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Abstract: Chlorinated/brominated polycyclic aromatic hydrocarbons (Cl/Br-PAHs) were a class of emerging persistent toxic
contaminants that demonstrating similar chemical structures and carcinogenicities with dioxins and PAHs. Their behaviors, fates, and
potential risks in environments were of great concern. This study retrieved the Web of Science Database with the topics including
"CI-PAH*" OR"Br-PAH*" OR"H-PAH*" OR"chlorinated PAH*" OR"brominated PAH*" OR"halogenated PAHs" OR"chlorinated
polycyclic aromatic hydrocarbon*"OR"brominated polycyclic aromatic hydrocarbon*"OR"halogenated polycyclic aromatic
hydrocarbon*", and reviewed the research progress of the sources, pollution characteristics and analysis methods of Cl/Br-PAHs
focusing on the environmental matrix and human beings. The results showed that 225 papers in total within this topic were published
by Jan. 2021. The existing findings showed that: Cl/Br-PAHs were mainly generated from thermal processes such as waste
incineration, vehicle exhaust, metal smelting, electronic waste recycling, etc., as well as some photochemical processes; So far,
Cl/Br-PAHs were found ubiquitous in various environments worldwide, and demonstrated persistence, long-distance transportability
and bioavailability; It was documented that Cl/Br-PAHs had similar or stronger toxicity compared to their parent PAHs. However,
their formation mechanisms and environmental behaviors were still unclear; An effective and precise analytical method was still

unavailable, leading to very limited reports on Cl/Br-PAH compounds in environments and the overall research area on this topic was
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still in its infant stage. Based on the current research status and knowledge gaps of Cl/Br-PAHs, more attention should be paid to their

high-throughput and precise analytical methods, emission fingerprints, environmental behaviors, and potential risks in the future.
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Table I Comparison of pollution characteristics of CI/Br-PAHs in the environment
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B RGN EE T AW RFH RO 15 G K= i
(g 8 45 ) (1) B3 N A AR B 1) 32 B AR B 2
AILEZIS R EDANRZE . IR BRI
2 H A A 2 5 AP Ding 5Pl v A
[ A7 108 B AR H A [ fr 0% 9 B CI/Br-PAHS

(1) ¢4 5%F 5k N 5 (ADILng/d) & B, 4% CI/Br-PAHs %
W AR AL T ok $ A (4.9Tng/g)> KoK (2.75ng/g)> R
(0.560ng/g),{H % Er % 5L ADI (1 ok )2 KoK
(41.3%~58.7%)> ¥ A (27.4%~43%)> #i 3 (6.5%~
19.6%); BAERIZZ 4= A ADI {H(%3:1129~1253ng/d;
% :998.1~1034ng/d) /& T )L 2 (55 :581.7ng/d; % :
577.4ng/d);{(H % [& FIA T 5L, ) LB AT) A do BBUR 2 R
NHE.

KA - KA FAE P A2
B8 AAAY) CUBr-PAHs % 52 XU, {H 5% 72 2 0%
T AL NG AV B[R] AR R B
PRl R %) CI/Br-PAHs [IAHX A H A
i (RDLpg/(kg-d)) i T 55 1, H. Bl 4 68 3G 0 B
fik.Sun 250258 5o v 400 2 BURR & 4 A0, AR B
AW B oM ik R ASUBURE ) PM o BT PM, s SR
C1/Br-PAHs [1J RDI {f 0% i T 93 Pk Jin 2510 by 5
TSR] N A AR 10 39 R (1 1022 308 2 sk e W R 7
7%\ PAHs A1 C1/Br-PAHs f{] ADI 1f, % 31 5
Fi A OBE W HE N (33%~98.8%)> K M I MR HE N
(0.5%~39.2%)>"THH Bz Pk & #5 (0.2%~40.8%)> Rk
FH R Jik 5% 5% (0.004%~0.8%), H: H £ 112 397 i) Frty e W
N ADIH F AR B 3 ) =5 10 £5 LA |, B ADI
AR N AT N>T D> L ROREAH W 4
AN A JE PAHs M Cl/Br-PAHs 1£ % 55 A ) T 32
TR IAT.

ST BUEY 3 E R 10 © JLERSUE R
6L 8 Ay T 252 B0 RS KT R B, T 107 JLR B
Sy ] 57 30 KU KPR Wang 25500 BT A
ERS B ANBEL RSN CUBr-PAHs T 5| R 44
g A (ILCR) {341 <10°, B Hog i KBS 7R /1y Ding
DU TE T IR MK 3 A0 L M s S BN (%
WL KK #532)8 Flt CI/Br—PAHSs ] ILCR {1435 A
1.20x10° A1 1.10x10°, 46 F 10 F1 104 2 [a)ix—2
SENRE S % AWM. Rl CU/Br-PAHs FP2S A
WSE AT 5. Sun S RRIF S I 6 B, LR S R4
W BENTEZ: PM o Al PM, s FEIR 5% N 9 Ff CI/Br-PAHSs
Pl ki) ILCR {EA P ARLHFTA ILCR {E#SLL
10 % 2~3 ML B R, SRR S Y
A Cl/Br-PAHs B¢ 1E— & I 30 XU, 1 H 1
1 BB K AR T AT 8252 80 KR KT LBR(107™).
T LR I, RO IR VP R A 1 H AR R 2R
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+015 FR,ClI/Br-PAHSs 155 F i i JXURG: v e 2 v IR PP .

#*2 Ak CUBr-PAHs #3&& REUE XM IT(H

Table 2 Exposure evaluation and carcinogenic risk assessment of Cl/Br~PAHs to human bodies

HR AREEELA JLIE A B 2 EP N
ADI 2~5 %) (6~18 %) (>18 %)
- (ng/d) Y 48.0 £ 29.0 %5150 % 91.0 392.0 4 85.0 (53]
B W AR ECR) #5.90x107 ¥ 270107 B 4.10%107
To R R ) } }
" ’ 4 4.60%107 4 1.80x10°° 4 4.60%10°°
ADI 2~7%) (8~18 %) (19~70 %) (71~80 %)
(ng/d) B 82.0~113 B 155~202 3 203~220 %202
S n
i & 2 78.4~98.8 4 150~177 47 184~211 4177 [50]
N2k g 54 5 8. 3 5% 3. ] 5 2. 3 1. 3
B0 8 A T AU % 8.34x107 3 3.24x107 % 2.19x107 7 1.04x1077
(ILCR) 4 7.97x107 4 3.10x107 4 2.36x107 2 1.05%107
ADI (2~5 %) (6~17 %) (18~59 %) (60~73 %)
. % 581.7 31133 3 1129~1253 51185
. WA (ng/d) ) ) ) )
ok 1 577.4 4 956.5 4 998.1~999.5 4 1034 [51]
S 28 LR T i AR 3 1.20x10°
(LECR) 4110107
0~8 % 9~18 & >18 %
RDI (M£ ﬂ”; (Mg
L 77 . 73 . 77 .
15 /(kg-d 46
(pg/(kg-d)) % 137 £ 5.89 & 227 [46]
T e A /
(4~10 %) (11~17 %) (18~60 %) (61~70 %)
PM;o PM; PMi PM,
RDI
(kg d) %162 4167 Y121 %123 133 40117 5 8.60 £ 9.09
ng/lkg:d) PM, 5 PMy 5 PMy 5 PMys
%135 %139 %101 & 102 B 11.1 %&£ 9.70 B 717 % 7.58
KAFR PM, PM,, PM,, PM,, [52]
5 5.10x10° % 3.80x10 ° H257x108 % 3.86x10°
BN B S RE A 4 5.25%10° 4 3.85x10° 4 2.25%x10% 4 4.08x10°
(ILCR) PM,s PM,s PMas PMas
W 4.25%x10° % 3.17x10° W 2.15%x108 % 3.22x10°
4 437x10° 4:3.21x10° 4 1.88x10 % 4 3.40x10°
ADI (1~11 %) (12~17 %) (18~80 %)
. {11 366.2~8608 {1t 49.9~10926 At 500.1~12005.4
KATRL T (ng/d) - - -
JEILHE 33.2~503.4 JE{ILHE 41.8~632 JE{ILHE 45.9~671.2
Jor i R /
ADI (1~11 %) (12~17 %) (18~80 %)
. {1 18.5~219.9 it 23~284.3 {iE1E 4.9~300.8
KA (ng/d) - - -
JE{IERE 14.0~87.8 JEAJLIE 17.7~108.9 JEALNE 19.3~115.8
Jor i R / (40]
ADI (1~11 %) (12~17 %) (18~80 %)
RATIRL fiE1% 0.060~24.5 fEIE 0.100~41.1 fIEBZ 0.100~45.0
(ng/d)
. n; _ _ _
Fefih AEfIERE 0.000~1.70 JEfERE 0.010~2.70 JELnE 0.010~3.00
Jo i R /
(1~11 %) (12~17 %) (18~80 %)
ADI 57 oy - 2
e b R fiE1E 1.50~208 fitIE 2.80~344.5 fiE1% 3.00~384.1
R kA (ng/d) o o ] -
AEfIERE 3.90~389.7 AEfERE 7.20~639.6 JfiLng 7.80~705.8
S A /

3 Cl/Br-PAHs BI R 3%

3.1 FRARTEE

FE e BOE HERR 2 AT A BEAE - CI/Br-PAHSs

A 5 B 2 BB e A 45 W) 7 V6 AR VRO A B (LLE) R [
fhHE(SE),) 2 N FKAR. KA. ISR
Cl/Br-PAHs [132H0 > 57 35455k bl 45 FF i i b 21

BRI a8k i, — L85 B A il Bh 3R U7 i A
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WAkt OB H IR BEAE i CI/Br-PAHSs AN
S AT 8 D T A R B e 3 36 e R LA A it v
FI b4 1) [ AH A B (SPE) 8 %% 52 i e A [ 5 A
R0 Rl Ay D AT SR B L SRR P R A D R )
[ A A B (SPMEE) ) A0 FH 68 7 9 sk 422
H bR 420 (140768 75 i 26 B0V (UE) 01621 1) FH Am s in s
T S HR H AR (4 00 9 771 25 B (ASE) 04 )
FH A 8 o A o T AR B BT Akl B A YR
(MAE)® 914 b iR R BT AL B A LR 3,80
K i,SPE. ASE. UE %537 RUAE S B AR WL
TRV FE R AR, B IS ) 0, 28056 v, 45 0 ST Bl A
B, 505 3 MR AR A2 LRI, KK 8 N i ),
HKoK4AE CUBr-PAHSs I3RS/ N AAKE 2047 b & 4%
FEEH.

B L3 W WL BT 92 A 3 A R e O A R Y
3A(SFE), 1% 7 2R BB IR AR (W1 CO,) R 47 i
i e RN T O A B Ay 2 H Y, B e N
T iRt RIS T PAHS
HATAEDBEEUY T, 4 CU/Br-PAHSs 4R HUH A4
e 7 1.

3.2 FEMEE

FE 2TV 2 AT WL e o B s FH TR RE s
43 85 F Bt H AT CUBr-PAHSs £ g FH (kY 1
RHERER . dEMER. A, P R BHiRE
B O AEDRNGPC) AR AL AR ) 2570 X S 1EOR)
Ok ] e Pt T 2 A AT B 0 2% BB o 11 3
TP WE T AT 412, AT AN [F) 28 8 1R 35 i AL /N A ]
LI H.

%3 CUBrPAHs IEZERREEMLLE
Table 3 Comparison of main extraction methods of ClI/Br-PAHs

U [R5 il s KR Wk 5 B ) RREGEER %0k
VR 5 AHERIFER  BRK 150mL I CUBER<IR. 76~88 0.010~0.100ng/L [2]
H ~
WA HU(LLE A& T
HAZB(LE) SEHL thXTE%.j( i;ﬁ;ﬁiﬁg HRIK 50/30/30mL 50 e AR 60~120 0.020~1.50ng/L [55]
JETES
WEPRPELT | fekE SRR v “L;&% FR R A 24+ AT 1. 36.6~113 / [56]
N ANIN |
HIGHHGE) (6. BefEpiE, e g
" MFER A, s 360mL 5 e IE Cbe=3:1 % 1883 , [57]
] IR JR AL Tk AR A A
P S/ i 82.5~102.6  0.020~0.590ng/L [45]
SN A4 % =4:1 Yl o e
o SIS By e, ”f%ﬁ\v
[ FHAL(SPE) R ¥R ] T3t 5 b 9 EPJIN LC s AIREHL, 40 FLEHEN.  74.88~119.4  0.340~3.370ng/L [58]
BN, ' . PSA i C g 43 B IEAHZE L, IE 2
i e 74.7~115 0.030~7.39ng/g [59]
JE ..
0 TN 25 e e (2N /N "
- e e AR
BEARTAEEUSPME) /b, JAZER e, BAEZER / 80~120 10.0ng/L [60]
. = R
P AL WA S0mL 4 T s A R AT
ggzﬁégzaﬁam%ﬁ#mz s ﬂﬁﬁfw+ R g 0.050~0.390pg/m’  [41]
P UE N Z .
IR e s SomL S ootk 1]
B o REICREVS 16+ GPC 1L, o2l angke
e e . 35 CE AR, 60~94 / [25]
A AR .
D g&%ﬁﬁxﬁﬁm o ECEECTRL ERE siomo o
IS T EE s ek S
”,@; HUR. gy PYREERMALECSE s
' : “4UTR=1:4 RGP F k. Somee
AU 60mL IF Cifye: N =1:1 ZEH
Ao B RItE i 75~95 4.00~20.0 63
BB EE‘WWMQ&EZJiﬁéi: K GPC F L. b [0
MAE />, 35 P
(MAB) Do B s, MR TomL PSRRI . 77112 020-1.00mgke  [64]

I

3.2.1  FLURHE AN A AT e R a3 v ek A
7 AR B A 38 1 23 B AR AT 22 UK I 5 3 mT

L5 PR T 5 TE P S PR P g P ek J, T AN ] P i
PET SR K 25 Bk, 2 A WL 20 B o dee s I v 4L
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FEHDRITT AR Jin 1255 T AR R 3K (11 %
22%- 44%, wiw) FIRTERER XS CI/Br— PAHs £ 5 1)
A 8RR IR B 2 e U 8 280 (11 %) PR PR A J
S 5EAEIR CUBr-PAHS 145 4, 12007 5 fe 24 K HH o
PERERON FE S AT H G, I 60mL 1 Clbe: &
Fe=4:1(V:V)PE 15 2 T 1R U i A 38R O [ i
HN T7%~106%). G A 5 T AR e AE
i (KA R, Masuda 257 5R T 12¢ 2% KOH i
PEAE R A I &5 A v M /AR, DI £ R R S e )
JIE M LA S N P2 45 CI-PAHSs 43 89,13+ 5 H AR
MRS ZE R 57%~105%. S8 A0 FE X Y- 1 A 1 43+
A AR BRI B g T R T W o P T A 55 W A
W), R = 5E T4 P i B R RSP A A
¥ .Fernando 251 I P S AL AEAT 1440 1 B8R
PERGA,100mL 1F Uk vE 23 BRFE & Hh 1 e Wi i Ak
G AR JE L 200mL S s B L HH K Cl/Br-
PAHSs. 5525 FE A5 T 100mL 1F O S i i=7:3
(VYIRS X2 B n] 30045 DL 2B g D K &)
S AL 1 PCBs %5 44,88 )5 H 100mL FH R e it
FE3RAS CI/Br-PAHS, JIFR[FIC# 62%~95%.GPC 1K
M 2% R HE BN, K 43 AR BV K I TP I
(UG T 2) R B b 2 B S5 S s UL 2,188 2016
Wobi=1:1(r: Vi GPC FE¥EILH,6 F CI-PAHS £
PR 2.60~25.1pg/g.
3.2.2 HEMWMEAE 4T3 E A R,
FH SR TR L A AT 3 DL 21 35 ARL R 940 40 2 250 Rl
i R P Al B DL B A 0B 45 18 O o A e
B Absn . PR B GPC 254 & ik B3t — b ik
BES SR BRI H .Qiao 2SR Rk AL 8 B2
A RE AR A3 W b BRI KRR, AR [T EE A LY 77
VeI, H bR KR AE 69%~103% 2 1] 22 Bt i b
W — Pl WIS A A B R R . b
JZ Bl A 2 5 42 AN [ () ot HE B 1A T2
B, ORI R M o (L T 1 55 ) N 5 SR A T A
TR AF 10 25 BR8P 1l T TR W R AR R
PCNs {97546 20 A7) AE iy B 3k 72 8 1 7k fe T g
SR PAHs KILGARATAEY) 450, FBH b4
[z 2% B AIK.
3.3 XA

CU/Br-PAHs [ &5/ FI VT 5 PAHSs J¢ — I
P A UL, SR A BT ik L R S

IR LY, LA €% - i 6 (GC-MS) 2 3.
Uk Ah, o B SO 0 8E - m r BE % (HRGC-
HRMS). 4> 485 AH (% U (GCxGC-MS)
AH 0,3 — H BC 3% (GC-MS/MS) &5 B 7 CI/Br-PAHSs
IIHTHRAE TARKAE L5 CU/Br-PAHSs [FA6 I B ]
15 pg A AR H T CARIE K C/Br-PAHSs = 24X
BN ITIE WK 4.

3.3.1 GC-MS GC-MS FZX 1 L 2 (ED)
DY ZRAT(Q) o 543 T % , o e FH T 7K AR v )
CI/Br-PAHs /)L JE ke th gl FH T K RE Sl 04T, 3
P R RGP AR R Bt MS BRI Gk
Ji& 18 257 B (Orbitrap) « fH HL A8 e 251 (1] g a4
53 B 4% (FT-ICR) %5 i1 7 H 2 i & 40 A as e H T
C1/Br-PAHs [1)4) }1 .GC~EI-Orbitrap/MS ] ] ppb
AT HLYG e, Yang 2B R il GC-EI-Orbitrap/
MS S AN [ A FE T el R A = 2B 1) AT 20 #T,
L% A5 CU/Br-PAHs £ 96 Rl HLILE
Y)FT-ICR/MS &AL [R]TE S 4R 43t 4 (1) JE Al bk J
[T R = RV N E S [ TP e o S S =1 S 1
Fernando 25> M 1) FT-ICR 15 K 93k J 1) 13340 b
% AL £ CI/Br-PAHSs 78 N4 150 MEAY)
313 AH FT-ICR/MS A& & 51, AR FR R, 23 BT 8
NG A 5, 75 SE BB A B b Y AR D

3.3.2 HRGC-HRMS HRGC-HRMS 7 i 24
RS JE o HLA S % [ 2 e b A HR IR B 1 AT L
W7 1L AT TR AR PR AR A Jin 2 CPE 4y R
(>10000) F 1 $& 25 7 05 W (SIM) B =0 T, R H
HRGC-HRMS Z3#7 T G M) B < 2 il
23S RE SR IY) Cl/Br-PAHSs.Fan 25¥%Fi HRGC-
HRMS 7243 BT A [\ Tl #Akb 2K 2K i) ClY/Br—-
PAHSs, YU T R AR, LIRS PAHS A
Bk 3.50~9.50pg/g.

3.3.3 GCxGC-MS 424t GC(GCxGC)¥ 2 Mg
JEAEAEZES . Ar B LA [R] AR BT () 4 1A A
H BT G5 B KR R T 20 0 P AU 2 B X 250
&1 GCxGC-Q/MS X} CI/Br-PAHs [ 5 1143 #7 & IR
ACE 1 PYR /& CI-PAHs [ 3= Z /1 {4,ACY F1 ANT
W T AR BRI PAHS.GCXGC #5515
I3 R AT IS 8] 5 (TOF ) B ) [ i B A e 3
. R ST R SIS T R 1)
W FIAE 4 T Manzano 25BSR ] GCxGC-

o
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TOF/MS 2t KAk . L3RR A SR f
] PAHs FIl CI-PAHs, ti} # F# 1 7 23 #r i 17) Teda 2511
il GCxGC-TOF/MS 20 Wik, 7 3 By
Kl T S0 (>7)Cl-PAHs  F1R & 5 25 BUAR 1
PAHs. R GCxGC-TOF/MS %} 50/ B/t PAHS
FLAT WY 19 20 HT 0 34 AL i 5 14 1A R A 9
5 LAY FH 52 31 PR A

3.34 GC-MSMS Z % MS BT HAMZ Ik
I W A 5 (MRM) R X6 — 4 MIS TE32: X 43 10 T4 3
T HE B AT R A T T S A R A Ol 1y
GC-QQQ-MS/MS Xf T ) 19 i C1-PAHSs
F1 8 Tl Br—PAHs ZEAT 4041, H AR (A ARl PR 73
5k 0.400~5.00pg Al 0.600~3.60pg.GC-QQQ-MS/
MS RIS RN R AR 5 w5 20 B i A 4, (R A

X AR EL, 7 AT AN, B A A 9 B FH 5.

3.3.5 AT ATk Wang S s
TR s RO AR A3 (HPLC) A2 6K I 2% 23 4
KAKH) 6 Fi CI-PAHs 1 15 # PAHs, H b4450
P2 0.30~5.00ng/L. B ARFFEN 514 LC-MS R H T-7K
PRI 4180 A AR 2 PCNs (R, [ e
UG 0 B 237 e 3l A2 sr il 225K AH LC-MS I 251
Jr A LS 55 L UR(EST) . KA Ak 27 FL S YR (APCT)
5505 Cl/Br-PAHSs 11 AL 12 034, 356 200 vy, DA 1T 7
CUBr-PAHs 40 H7 11 N I 85 /b . Gao S5 LC-
MS &l 7% k%0 PAHs BI7vE, R Cl-
PAHs {5 J50il v ()[R A7 3 70 A U AR A0 PAHs 1)
T BN B AR IR AE T NAP. ANT. PHE.
PYR FIFLT 4 PAHs 2575 44, R 15 1.00ng/mL.

%= 4 ClUBr-PAHs BYEENE DA LR LLEL

Table 4 Comparison of main instrumental analysis methods of Cl/Br-PAHs

ALIViReS RIS s e AR
Quadrupole EEAFE T 5 IR TR EYERE . A HRIR(2000),  KCHIRAR, [39]
P VISR B AR HRENE iV /N 3000) )

HER = (N IA 150000). 5=k 5 5 o
Otbitrap PP RICT DIRRIEER e v R e W [80]

275 30k

SO - T

(GC-MS) RIPE . EPERE S5,
- YRR R(100000) FTRyGE S ARBURER K. B, 40 e 5]
(10000). REGFELF. 52 ERE ). 5T

B SN\l = AN
AT R B (>10000)s AU Gy RARIE AT %A B s L pi A o

[ 5 SR, K 73,
(HRG)(’:‘_‘HRMS) prs . 2B TR K T XX LT3
U T Top,  POPPRREI0000). FURREEN R i, stois koo &
B e EICTHTE, AL SR, 4 - T [35,82,83]
(GCxGC-MS) Quadrupole 4% [ PR NI AL /NS
A H T ogqy Efb RERNG. APMMEAL BULOUA PR GORE .
(GC-MS/MS) o B 70 TARIESE IR R BT, B ‘
=23 itz
Wﬁfﬁ‘” / RUUERG . DRETL, 5T FESMALRE (kok [84]
Vil i i
”ﬁtﬁﬁf;'d SJT W / CTT I SRR T, WAL EE (8588
4 LEiE FRARAE i H AT BEE 1) 3 AT JT R RERS S0 M 1K) CL/Br-
PAHs %k A7 B, an e 20 B /2 AE 52 4% & v (1) 22 ol
4.1 R4k Cl/Br-PAHs % TR 855 73 BT 40 2% 52 ORI Bk k.

CI/Br-PAHs KYFAIPRE L2 FEAE IR LRI
A AEETE . FEAE. KEEET B, AWE 4
PERIFE . H 1152 20 M7 7 VA bR A i R, 15 g et
VG YRFIE . IRIEAT A R XU IR 7T i R 4TI
JEETF FEAR KD T D B B A7 AE LA R )

411 = G — 58 I B AR R AR ] 3R

4.1.2 FREE/ AL CUBr-PAHSs B35 50 4
PR 6 AR PR B A (P RS A AT by« R XU A

S Ak
1H 8.

4.1.3 XJF ClUBr-PAHs 4 M LEE . 5 BEA PAHS
(KI9CFa MR 28 AN [R5 G HE O 1 2 il di S0k
HEREFER R B,
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