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Abstract: Synthetic phenolic antioxidants (SPAs) are a major class of chemical additives extensively
employed in plastics, rubber, and food packaging to prevent polymer degradation and extend
product lifespans. In recent years, the environmental and human health risks of SPAs have received
great concern due to their widespread occurrence in various environmental media. Existing reviews
primarily focus on environmental detection, human exposure, toxicity, and risk assessment of SPAs
with limited discussion on recent advances in analytical methodologies. This review presents a
systematic synthesis of research advances over the past five years, especially the state of the art
analytical methodologies. This review systematically analyzes their occurrence in water, sludge,
sediments, soils, dust, and biota tissues, revealing a clear pollution transition from conventional
SPAs to emerging high-molecular-weight substitutes. Toxicological evidence demonstrates that SPAs
exert adverse effects on rats, mice, and aquatic organisms, including genotoxicity, immunotoxicity,
endocrine disruption, reproductive toxicity, etc. Notably, certain transformation products (TPs)
of butylated hydroxytoluene (BHT) exhibit enhanced toxicity relative to their parent compounds.

Methodological advances in sample preparation and analysis techniques of SPAs in different en-
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vironmental matrices are reviewed for the first time. Recent applications of atmospheric pressure
chemical ionization coupled with liquid chromatography-tandem mass spectrometry (APCI-LC-MS/
MS), as well as high-resolution mass spectrometry (HRMS) provide powerful approaches for target/
non-target analysis of unknown SPA derivatives and TPs. Several critical research gaps have finally
been identified. Environmental analytical methods of SPAs and their TPs face significant challenges
due to their diverse physicochemical properties and chemical reactivity, particularly their sus-
ceptibility to oxidation. Another key issue is that current pretreatment approaches for SPAs in tissue
samples overlook bound-SPAs, thereby underestimating their real body burdens. Moreover, existing
studies mainly focus on traditional SPAs, while lacking systematic assessment of environmental fate
and long-term ecological risks posed by emerging SPAs and potentially more toxic TPs. Additionally,
ecotoxicological data of SPAs for terrestrial organisms are scarce compared to aquatic organisms
and mammals, limiting comprehensive ecological risk assessment. Future research should prioritize :
(1) developing oxidant-resistant pretreatment methodologies coupled with HRMS to overcome
technical challenges in accurate quantification of trace SPAs and their bound species; (2)
strengthening non-target screening and identification of emerging SPAs and TPs; (3) investigating
long-term effects of SPAs in soil-plant-microorganism systems. This review advances our under-
standing of SPAs by bridging the knowledge gaps and providing updated insights into current re-
search. It will help establish the scientific basis for comprehensive ecological risk assessment of SPAs.
Keywords: synthetic phenolic antioxidants (SPAs) ; environmental occurrence; ecological

risk; environmental analysis; non-target screening; transformation products
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Table 1 Physicochemical properties of typical synthetic phenolic antioxidants (SPAs)"
Water solu- BCF/(L/kg Half-life
Synthetic phenoli tioxidant Abbreviati Struct log K, logK
ynthetic phenolic antioxidan reviation ructure bility/(mg/L)  wet weight) og K., log K, /d
4-tert-Octylphenol 4-tOP 4.8 1406 5.28 9.02 0.25
o
2,4,6-Tri-tert-butylphenol A0O246 X}‘/:K 35.0 2776 6.39 9.46 0.67
OH
4,4-Thiobis(6-tert-butyl-m-cresol) AO0300 " 0.0019 1961 8.24 18.19 0.082
4P
2-tert-Butyl-4-methoxyphenol BHA it 743 57 3.50 8.96 0.30
Sew
2,6-di-tert-butyl-4-methylphenol BHT ﬂ\CCS)< 19.4 2.8 5.10 8.87 0.59
2,6-Di-tert-butyl-p-benzoquinone BHT-Q % 3.5 18.2 4.42 7.95 172
o]
3, 5-Di-tert-butyl-4-hydroxybenzal- BHT-CHO 28.4 164 4.2 10.6 0.50
dehyde HO
0
2,6-Di-tert-butyl-4-carboxyphenol =~ BHT-COOH >:5°\’< 16.8 3.16 4.36 12.87 3.18
OH
2,6-Di-tert-butyl-4-hydroxy-4- BHT-OH o 60.7 132 3.72 10.24 0.17
methylcyclohexa-2,5-dien-1-one ﬁﬁk
HO
2,4-Di-tert-butyl-phenol DBP >H©/\2 5.7 740 5.33 9.01 0.22
Dodecyl 3,4, 5-trihydroxybenzoate DG on 0.042 246 6.21 19.70 0.10
HO.
HO@j}&/\/\/\N\/
OH O
tert-Butylhydroquinone TBHQ oH 748 24.3 2.84 11.10 0.21
L
Pentaerythritol tetrakis(3-(3, 5-di- AO1010 on 0.0052 2.2 19.60 27.40 0.10
tert-butyl-4-hydroxyphenyl)
propionate ) >€5\Wo
HO. o o
0
N, N'-Bis [ 3- (3, 5-di-tert-butyl-4- AO01024 e 0.027 3264 7.79 24.1 0.20

hydroxyphenyl) propionyl] hydra-
zine
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Table 1 (Continued)
Wat lu- BCF/(L/k Half-life
Synthetic phenolic antioxidant Abbreviation Structure biliiyi{r?l;/]i) wet W(eighgt) log K, log K, a /d ne
. -9
Octadecyl-3- (3, 5-di-tert-butyl-4- AO1076 sl -~ /\)‘LO/\m 6.1x10 5.8 13.4 17.6 0.25
hydroxyphenyl)propionate Hoji
1,3,5-Tris (3',5'-di-tert-butyl-4-hy- AO3114 4.0x107"? 3.16 15.18 39.35 0.16
droxybenzyl)isocyanuric acid
0. N _O OH

NN

Xél
o
OH

* All physicochemical properties are obtained from EPI Suite™. BCF values are predicted using a regression-based method.
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Fig. 1 Release and fate of synthetic phenolic antioxidants in the environment

Gemini Nano Banana 3 Pro was employed to produce the images except texts and structures.
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[ 10 48 T & N K 2R BHT Ait BHT-Q 11
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Table 2 Contents of SPAs in different environmental matrices
Sample type Sample source DF range/% Total concentrations Dominant congeners Ref.
House dust Toronto, 11-100 > (SPAs: 67.2-15540 ng/g BHT: 658 ng/g (GM); BHT-Q: [7]
(n=83) Canada, 2018 (GM: 1490 ng/g) ; 4770 ng/g (max), 325 ng/g (GM)
>, TPs: 40.4-12700 ng/g
(GM: 883 ng/g)
Indoor dust 10 provinces, 1.8-97 > (SPAs: 15.4-3210 ng/g BHT: 11.5 ng/g(GM) ; BHT-Q: [8]
(n=226) China, 2018- (GM: 169 ng/g, median: 149 ng/g) 78.9 ng/g (GM)
2023
Indoor dust Jinan, China, urban: 16-100; urban: ¥ SPAs: 1560-20300 ng/g BHT (GM) : 2270 ng/g (urban), [9]
(n=75) 2014 rural: n.d. -100  (GM: 3120 ng/g) ; 1700 ng/g (rural) ;
rural: > SPAs: 668-4390 ng/g A0246 (GM): 229 ng/g (urban),
(GM: 1970 ng/g) 323 ng/g (rural)
Indoor dust Toronto, 4-95 S ,SPAs: 239-213000 ng/g BHT: 749 ng/g(GM) [10]
(n=80) Canada, 2018 (GM: 1770 ng/g)
Sewage effluent Beijing, China, 100 > ,SPAs: 1500 ng/L (mean) BHT: 262 ng/L (mean); [11]
(n=3) 2014 BHT-CHO: 534 ng/L (mean);
BHT-Q: 108 ng/L (mean)
BHT-quinol: 556 ng/L (mean)
Sewage sludge 33 cities, 1.8-100 > ,SPAs: 183-41000 ng/g (mean: BHT: 4140 ng/g (GM) ; AO246: [11]
(n=56) China, 2010- 4960 ng/g) 374 ng/g (GM) ; BHT-Q: 562
2011 ng/g (GM)
River water Germany, Oder 100 > ,SPAs: 88-520 ng/L BHT: 178 ng/L (mean); [12]
(n=9) River, 2000- (GM: 256 ng/L; mean: 281 ng/L) BHT-CHO: 102 ng/L (mean)
2001
Surface water PRD, China, 4.5-100 > ,SPAs (median): 95 ng/L (dry sea- BHT-COOH, BHT-OH [13]
(n=23) 2024 sons)/42 ng/L (wet seasons)
Surface water YRD, China, 25-100 S ¢SPAs: 2700 ng/L (GM) AO3114: 1420 ng/L (median) [14]
(n=32) 2024
Sediments YRD, China, 49-100 S SPAs: 1270 ng/g (GM) AO1010: 609 ng/L (median) [14]
(n=32) 2024
Soils (n=32) YRD, China, n.d.-100 > ;SPAs: 2440 ng/g (GM) AO01010: 794 ng/L (median) ; [14]
2024 AO01076: 1600 ng/L (median)
Sewage sludge 6 cities, China, 49-100 > SPAs: 94.6-6024 ng/g A0246: 547 ng/g (GM) ; [15]
(n=45) 2017-2018 AO01010: 212 ng/g (GM) ;
A01076: 35.2 ng/g (GM)
Dumping site 6 Asian coun- 100 S SPAs: 3.2-3300 ng/g BHT: 3300 ng/g (max) [16]
soils (n=12) tries, 2006 and
2015
Human serum  Temecula, CA, 4-100 S ,SPAs: 0.46-34.7 ng/L BHT: 2.66 ng/L (GM); [17]

(n=50) US, 2016-2017

(GM: 7.77 pg/L)
> ,BHT-metabolites: n.d.-3.66 ug/L
(GM: 0.77 pg/L)

2,4-DTBP: 3.65 pg/L (GM)
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Table 2 (Continued)

Sample type Sample source DF range/% Total concentrations Dominant congeners Ref.
Human urine Fort Lauder- 30-100 > ,SPAs: 6.19-70.2 pg/L BHT-COOH: 0.68 pg/L (GM); [18]
(n=60) dale and Mi- (GM: 18.6 pg/L); S BHT- 2,4-DTBP: 18.3 pg/L (GM)

ami, US, 2018 metabolites: 0.54-8.61 pg/L (GM:
1.68 pg/L)
Human blood Stockholm, 17-100 S ;SPAs: 333-896 ng/g A02246: 520 ng/g (median) ; [19]
(n=30) Sweden, 2020 (median: 594 ng/g) 4-tOP: 14 ng/g (median)
Breast milk Guangzhou, 34-100 S (SPAs: 1.96-64.9 pg/L (GM: 14.7 BHT: 4.48 nwg/L (GM); [20]
(n=80) China, 2020 pg/l); > ,BHT-metabolites: 0.21- 2,4-DTBP: 9.94 pg/L (GM)

5.55 wg/L (GM: 1.83 wg/L)

PRD: Pearl River Delta; YRD: Yangtze River Delta; GM: geometric mean; n.d.: not detected; DF: detection frequency in samples.
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Oder ] 45 /K % 1 , BHT Al BHT-CHO &) ¥ £ i
e BE 4y 5 R 178 ng/L Fl 102 ng/L, i /K ot A AH 24
e B2 ) BHT (308 ng/L) 1 BHT-Q (155 ng/L)""' .
2024 AF AE [ ZR VT = A N Ml SR K A BF 5 UK
> ,SPAs 7EAH KA (P A7 AE : 95 ng/L) &8 2 & T F K
W (42 ng/L) , H 253 Y) € H 15 52 1) BHT #%748
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o — I o 45 FE s KA ELTT R 2010-2011
G Ye MR AE R R IR ETS R S | SPAs 1 i
WA A 41.0 pg/g, Hop BHT #& i &£ . H GM
WP (414 ng/g) B EH TIRERZK (1.2 ng/g)'"',
SR, #E 2017-2018 4F i 4 & 15 Je W I F 52
AO1010,A01076 K A (3,5- "4 T He-4-32 F KN
k) WF (AO1024) 55 10 Fh 47 Y SPAs 9 4 iy, I
A0246 (GM fH : 547 ng/g) il AO1010(GM fH : 212
ng/g) K e 21 SR, 7E KV = A TR
H,AO1010 (4G H 2R ik B (b v {H - 609 ng/g) ¥

o7 4 S A S F oY 2R R B i A R A
Jii i SPAs Bk 5 e A UL R 9 TR A 345 e )

WF 5838 % B, BHT % SPAs 78 A< [ 4 3 F1 k7 3
T 37 R 30 A 8 v Bl e A | e R BE SR 3 300
ng/g'* . %[ EPI Suite $ {4 #l 25 K o8 £ B, +
B2 BR B v A I 2 P A AL R B T Y A A
(47%~90%) . 7EK = ffi b X () £ A, A01076
1 AO1010 ¥ 100% 45 Hi , GM {# 4351}y 1 600 ng/g
M 794 ng/g " R 1L 58 SPAs B AT BRI +
HEE R
24 EHEH

N ST DL B R B A DR WCHE WA
filt FEFLIR SR HE Z MR R 2 BT SPAs, K&
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WA T R 2,2 - (4 6L T
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FHF KB AR A Wy ki, UAE Al ASE W3 FH
BT B A iR ) AR AE 0 AR
301 KEREEE

K B AT AL B 7 2 O WU AR LR SPE.
Tang %57"R FH Y AT 35 ok 0 T 4K B 486 A B I A
Ve A I R K AN Y5 K AR ER T BEK R 11 Ff SPAs, il
F 151 e 200 51K 65.8%~117% 1 59.5%~118%.
T 8 SPAs H A7 = 1 i K P (log K, >10) , T
BHT Qi ¥ B A 58 35 K 1% , SPE ik 7 ZLE £
[F] Bsf ¢ B AS [ A 1 Ak 5 9 B 26 BURE BL . HLB A [
X W R S LR A A S R R RE )z
I . Zhang %575 i f {6 HLB #E 2 B4, DL
B Fl 2R W 43 A8 DRI, L) 8 5 T Hb 3R K
BHT .BHA A & 5 Fl BHT 4C 359y (0 5 2 46 0 5 32
(7 PR 1.93~3.10 ng/L) , [1 L K A 76.0%~116%.
UL Ah A B A B (SPME ) £ At 4 FH 1 46 0 4% &
PEE SR B9 BHT'®' . Tombesi %5/ ] 14 8 & —
FERESA L) SPME £F 445 & GC-MS 7E T & B
K B K b (Y BHT, A 20k 4 13 35 50 Tk
312 FEYEERES

A HE DUBR KR A A5 T AR i B BT 0N B
i 4b B )7 v 58 4 R 1] UAE. 5 &, Weng 258/ 5%
T BE-IE O (11 R B ) B8 T AR BOK 2
SPAs, $& BU 28 2 WMk 45 S 7] 46 ) 64T 20 BT
TR AL M R ik B T SPAs K
3 AR R 0 AR T B R K T v B R TR0 R R
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90.5%~105%, 5 FRfIk 2 0.21 ng/g. Zhang %1
UAE J5 80 T ¢ 5 M A7 28 4k 20 5%, 8 BSTFA if
FI 8 B kAR 354 (T BHT-OH) %% 46y 4% % P 4
=y Z kR ERA T GC-MS Ay K R
JE L TEVCR AR & R H BR3S 0.02~0.34 ng/g. 4R
M, % B UAE JH#E K& % 57 B 2% i . Lin % F
ASE 7 AR () 5 i 7 R (90 °C .1 500 psi) J5 H i 5 )8
FE 5 PR IO R 70 40l RO T R IRROR |
WD T FIE AR, TSGR 65%~103%.
313 A5

AW R ClnSh R 4120 i B FL R TRAE)
PR 2 W S AR . A AL RS A L R
e 5y e A Ao 3 R 3 S R I3 B 0 RN o A% 4R 1 B
JE 77 1 CanigE g 18 35 (63 ) L IR B, X Ty
441, Wang 55 i e A A - IEC bE (301,
TRFL L) T 55 75 B U VE SRR B W) 1R 9 1 SPASs,
PRI E i PTFE B8 BEER G , #5811 HLB [& A € B
e — b s . 7k IRTOR R 61%~92% , 2 &
FRAEZE 0.7 ng/g. Engelhardt 4" 75 1 8 3 BUG %
FH 14 58 79 g BT 2% BR M4 kE EMR-Lipid ¢4k A i 7 #
i 5 A ELAZ G2 11 Florisil £, EMR-Lipid g % 5 5%
P Hi 0 BRI 5 T AS 35 2% B K P SPAs. BEAh , AR
Y REA T SPAs 2 LR 4 W I TR ol 1R 45 & AT
FE, B WO i HORR I o2 i B A SPAs. Engel-
hardt 55"k HI 8- 45 W I 2 I /6% 1R T it % A I
45545 SPAs HEAT il i 700 AL B R I 5% £k Sk Vi
B SPAs, M 5 A A HUPE AL A= M0 1R 9 SPAs BN
BBAKF .
3.2 USESWAE
3.2.1 i AE - O S (LC-MS/MS)

LC-MS/MS J& H aij #7 8 K 7r F SPAs Rl M AR,
W E R AR . BRI, BHT 55 ML &9
TEAL G 1 HL B8 55 B 25 (BESD P8 F HL B SR i . Du
SEDORHT M S | AR AR AR 2E L B (APCD U, AL
FL 2 CF ™ AR I AU U Bl BHT & A= Hi A
L B 7E APCI 11 5 7 #1520~ , BHT /910 [ {5 5
A BSR4 = 29 260 15, H A8 [F B A AO1010 45
K4y F SPAs. BUAM, &1 X 5250 28 34 5% oh oAb R 78

() SPAs ¥ 5t T4 1n] 8 (7T GE K [ %8 k145 I L 3t sh Al
35 55, Du S5 R M €6 3 B2 5 | R 2 R R
T CI8 M . AR ARSI = P Y SPAs
TR O A 3R VR 3, A O 55 R b i R 0 A R R B
o] b 58 443 B, T S B i SPAs Y F I R
R

3.2.2 AAEE-UiE(GC-MS)

GC-MS T A5 w5 43 B 8RR 33 o A 34, 4T 02
BHT .BHA “F{IGAHX) 43+ 3 i # & M SPAs 915 %
R 727 . TR s M, GC-MS I8 1] A 8507 bR
DKL YL 20 A 5 G R4S R R R e 1 Tk 45 SR A T
[F] 0, AR P s ) AR (n BHT-COOH) 7 % H
GC-MS 43 # B 3 5 75 28 47 ik e Ak A7 2R Can £
BSTFA 1t MSTFA) DL % i H # % o 4k e
PERY L A, GC-MS/MS H T H AT & Ay R AT
A DA S BRI AT A T 75 oM s R (S M b
SRM , GC-MS 43 M1 B 8] 4t LC-MS/MS £ |, 30 %
BAK .

323 EolREEERAFE

3T Q-TOF MS &% Orbitrap MS 1 =E # a]
A (NTS) $2 A 7] LLUAE B TR0 2158 rh B A SPAs J ok
HUE AL T 1 o A 2 o W SR R RS B Y e T
TS B , 45 & Kendrick Jit it 77 5t (KMD) 43 # il 7]
LR AL VC AL, BT 5 U AO1010 1 7K fifk
7= Fenozan "' L K A= ¥4k Py BHT 1945 b H Bk &5
AW (GS-BHT)"™ Liu £ gt 57 1 — Fh I T Pk
ok ST A 25 5 B3 5 9 24 1 SPAs JF 811 i) i A B
Ao % NTS Jrik AU KR K& T SPAs By Al R
B 0 R oy B T W FRRAE AR B e 1 [
Jim et TR A R . AR B SPASs
IYHTRIME S 2 — . B0, BHA fF7E 2-T LR B 7
fit (2-BHA) f1 3-BHA 4 #l % #J /& . Muchakayala
4012 Y Acquity BEH C18 0,3 £ 45 4 85 40 1 1k
MV Z A (A A 20 mmol/L B £ 2wk ; B A 20
mmol/L BR 5L 2% thil -2 G (327 AR FLL ) 66 B2 )
SCELT 2-BHA A1 3-BHA HYFEL 05, BN 3.

g5 b, A i 2 S A TR A I A RS RS ARG
T 3.

R3 ERBEASATZMETLENLFRNT E

Table 3 Pretreatment and instrument detection methods for SPAs

Sample type  Target analytes Preparation methods

Analysis methods

Recoveries/% MDL Ref.

6 SPAs & 3 TPs ultrasonication

(DCM/hexane, 1:1)

Indoor dust

GC-MS/MS+LC-MS/
MS (ESI)

90.5-105 0.21-22.5 ng/g (MQL) [8]
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Table 3 (Continued)
Sample type  Target analytes Preparation methods Analysis methods Recoveries/% MDL Ref.
Sewage Sludge 12 SPAs & 3 ASE (90 C, 1500 psi; LC-MS/MS (ESI) 65-103 0.1-15 ng/g [11]
TPs DCM/hexane, 3:1)
Human serum 13 SPAs protein precipitation+ LC-MS/MS (ESI)+GC- 42-112 0.047-36.7 ng/g (MQL)  [19]
SPE MS
(EMR-Lipid)
Human breast 10 SPAs & 4 ultrasonication (ACN/ LC-MS/MS (ESI)+GC- 58-95 0.006-1.2 ng/g (MQL) [20]
milk TPs hexane, 3:5)+SPE MS
(Florisil)
River water 11 SPAs liquid-liquid extraction LC-MS/MS (ESI) river water: river water: 0.3-0.9 ng/L; [31]
and sewage (MTBE) +silica gel col- 65.8-117; sewage water: 0.9-2.4
water umn sewage wa- ng/L
ter: 59.5-118
Surface water 2 SPAs & 5 TPs SPE (HLB) GC-MS 76-116 1.93-3.10 ng/L (MQL) [32]
Bottled drink- BHT SPME (polydimethylsi- GC-MS (headspace in- 84-119 4.2 ng/L [33]
ing water loxane) jection)
Sediment BHT & TPs ultrasonication (DCM/ GC-MS 71-118 0.02-0.34 ng/g [34]
hexane, 3:1)+de-
rivatization
Mollusks 9 SPAs & 4 TPs  ultrasonication (DCM/ LC-MS/MS (ESI)+GC- 61-92 0.7-1.9 ng/g (MQL) [35]
hexane, 3:1)+SPE MS/MS
(HLB)
Indoor dust 8 SPAs & 4 TPs ultrasonication (DCM/  LC-MS/MS+ trap col- 67-98 0.002-0.09 pwg/L (IDL) [36]

hexane, 3:1)

umn (APCI+ESI)

TPs: transformation products; ACN: acetonitrile; ASE: accelerated solvent extraction; DCM: dichloromethane; MTBE: methyl

tert-butyl ether; MDL: method detection limit; MQL: method quantification limit; IDL: instrumental detection limit.

4 RES5RE

SPAs & — =K W MG Y, B
KA R AREURL ) K ) AR B L Bl R B A
Hh S R M, H TS YRR AE IE AL S8 BHT []
I = M6 4 F BB SPAs (U AO1010,AO3114) jiif
AR o O - S 6 A B AR R S g 0 A B R T S
AT Mgt A T R, REYmRC
A e B G s 2 Bk . B0, SPAs MR 41
Br 0 A 5 9% iR 15 58 3% . SPAs BRAL PR R 2% 5% Kk
VIS TR R S WAL 2 8% B TR B A BT AR AE —
SE B AR B, R B B Y AT AL B R A
W PR 5E LA 5 BT X AFAE Y SPAs, 1) ) Ik A 26
B BE o R R AR ) R B SPAs (1 IXURS: DA
MR R . BA B £ X BHT. BHA % 4 4t
SPAs, 1fii %f #r # SPAs F1 8 7'k A] 8 B 5 19 5% 1k 7 4
(1 BHT-Q .Fenozan) i) ¥5 5% 15 & S 4 0] A= 25 KUBS:
HZ RGEWAL . B BT R AL A 5T
RGN o HETRKT SPAs K HE AL 7= ) 76 31 55 vh

B AN B . AEAE S BRI Bz RGN
A RS DA BE . A T KA B A AT R
G+ EY R - HETEE MY B A ) 1
SPAs #EHE 25048 oA IR .

R BB ST R LU L S T R T
SE AL TG I A 3L R 5 R R I vk I
VO AR T R B SPAs K FL A 4 A5 RS M o
R s X R SPAs e HE AR 7 i R HE ) 0 A
55U, A ST 58 A% 1S e S B IR AHR 9E SPAs
e Y- R R AT E
S5O VR HOGT i ) A B R R A R A A A R
RO, AT K SPAs A= 25 KU B 4 T 7 Ad K 5 45 b
T ] 42 HERL 2 AR
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