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Research progress on analytical methods for the determination
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quinone transformation products

CHENG Jiawen'', ZHU Jiashun', LIU Yajing’, HUA Jing’, LI Shuang*’

(1. Doublestar Group Co., Ltd., Qingdao 266400, China; 2. Qingdao Eco-environment Monitoring Center of Shandong
Province, Qingdao 266003, China; 3. School of Polymer Science and Engineering, Qingdao University of Science &
Technology, Qingdao 266042, China; 4. School of Environmental and Municipal Engineering,

Qingdao University of Technology, Qingdao 266520, China)

Abstract: p-Phenylenediamine (PPD) compounds are widely used as antidegradants in the rubber
industry due to their excellent antioxidant and antiozonant properties. However, increasing envi-
ronmental concerns have arisen regarding their transformation products, especially quinone de-
rivatives (PPD-Qs), which are formed through oxidative processes under environmental conditions.
These compounds have been frequently detected in various matrices, including air, water, sediment,
soil, and biota, and have demonstrated significant ecological toxicity even at trace concentration.
Accurate quantification of PPDs and PPD-Qs remains a significant analytical challenge due to their
low environmental concentrations, high chemical reactivity, and matrix interferences. This review
critically evaluates the current state-of-the-art analytical methodologies for the determination of PPDs
and PPD-Qs across various environmental compartments. Emphasis is placed on the latest ad-

vancements in sample pretreatment techniques and instrumental detection methods that are suitable
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for complex and heterogeneous matrices. In gaseous and particulate samples, quartz fiber filters,
passive samplers, and accelerated solvent extraction (ASE) have been employed for effective
compound collection and extraction, with antioxidant protection (e.g., glutathione) used to prevent
analyte degradation. solid-phase extraction (SPE) based on hydrophilic-lipophilic balance (HLB)
sorbents, as well as salting-out assisted liquid-liquid extraction (SALLE) , have achieved high re-
covery rates and reduced matrix effects. Passive monitoring approaches like diffusive gradients in
thin films (DGT) have enabled long-term, time-integrated assessment of waterborne PPD-Qs under
varying environmental conditions. For solid or semi-solid matrices such as soil, sediment, and
biological tissues, ultrasound-assisted extraction (UAE), gel permeation chromatography (GPC) ,
and modified QUEChERS methods have been widely adopted for high-efficiency extraction and
purification. Instrumentally, gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) remain the gold standards for sensitive
and specific quantification. High-resolution mass spectrometry (HRMS) , such as Orbitrap platforms,
enables non-targeted screening and structural elucidation of unknown metabolites and degradation
products. In addition, emerging techniques such as condensed phase membrane introduction mass
spectrometry (CP-MIMS) provide rapid, in situ detection with minimal sample pretreatment,
showing great potential for real-time environmental monitoring. Electrochemical sensing platforms
based on carbon-based or metal nitride-modified electrodes have also demonstrated promise due
to their rapid response, cost-effectiveness, and field-deployable capabilities. However, challenges
such as electrode fouling and selectivity limitations remain. In conclusion, this review integrates and
evaluates a wide range of analytical approaches for detecting PPDs and PPD-Qs in complex en-
vironmental matrices. The comparative analysis of methodologies provides practical insights for
optimizing analytical performance and advancing environmental surveillance. Future research should
prioritize the development of automated, high-throughput, and green analytical platforms that are
adaptable to field monitoring, risk assessment, and regulatory needs for emerging tire-derived
contaminants.
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FE R BT ol R DUR & B 2UfF 7E (ng/L 3¢ ng/kg
Sl ) HAG I 5 SR B A2 AR 2 B T R A AL L TR AL

B R AR S — i X Rk A R
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S B T Y A

g WX PPDs B H % A6 7= 9 43 1t v i R Bk
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7§ 5 F , AR SCLk T 3 48 PPDs & PPD-Qs 43
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%5 S TP

&1 ERPPDsEPPD-QsHEMXREWH MR

Table 1 Structural formulas and physicochemical properties of common p-phenylenediamines and p-phenylenediamines-

quinone (PPDs and PPD-Qs)

Rubber antioxidant Abbreviation Structure M, logK_ ' 121
N-(1,3-Dimethylbutyl)-N’-phenyl-p-phenylenediamine 6PPD I\,'\l/\r 268.19 4.64
SV
H
N-(1,4-Dimethylamyl)-N’-phenyl-p-phenylenediamine 7PPD 14 282.4 5.17
SUCASN
H
N-(1-Methylheptyl)-N'-phenyl-1,4-benzenediamine 8PPD ﬁ'\r\/\/\ 296.45 5.74
SV
H
N,N’-Bis(1,4-dimethylpentyl)-p-phenylenediamine 77PD 304.29 6.30
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Table 1 (Continued)
Rubber antioxidant Abbreviation Structure M, logK_ ' 121
N-(1,4-Dimethylpentyl)-N’-phenylbenzene-1,4-diamine IPPD H\r 226.32 3.28
Sudy
H
N-Phenyl-N'-cyclohexyl-p-phenylenediamine CPPD 14 226.15 3.28
SUCA®
H
N,N’-Diphenyl-p-phenylenediamine DPPD Iy 260.13 4.47
SUeA®
H
N ,N’-Bis(methylphenyl)-1,4-benzenediamine DTPD Iy 288.38 5.13
CLO XD
H
N,N’-Di(1,3-dimethylbutyl)-p-phenylenediamine 66PD '3\'/\( 277.30
ALY
H
N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine-quinone 6PPD-Q h u 298.17 3.94
QT
H
o
N-(1,4-Dimethylamyl)-N'-phenyl-p-phenylenediamine-quinone 7PPD-Q i 1 312.37 4.47
LT
H
o
N-(1-Methylheptyl)-N'-phenyl-1,4-benzenediamine-quinone 8PPD-Q 326.42 5.03

N,N’-Bis(1,4-dimethylpentyl)-p-phenylenediamine-quinone

N-(1,4-Dimethylpentyl)-N’-phenylbenzene-1,4-diamine-quinone

N-Phenyl-N'-cyclohexyl-p-phenylenediamine-quinone

N,N’-Diphenyl-p-phenylenediamine-quinone

N,N’'-Bis(methylphenyl)-1,4-benzenediamine-quinone

N,N’-Di(1,3-dimethylbutyl)-p-phenylenediamine-quinone

o e

77PD-Q f 1\;\(\)\ 334.26 5.47
H
o
IPPD-Q i 256.12 2.58
o

CPPD-Q i u 296.37 3.46
s¥eae
H

o

DPPD-Q i 1 290.32 3.98
o

DTPD-Q i u 350.43 4.56
o

66PD-Q 307.20

SR, PPDs Y 25 0 i P AN AL 5E T HAEAR G
Tl r B Iz AT A R AR R B R B I Y
NG . TEMREE & T PPDs b & AR AL O, A
JCH: T 2 b 7 ) ——PPD-Qs. 5 PPDs Ml L,
PPD-Qs (7> T 45t A A 1T 3% 724k, Wi 2 1
LA . PPD-Qs (19 A U 2 5 A 2=
P BRE 5 — 2 RS 05 B 3R R AR SR L RO
RS HE A 2 o0l ad e — 2P B AL, R

FEAL R I, e 28 WU E I R R 25 4 1 L X R 4
¥ 5% 25 W T PPD-Qs B /&5 ) Ak 2% 16 M A 4L fk fig

et I 55 BB A0 0T (A % f R A ML S 3R ED 1
AHEAE RV O W . Be Ak A4 TR PPDs,
BRI AAAER N T PPD-Qs BB, i FL 25 K 1 AH
X o X — AR AR AE IF S B -OK L R £k (log K,)
()T B A B iR B iZ(H M BER PPDs 19 3.28~5.13
FE2 2.58~4.56, X —HfLME BT, fli 1 PPD-Qs
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A% M AL AT A% PPD-Qs A AR 25 KB PEAG 42 ) 1
B AR . I, TR ABESE PPD-Qs 19 25 14 45 4
5 IR EEAT Xt T IT v R oy 7 1 I SIS HE IR 55
IR A B

2 PPDs X PPD-Qs HIHE BT B A

PPDs } PPD-Qs & 7% it fb 2% K5 Pk AR &2 /K
FR) 43 AT R T A5 o A A E o T A S
IR, HAEYE T H AR R R 45 R
RPERAEFE. BT RERBRYZ0m T
B RSV RES,EESERE AT EELE
1) B i 1T Ak BB R G L B X ik B Bk R BF 5
HAVTE K1 Z B8 P i B 5 A A BRI, DAAT AR
A H AR E BRSO R T TR R R ASOR .
2.1 BEHMS

SRS P PPDs K PPD-Qs 2 i1 7800 % 1€
HW A PE B SRR BT i 52 et o X AR A W o R
ETREWEYH I EARENEY,. 55
L2 T & A N 8T A A R BT I
I, TE SRR 43 B ok B SR AR 5 A PR
ASOCHEER Y B G IE R AE T Ik IR LA S 2
P HURN ¥ Ak 25 TR Ok T 4 v R 0 1% v % R R SR A
BERXEE, FBRSKFELFHNITF LT —
T 3 F 7 D F 2 8 T ) = B SR AR S i Ab By kL
TR A R BB Y h ) PPDs M PPD-Qs.
R 3 T, % O R R B E AT 550 °C i iR A B
DL A BRA HLA 0, SR AR S5 6 U8 A R R A7 (-20 T)
DR R Hbr b2z fae v . MR R EESE LS 8
wof A8 A B 2K B (DL & W k% (dichloromethane,
DCM) Fl1 Z i (acetonitrile, ACN)/E b ZE B 7)) ,
S5 RO A 1 7 SO B S R AT AL R A L S
a5 SRR T AR R PR S5 T B R A
i FHE L 10 # PPDs }2 PPD-Qs fY [0l Ui % 74%~
96%, K i #e AR & 0.13 pg/m’, WK JE PPDs J%
PPD-Qs M5E it /3 Hr e {1t 1 ml 52 K

B 7 E SR A DT, Bl R AR AR H JE R R
R A TR RGBS DR AR B 2 B RS R
T Rl S 7/ NG R TR e R | iy NE= 28 R4

JH 2R TR 16 R 2 2R R 45 &4 5 ik 7 7 AR B (ac-

celerated solvent extraction, ASE)fi A, SCHL T 4
BREF RIS A PR IRIE Y9 5 W, A b R

(limits of detection, LODs)flt &£ 0.169~2.71 pg/m’,
X —J5 B T 93 R A HORTE PPDs M PPD-Qs
S20 AR RS R S IV A B = = S ES
K2 James Cizdziel A B\ %} Sigma-2 #f 3 % ##
A UEAT T okl A 5 AR DR 20 R TR (E
1), A S0 TR FE R B b UKL ) Y 2k ) I 45
G o BEEUE B BT R L LODs B & 2.13~
2.90 ng/L. Z T AR F T HARG P00 R FE 3L
ARG AR GE B AR B DR S 45 AR T A Y
DL

;3'?1.. . g —
E1 Hit/EH Sigma 2 RERTEES

Fig. 1 Illustration of the modified sigma-2 sampler
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FEASCS RS AT A H R, AR I k2R
SEVERIRE T 6 7E . PPDs M H L P W 1E A K.
O HR R A P B8 R 2R A JH I AT R kAR AR AL R
SR A3 AT AR o S AKX — s A, v [ R B
TR 2 X1 SCME A BT AE A BT R 2 B SR Ry B R
PPDs 7E # it i £ i A8 vp & A A B A, 70056 Im A
0.2 mL | mmoV/L % bt H BKAE Jy S 47 5, i i 4 1k
FEWE R T AR E ML 9 A PPDs ) PPD-Qs
(1 LR A B 71%~105%

22 BAEHEM

5 RE S 0 A BT L, AR A R R
RS IR A AR [ RE R R A0 BT o A 1 Y B R
[ RN R [ AR S N T R
(salting-out
SALLE) £ R, # 57 T IR FE & b 6PPD K& 6PPD-Q
(43 BT 73k o I WE 98 E IR IRORE S o A 2 i A
A LA, IF BRI e H IR S AR A 390 R R A
T 12 A1 6 L 43 85 o 207 R 1 LIl 62%~65%,
LODs J 0.012~0.021 ng/mL. #{ It 14 4 LLE,
SALLE F| R 0T 1E F 358 1 B b5 10 40 43 85 50%
[ei) B 9/ T A AL R A . SR, A B H MK B R

assisted liquid-liquid extraction,
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1 /> 6PPD A Ak [ i, (E X HoAth 78 78 A0 35 7= 9 1) A
JE VS ATy s i — O o

i 4E SE , [E 46 26 B (solid phase extraction,
SPE) £ AR P H & B 0% m il v, O WS
it AR ) S R R n g K Y T s ) I K 2

Markus Brinkmann 1 B\ "' 3% F 3% 7K 3% I °F 4 (hy-

drophilic lipophilic balance, HLB) SPE /s # 4b #
F KA i, 320/ 1Y 25 7K O3 AR 1 A R 2 T R 2 [
At AT 2803 AR T AR i A AR M R AR M A A, i
TR H R [l 70%~88%. [, HLB /MEE Y 15
W it 25 1 RE 8 SE B 6PPD-Q 11 /1 30 & 4 9 i (LOD
N 1.2 ng/mL) , {#151% SPE /INEE A Ak B A5 BE
BB L. D3 — 5, R 1 R K IR EE RS e R
S WS A T oK o R A B A O 9T R A
BAECUTIE R T — IR T AR S AR — O R A

JE AV Bk Bl R K e B ——HLB- 9 #OB B 3 B (diffu-

sive gradients in thin films, DGT) ., H W, ¥ #Z

DGT mouldings

/

e

Filter membrane

=

Binding gel Agarose gel

T H ER B R I R Ao i A K, B T B AR
AP B R IR R Y Bt B R EN . M ERY
WP HUZRALE G R )G WA A )2 e HLB 8
PER AR . B A RAERT A AE K 555 2 T i H iR
BB R RS54 A 2w 2 A R 2
WA (AN &l 2 BFR ) o X — % iHfif HLB-DGT fig
5 78 ARl K AR 3R 55 v 52 B PPDs & PPD-Qs A =5 3%
BAEMEKIRE RN, W RE 5 EE AR
522 BE 44 F (pH 6.5~8.5 .85 158 £ 0.000 1~0.5
mol/L ¥ fif £ A HL W) Bt & Wk BE 0~20 mg/L) ¥ BAF
KL (0 e e P RN AT SE P L 45 SR SR I A ] KR il
FE i, 6PPD-Q 1Y K HY 5 2 Wk B2 43 1 15.8~39.5
ng/L F1 210 ng/L, Jt H 2 filt 55 #E 5 0 35 25 I 25
B m TG IMBCR AR B W A5 R, X —
K AL W 55 0] fiE J& 6PPD-Q B H %42 i ik
W AE B T HLB-DGT %% & 78 5 FErp B bR 15 2
R e BAT B

< Ag '}&cr
- /

A

v

El2 DGTHE#MSEERE

Fig.2 Structures and principle diagram of the DGT device!

23 EBEXR/EBESHESR

X [ A FE Ak U, R A B R M 1 T
22—, FLRE R Ak BB R B 8 A 5T O At [ 2SR
o AT AR L EE AN % . P E R R KiE Y
HOWF 5T AT MR OE D OR M B O M B AR
(ultrasound-assisted extraction, UAE) 45 & &t B
B 1% {4 % %+ 1k (gel permeation chromatography,
GPC)H AR, ## T + 8 5 o PPDs & PPD-Qs
SRR . SR R %3k 7 PPDs & PPD-
Qs 1 LODs & 0.24~2.29 ng/g, hin #x [l Y #& K
82.87%~100.57%, & Jit R I 24 88.29%~108.13%., i
it 454 UAE Fl GPC H A iZ kAU & T B s
N T R e BT K./ DO VA D
o, 4 3RS b PPDs & PPD-Qs 198 v K6 il
PR T HAR S

61]

W R R 2 8 ) A ATBR R ) UAE 456 5.0 5
BEOR  #E ST T DU A S PPDs & PPD-
Qs M= 804 M ik o DRI RR & 282 VR 1 F 3t O
Ab BRSNS B H BRAE R AR R . A5 R BOR L%
75 ¥ B IR S 81.2%~93.4% , Al 4T 7 7 1 22 (rela-
tive standard deviation, RSD) /N T+ 10%, 2 i % L/
Sk 82.7%~95.2% , 1% A7 Jk [t 14 i sl A0 il (1 B0 52 KA
ARWFFE5EVE T4 PPDs M PPD-Qs B4 A1 th 48 i 4%
O AR B 590 b o ) AR Ak e R A I L R R OR T
UAE #£ AR 785 24 DT U A i Ak B b %) 558 58 FH M, 7T
I 208 5 5 TR ORI T Y ) TR RS

BB SRR A 3BT 32 e OB 2R A T W e
M) 3 — ] 1, o ) A ol K 2 1 i o AT A0 T & T —
Ff ot B /) QUECKhERS Jr v& H T 14 % F fa £
6PPD & 6PPD-Q M43 M7 o 1% J7 %38 1o fik Ji A1 i
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i JHz 5 & 40 (primary secondary amine, PSA) 5 TERPUAAAL T . X Se 3T S Ak 5l o #7538 A b A

C18 Bk A v Ak Sk s, FlF PSA 12 3L T ik A1 A 2 &%
R RE i B AR P T AR Cn A MLER OB 2R A R
G512, C18 T gk H AR A I B R B AR A b
Ji 24 0 Al AR B T M, DT b 3 e I 6 Jo A8 i
XA ) T . P4 S ) QUEChERS J5 ik 7 28
10 B FE 5 R X 6PPD K& 6PPD-Q Y [l Y & 1] ik
73.3%~108.3%, Jf ¥ 5 51 % i A% 1E & 70.4%~95.6%
T FEL P, DA A IE T G 0 % 52 R AN R T . A L
T fifi B B — W B, PSA 5 C18 AYEE A I H 3 4R
FE T AR BT AT b3S B AR S AR R
) 52 2% L o, e B 0 A ) S P 4

JL % QuECKhERS J7 ik X & i #f i 19 b ¥ 2L A5
R B H R X K X — B A A L iy Ad B
AR — 008 b, B R EBER T
[ 2O R T — R T B A AR R AR B 0 R A B
# W (salt-out assisted extraction, SAE) 45 & £ ik
Mo ¥ ¥ fk (multi-plug filtration clean-up,
mPFC) [ AF & /i b #0535 Can &l 3 BioR ), T2 b
K77 5 PPDs J2 PPD-Qs. %7 B 4Fx H bR
FE A T B b By R B el ORI PR (AN PR 2R S
410, 25 A %O AU A BB 7 0, )i & /&
AR Ak s B AR Ak R ik A% ) A BT I b A AR B
T2 I A BUIR I BR A 3, 5- RT3 -4- 30 0K iR

w( PPDsand

=]
~
(-
_. .o SRR (e

‘nstable L-AA '02
35-DTBA €W

‘Weigh Sample Extraction  Centrifugation m-PFC

M A R, A R8> T H AR A Y R . 45
4G m-PFC &b 4 R 1% J5 38 1o 47 8400 B B 25
HAt T4, B 42T T Bk, 553 T PPDs J
PPD-Qs I i 2 BB &0k % 2 (LOD 25 0.003 00~
0.020 0 pg/kg, 4% % B <13.9%) 43 1 . BF 75 45 SR %
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Fig.3 Flowchart of antioxidant-protected salt-out assisted extraction combined with multi-plug filtration clean-up for the

analysis of PPDs and PPD-Qs in aquatic products'®!
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Table 2 Sample pretreatment methods for PPDs and PPD-Qs in complex matrices
Extracti Extraction/elu-
Sample Analytes xtraction X raction/elu LOD Recovery/% Ref.
method tion solvent
Air IPPD, DPPD, CPPD, 6PPD, DNPD, 77PD and UAE ACN, DCM/ 0.3-75 pg/mL 84-110 [48]
6PPD-Q HEX (1:1, v/v)
Air IPPD, DPPD, CPPD, 6PPD, and 6PPD-Q ASE PE/ACE 0.169-2.71 - [49]
(83:17, v/v) pg/m® (LOQ)
Air particulate IPPD, DPPD, CPPD, 6PPD, DTPD, 77PD, UAE DCN and ACE 0.078-0.602 67-94 [50]
7PPD, 8PPD, 66PD, IPPD-Q, DPPD-Q, CPPD- pg/m?
Q, 6PPD-Q, DTPD-Q, 77PD-Q, 7PPD-Q, 8PPD-
Q and 66PD-Q
Atmospheric IPPD, DPPD, CPPD, 6PPD, DTPD, IPPD-Q, UAE DCN and ACE 0.019-0.296 74-96 [31]
particles DPPD-Q, CPPD-Q, 6PPD-Q and DTPD-Q ng/mL (IQL)
Dust IPPD, DPPD, CPPD, 6PPD, DNPD, IPPD-Q, UAE ACN, DCM/ 0.05-0.35 ng/g 71-105 [51]
DPPD-Q, CPPD-Q and 6PPD-Q HEX (1:1, v/v) (LOQ)
Dust IPPD, DPPD, CPPD, 6PPD, DNPD, and 77PD UAE ACN, DCN/ 0.11-2.35 ng/g 71-103 [36]
HEX (1:1, v/v) (LOQ)
Water 6PPD-Q SPE MeOH and DCM 1.2 ng/mL 70-88 [52]
Urban runoff  IPPD, DPPD, CPPD, 6PPD, DTPD, IPPD-Q, SPE MeOH/DCN 0.019-0.296 73-93 [31]
water DPPD-Q, CPPD-Q, 6PPD-Q and DTPD-Q (1:9, v/v) ng/mL (IQL)
Urine 6PPD and 6PPD-Q SALLE ACN 0.012-0.021 62-65 [53]
ng/mL
Urine IPPD-Q, DPPD-Q, CPPD-Q, 6PPD-Q, and LLE DCM and 2.4-7.5pg/mL  80.5-114 [54]
DTPD-Q ammonia
Soil IPPD, DPPD, CPPD, 6PPD, DTPD, IPPD-Q, UAE DCM and ACN 0.019-0.296 70-113 [31]
DPPD-Q, CPPD-Q, 6PPD-Q and DTPD-Q ng/mL (IQL)
Soil IPPD, DPPD, CPPD, 6PPD, DTPD, 77PD, UAE DCN and ACE  0.10-0.77 ng/g 64-105 [50]
7PPD, 8PPD, 66PD, IPPD-Q, DPPD-Q, CPPD-
Q, 6PPD-Q, DTPD-Q, 77PD-Q, 7PPD-Q, 8PPD-
Q and 66PD-Q
Soil IPPD, DPPD, CPPD, 6PPD, DNPD, 77PD UAE and GPC UAE: ACE; 0.24-2.29 ng/g 82.87-100.57 [55]
and 6PPD-Q GPC: DCM
Honey and fish 6PPD and 6PPD-Q QuEChERS ACN 0.00025-0.0003  73.3-108.3 [56]
mg/kg
Zebrafish IPPD, CPPD, 6PPD, and DTPD UAE and DCM 0.38-0.68 ng/g  73.1-225 [57]
Embryos PSA purified
Tire tissue IPPD, DPPD, CPPD, 6PPD, DTPD, 77PD, UAE DCN and ACE 0.002-0.018 72-117 [50]
7PPD, 8PPD, 66PD, IPPD-Q, DPPD-Q, CPPD- ng/g

Q, 6PPD-Q, DTPD-Q, 77PD-Q, 7PPD-Q, 8PPD-
Q and 66PD-Q

ACN: acetonitrile; DCM: dichloromethane; HEX: hexane; PE: petroleum ether; ACE: acetone; MeOH: methanol; UAE:
ultrasound-assisted extraction; ASE: accelerated solvent extraction; SPE: solid phase extraction; SALLE: salting-out assisted liquid-

liquid extraction, LLE: liquid-liquid extraction; GPC: gel permeation chromatography; QuEChERS: quick, easy, cheap, effective, rug-

ged, safe; PSA: primary secondary amine; LOD: limit of detection; IQL: instrumental quantification limit; LOQ: limit of quantification.

3 PPDs REHELFWHMI[EN A %

PPDs N H:5: 4k =¥ PPD-Qs & 2% 1 1k 24 25 4
Lo 22 FE AL 1 43 A 5 1 felt RS W0 8 A 43 BT R 2 4
M) — AR, BEE B U A X PPDs &
PPD-Qs My 5 vk 3% 20 & J 015 1k R H Ak 24 4
W3k 55 Z2 2 B HAMPE SR A AR AR &R AN H 4y
A E R MR B AT O ST B AR T AT RE A HOR 3Z

PR HE YL 0 O A 5 U0 B8 T R R SR
31 SHeiE/SHEeE-RiEsHn

6PPD Fl 6PPD-Q J& H1 45 & /R Jit 2 (1 A ALk &
W) (B SR 943 ) A 268.19 g/mol F1 298.17 g/mol) ,
FLAG Y Y 45 M R AR E PR XS B ATTHE GC
(1) 1 i 1 R 2k R v R 8 A S Ak TR IS 3k A PR 3Ry
fifk B At T 40 2R AR 5

T g Al K 25 XN 42 %43 if DB-WAX 6%



- 876 - @

T 543 5

FE4r B AR I RE S R R B ), 45 B GC- K IG5 T4k
K % (flame ionization detection, FID) %} 6PPD
HEAT 3 BT . A5 R BN XD IR AE S B RE R
R D7 T 2R BLAR 5, 2R B A 0.01~1.5 mg/L,
LOD 4 2.6 ng/L, X4 GC-FID 7 Z#UE I HA —
FEAR S H I E YERE I AFAE R BR Y U R AE R
Fe e BT HEATIR A W 43 A I HE DUAERR TR ) H
WAL B P EE A o R T IR — R PR, T AR Tk K2
B8 4507 SR T GC-MS 3 43 7 B 5 fa ik i v i
PPDs, iZ % K F H + 25 i H8 25 (70 eV) Fl 3k 5 [
W R, S EE T R R PPDs (17 R AR I (k4
W HIY 0.1~200 wg/L, #HC R EK T 0.99,LODs
0.38~0.68 ng/g) . i i 1% Jy i L P A I £ 2R IR i
FE a4 F PPDs, iy ixX 28 ) ot 0 A= 9y % 5 i 5% 4
M TS R

R4 GC 1 GC-MS H7 A H A7 5L (1 43 25 ALK
DPEfE  H I X H b5 9 09 $RS e PRk B L IR I
FEAL AR AL G W B R B A, T g a2 B —
SE PR
3.2 HHEGIEEEEIE-RIE S

LC N7 miaAb 3, i 4 PPDs & PPD-Qs
W o — B AR T B T ARl K2 I v o
A BLY R F C18 3% A, JF 48 295 nm 3 K T X
6PPD FEATIN E . 45 R R T L& T
0.02~10 mg/L, & H BR A1 % 5 BR 2> 514 6.0 wg/L il
20.0 wg/L, [ % Ky 98.47%~103.28%, & LC %

PR a7 H A B (B AR & A 56 o b e Mg )
FEAE Ry B, HE LU AT B AR AL W0 00 TR AE 254

g A P X — R) B, LC-MS, 45 1] 2 v &% Uk 6
i B3 BF 5 0 9 5% (HPLC-Orbitrap MS) ik 1
PORCIEEr 5l o vl o A = A SR 1 | BN =370 i
BA*4 5% H] HPLC-Orbitrap MS, #ff 5% T /K tf 6PPD
TERLAL H 6 A & F F ) 6PPD-Q S5 fb pyad 72 . %
J5 ¥ R FH OE B8 7 45 50 P W 55 R S R AT T v
[ {& 6PPD-OH ([M+H]", m/z 285.196 6, ix 2= K
1.8x10°(1.8 ppm) ) Fil 6PPD-(OH),([M+H]", m/z
301.1905, 1% 2% 2.0x107°(2.0 ppm) ) B 43 45 44 I
MeALEt AR (K 4) , RS X R4S W o A H D K
IBE AURS PEAR AL T 5 KRB AR F B .

[Fi) A ML, 75 s 5 2 KA 2R SR S5 T BN R s 43
#ERE Orbitrap-MS 25 & FU 5 4K fi R 4 (data depen-
dent acquisition, DDA)# X #l LC-MS/MS X} PM,
FEah i AL & W kAT T i A A RN . AR M
A JE ) PM,, FE S A & T m/z 335.269 3 19 4
T 70 H gk O B i R) (18.39 min) 5 A bR ifE
Yot VLl . PRl TR R R BN, m/z
237.1595 & C,H s 5 H 1Y # 7 # F, m/z 139.050 2
A E BRE R AN ) B TTPD-Q, X 2
HIRAE PM, P th iz b &9 o i 3 — i A
2, R 2 5 4 6 F PPD-Qs & 8 Ff' PPDs, 3f:
kL Bk A I 2 R 3 e AF . A T
it — 2 f# #1 PPD-Qs (k5 , 41 BA R FH| Spearman

irradiation

[34]

2.0 MS/MS spectrum
x10° 34 |RT:8.7min 6PPD-OH ~ 285.1966
> x104 48 - WEN
‘@
g ] B []
£ o1 s, el ol
109.0531  167.1172 208.1563 259-2T15i
0 0+ P—— I | . ]
8.4 9.1 50 100 150 200 250 300
RT (min) m/z
45 MS/MS spectrum
xio-" 1.4 [RT:10.5min  6PPD-(OH); 301.1905
x105 o o
£ e O, SpoNER
£ : " .
g 125.0701 | iy UL o'l
- 170,095 208.1565 259.1405
0 0 139.0509 |
10 11 50 100 150 200 250 300
RT (min) m/z

E4 ki 6PPD 24 H 5L B 515 6PPD-OH 1 6PPD-(OH), 4 Hf 25 R 1Y
Fig. 4 Identification of 6PPD-OH and 6PPD-(OH) , in aqueous solution containing 6PPD treated with simulated sunlight
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Table 3 Summary of the advantages and disadvantages of sample preparation methods and instrumental detection tech-
niques of PPDs and PPD-Qs

Pretreatment/
detection technique

Advantages

Disadvantages

LLE

SALLE

SPE

UAE

GPC

ASE

QuEChERS

GC-MS

LC-MS

HRMS

EC

simple, versatile, effective for large sample volumes
and low equipment cost

enhanced phase separation,
consumption, improved recovery for hydrophilic
compounds and reduced risk of emulsion formation

lower organic solvent

enhanced selectivity and purification, higher con-
centration and sensitivity, automation compatibility
and time efficiency

simple, faster extraction time, lower solvent con-

sumption and broad applicability to various matrices

efficient molecular size separation, minimal analyte
interaction and high reproducibility and precision

higher extraction efficiency, significant time sav-
ings, automation and high throughput

minimal equipment requirement, simple and rapid
procedure, minimal sample preparation required

and high matrix compatibility

strong separation capability, capable of analyzing
thermally stable and non-polar compounds

compatible with complex and biological samples,
wide range of ionization techniques and capable of
analyzing large biomolecules

high mass accuracy and resolution, superior identifi-
cation of unknown compounds and versatile ioniza-
tion and coupling options

simple and rapid analysis, non-destructive testing,
cost-effective and low maintenance

high solvent consumption, emulsification issues, incom-
plete phase separation, time-consuming and limited selec-
tivity

limited applicability to non-polar compounds, potential
analyte loss due to salt interactions, optimized salt selec-
tion required and limited compatibility with certain or-

ganic solvents

limited sample capacity, complex method optimization
and risk of cartridge blockage

potential degradation of sensitive compounds, limited se-
lectivity and interference from solid particles

high solvent consumption, limited compatibility with

highly polar or ionic compounds and time-consuming
high initial equipment cost,
sensitive compounds and potential for co-extraction of

limited suitability for heat-

undesired compounds

limited selectivity, not suitable for all analytes, inconsis-
tent performance for highly lipophilic compounds and
need for additional sample cleanup in protein-rich or

highly pigmented samples

limited to volatile and thermally stable compounds, de-
rivatization may be required and limited ability to analyze
aqueous samples directly

matrix effects and ion suppression, solvent and additive
compatibility limitations, not ideal for highly volatile

compounds

high instrumentation cost, complex data processing and
interpretation, limited availability of reference databases
and challenges in ion suppression and matrix effects

interference from multiple ion types, requires calibration and
maintenance, limited sensitivity for low-ionic-strength

samples and electrode fouling in certain applications
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