g MgSO, fl 1.0 g MgSO, Xt H A5 # [n] Y & ) 5 i 22
SR {H 0.5 g MgSO, B /K 5 ¥k 8 A7 78 /b
HEVEY . HLT AR Y JE R R A o A R R R
R B U1 g b D3R TR, & A 3R B U/
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Fig. 2 Effects of different extraction solvents on the recoveries of the target compounds (n=3)
Solvent 1: acetonitrile; Solvent 2: acetonitrile+0.5% (volume fraction) NH,-H,0; Solvent 3: acetonitrile+1% (volume fraction)

NH,-H,0; Solvent 4: acetonitrile+2% (volume fraction) NH,-H,0; Solvent 5: acetonitrile+1% (volume fraction) NH,-H,0+10 pmol/L
glutathione; Solvent 6: acetonitrile+1% (volume fraction) NH,-H,0+20 pmol/L glutathione; Solvent 7: acetonitrile+1% (volume frac-

tion) NH,-H,0+30 umol/L glutathione.
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Fig.3 Effects of different purifying agents and dosages on the recoveries of the target compounds (n=3)
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Fig. 4 Effects of different extraction times on the extrac-
tion efficiency of target compounds
a. PPDs and PPD-Qs spiked in blank sample (n=3) ; b. three
PM, ; samples. S1: sample 1; S2: sample 2; S3: sample 3.
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Table 2 Linear ranges, linear equations, correlation coefficients (), method detection limits (MDLs), and method quan-

tification limits (MQLs)

Compound Internal standard  Linear range/ (ng/mL) Linear equation r MDL/ (pg/m®) MQL/ (pg/m?)
IPPD 6PPD-d, 0.05-20 y=0.83x-0.0077 0.9990 0.07 0.2
CPPD 6PPD-d, 0.05-20 y=0.502-0.0083 0.9991 0.01 0.04
6PPD 6PPD-d; 0.05-20 y=1.20x2+0.011 0.9997 0.003 0.01
7PPD 6PPD-d; 0.05-20 y=0.752-0.0015 0.9994 0.05 0.2
77PD 6PPD-d; 0.05-20 y=0.692-0.0018 0.9998 0.04 0.2
DPPD 6PPD-d; 0.05-20 y=0.222-0.0017 0.9994 0.02 0.1
DTPD 6PPD-d; 0.05-20 y=0.0962-0.00057 0.9999 0.04 0.1
IPPD-Q 6PPD-Q-d, 0.05-20 y=0.83x+0.012 0.9994 0.04 0.2
DPPD-Q 6PPD-Q-d, 0.05-20 y=0.402+0.018 0.9993 0.02 0.07
DTPD-Q 6PPD-Q-d, 0.05-20 y=0.452+0.0010 0.9994 0.01 0.03
CPPD-Q 6PPD-Q-d, 0.05-20 y=0.9520+0.011 0.9998 0.03 0.09
6PPD-Q 6PPD-Q-d, 0.05-20 y=0.722-0.0065 0.9990 0.06 0.2
7PPD-Q 6PPD-Q-d, 0.05-20 y=0.42x+0.014 0.9991 0.06 0.2
77PD-Q 6PPD-Q-d, 0.05-20 y=1.70x+0.0026 0.9994 0.06 0.2

y: peak area ratio of analytes to internal standards; x: mass concentration ratio of analytes to internal standards.
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Fig.5 Comparison of the matrix effects (MEs) of PPDs
and PPD-Qs before and after purification
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Table 3 Recoveries and relative standard deviations
(RSDs) of PPDs and PPD-Qs at low, medium and
high spiked levels (n=6)

Low Medium High
Com-
pound Recov- RSD/ Recov- RSD/ Recov- RSD/
ery/% % ery/% % ery/% %
IPPD 80.0 9.2 113.8 4.4 104.1 5.8
CPPD 73.8 9.3 108.2 3.4 104.2 7.0
6PPD 94.4 8.8 103.3 8.7 92.9 7.4
7PPD 98.0 12.4 117.1 4.9 119.0 3.3
77PD 113.8 4.0 84.0 1.5 73.9 3.7
DPPD 91.0 11.6 107.4 12.8 102.3 12.2
DTPD 115.3 10.5 114.1 12.5 111.2 4.9
IPPD-Q 78.2 7.0 98.1 33 94.3 7.9
DPPD-Q 107.0 12.3 76.5 11.0 66.3 5.9
DTPD-Q 102.6 5.4 117.5 8.5 95.0 3.8
CPPD-Q 83.0 12.5 109.0 7.3 100.2 6.0
6PPD-Q 87.0 11.9 112.0 12.5 101.6 4.8
7PPD-Q 74.5 13.2 111.4 7.6 86.5 8.4
77PD-Q 92.7 11.5 102.1 6.6 97.2 5.9

2.6 THEmRINE

K AR 7 3k 6413k T 2025 4F 1.2 A A9 PM,,
FESHEAT R . SRR 4 FoR B k T PM,th 7
ff PPDs ¥ 8 & i, > PPDs A4 i 2 ¢ J& Y5 Bl by
2.26~251.2 pg/m’, [ IPPD-Q Fil DTPD-Q & ¥ i
Sh,HAx 5 Fl PPD-Qs A 5 i, X PPD-Qs 1Y Ji i
W FETE N 2.36~105.4 pg/m’,

&4 L1 20254 1.2 A K PM,, 1 PPDs 71 PPD-Qs Ky #& H &
MRERE (n=28)
Table 4 Detection rates and mass concentrations of PPDs
and PPD-Qs in PM, ; collected from Baotou during
January and February 2025 (n=28)

Detec- Measured values/(pg/m®)

Com- X

pound tion Mini- P Me- P Maxi- M
rate/%  mum 3 dian > mum ean

6PPD 100 0.07 10.6 20.0 33.0  99.0 28.3

IPPD 82 0.67 8.27 133 21.9  63.7 15.6
7PPD 50 0.48 0.48 1.03  11.1 16.9 5.81
DTPD 15 0.36  0.36 0.36  0.36 352 4.94
CPPD 9 0.12 0.12 0.12  0.12  5.03 0.42
77PD 8 0.38 0.38 0.38  0.38 10.1 1.34
DPPD 3 0.18 0.18 0.18 0.18 213 0.92

6PPD-Q 57 0.55 0.55 539  9.12 19.8 5.66
CPPD-Q 20 0.24  0.24 0.24 0.39 3.76 0.74
77PD-Q 16 0.67 0.67 0.67 0.67 13.4 2.85
DPPD-Q 14 0.24  0.24 0.24 0.24 609 4.91
7PPD-Q 3 0.67 0.67 0.67 0.67 7.58 0.93

27 5RBEFENRER

mE 5 Fros, 5 A SCHR 7 5 A8 A, A S
ST 7 B 3T I R A D | IR [ S A A
HH BRARE 19 0 A

RS KAFEEXHATENILR

Table 5 Comparison between this method and the literature methods

Number of target ~ Solvent volume/ Redissolved

Extraction time/

compounds mL volume/mL min Methods MDLs/(pg/m’) Ref.
1 11 0.5 90 UPLC-MS/MS 0.03 [17]
7 32 2 - UHPLC-MS/MS 0.003-0.01* [18]
10 15 0.1 45 UHPLC-MS/MS 0.02-0.3 [19]
12 12 0.2 30 UPLC-MS/MS 0.04-0.3" [20]
3 30 0.1 90 HPLC-Q-TOF-MS - [22]
14 10 0.2 30 HPLC-MS/MS 0.003-0.07, 0.001- this study

0.02%, 0.01-0.2°

a. instrument detection limit (IDL), ng/mL; b. MQL; -: not given.
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