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Abstract; In this study, water samples, sediment samples, and 21 paired fish samples were collected at multiple
points in the upper and the lower reaches of urban inland rivers, South China. The pollution characteristics of 14
organophosphorus flame retardants (OPFRs) in the environmental samples and biological samples were evaluated,
and the potential sources and the contributions of each OPFR in fish samples were investigated. Furthermore, the
associated human exposure health risks of OPFRs in water and fish were assessed. The findings of this study
showed that the total concentrations of OPFRs in water, sediment, and fish ranged from 0.92 to 356.76 ng-L™",
1023.18 to 33 491.16 ng-g '(dry mass), and 14.34 to 723.71 ng-g ' (dry mass), respectively. The median concen-
trations were 52.60 ng-L™", 11 195.67 ng-g '(dry mass), and 49.38 ng-g~'(dry mass), respectively. The compounds
with 100% detection frequencies were tris(2-chloroethyl) phosphate (TCEP), triethyl phosphate (TEP) and tris(2-
butoxyethyl) phosphate (TBOEP) in water, tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), tributyl phosphate
(TNBP) and tris (2-butoxyethyl) phosphate (TBOEP) for sediment, and tris (2-chloroethyl) phosphate (TCEP),
triphenyl phosphate (TPHP), trisopropyl phosphate (TIPRP), triethyl phosphate (TEP), tributyl phosphate (TNBP)
and tris(2-butoxyethyl) phosphate (TBOEP) for fish. A significant difference was observed in the concentrations of
OPFRs between tilapia and dace in the HH site with dense population. Additionally, a significant difference was
found in tilapia between the HH site and the LTYC site with sparse population. Principal component analysis
(PCA) and positive definite matrix factorization (PMF) models were employed to identify the sources of OPFRs
in fish. OPFRs in fish were largely attributed to the building materials, plastic products, and electronic products
during their production, consumption, and disposal processes. This can be closely related to the human activities
and the industrial activities along the urban inland river. The bioaccumulation potential of OPFRs in fish was rela-
tively low. Both the carcinogenic and non-carcinogenic risks of OPFRs in water and fish were remarkably below
the safety threshold. This suggested that the health risks of local residents associated with the ingestion of water
and fish were minor. Nevertheless, the potential cumulative exposure health risks due to the long-term ingestion
should not be neglected.

Keywords ; organophosphorus flame retardants; fish; pollution characteristics; source analysis; exposure assessment
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113 ng- L) F 8 mg mr g i A g bt 5 2K )
(2 EEAL AW TNBP,, o [ b 52 A g il oy 1l
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FEFH 53 Hb DAL G v E BRI o ] A
BT S A AR HEN B Ravi 1) 97485 Hb XA 7K {4
H A HH R ST IR AR R A TR R K, BR TR
T2 IV FH AT b I v g T TR 2 R0 A % B
IR, V8 R o A3 25 BELA SR (%) TCEP 1 TCIPP, F
HEABAMRN log K, Fl log K, VL = /K PE
W E KT KT EERNE, EVRYh
F:85 4 B B 1K S TPHP (31.86%), H: ¥k /& BDP
(21.38%), Al g2 1 TP & AR A B = 1 log K, I
log K., VAR KT | A5 e A 00 25 5 W R 7
DU A R rh A EER R, R 3T
IR AT FE 5 ] R A6 R M DX T R BR T = A
NP = E Y AR SS l TPHP , TPHP & AE ) BT
NGB FH T 25 Bl -3 28 rh A 1 S S RN BELRAR i
AT L DA A b o R ) fL T 1R R e S, R
4y OPFRs M 5% H i F i & A= 7= it g K%,
OPFRs 1E R T INFIA 541 BHE 2= A IR % )
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AR TR T S A R HE B IR v A
b DX SR E 7 3 [ S R b X, B AT 3L
TPHP Ji, & OPFRs #ix 3= %2 (Y 24 i i, TPP J& il
LU EZAA Y, ERC R AR BT R ik
FEAE AR AR PETS Ye ) 2 — TR R T L 4
FURRA LN PVC), 5 2 b1 by 3 AN 9 RT
Fer A 56, TNBP 78 3K [ 17 71 1Y F0Ep B Ravi

TTEY G S 5 OPFRs, 88 A R Sk I T Tolk Al
SRR, B2, B E R A X AE TR Y h
Kzl %) OPFRs 1)V BE FZH BLAT S (7], Al I PR J 3 4k
Kb X ) A = Al AL O R T
2.2 AN[FESAL TS G RE

HZ HH .QSC.LSH.LTYC.LL 3L 6 4~ sifir,
HZ LSH LL 1£4 3 20 i fe LIRS S5t abs T HZ

F2 KEFTIRYH OPFRs BiKE

Table 2 Concentration of OPFRs in water bodies and sediments

i o KRR B Kb
Media oncentration at each sampling point Median Detection rate/%
HZ HH QsC LSH LTYC LL
TCEP 675 60.98 055 10.15 1968 031 845 100
TCIPP 8.77 5786 ND 727 2162 ND 8.02 66.67
TDCIPP 278 38.80 ND 8.92 2220 ND 585 66.67
TCP ND ND ND ND ND ND ND 3333
TPHP ND 147 ND ND 416 ND ND 3333
TIPRP ND ND ND ND ND ND ND ND
TEP 381 2788 022 362 18.38 096 371 100
;i:fr//((zgg LLII)) TNBP 439 186 ND 124 558 ND 155 66.67
TBOEP 049 849 0.13 223 893 003 136 100
TEHP 26.12 1.70 ND 837 25548 ND 5.03 66.67
iDDPHP ND ND ND ND ND ND ND ND
RDP ND ND ND ND ND ND ND ND
BDP 9.99 ND ND ND ND ND ND 1667
V6 029 229 003 ND 074 002 0.16 8333
3 ,,OPFRs 6340 20132 092 4130 356.76 133 5260
TCEP 110560 114027 ND 163878 ND ND 55280 50
TCIPP 2 066.50 ND 976.18 ND 758.00 ND 379.00 50
TDCIPP 1019.18 280286 61283 68660 114000 86435 94177 100
TCP 30959 ND 150.83 ND ND ND ND 3333
TPHP 312727 602317 600165 ND 1109.75 ND 211851 66.67
TIPRP ND ND ND ND ND ND ND ND
?ﬁ*/”‘%/(ni : g'l ) TEP 21445 6042 34237 ND ND ND 3021 50
Seﬁl:ii ng)l ) TNBP 14321 260.16 13185 142.57 152.75 13277 142.89 100
(dry mass) TBOEP 39651 152.30 27020 10024 4875 26.06 12627 100
TEHP ND ND ND ND ND ND ND ND
iDDPHP 1879801 297688 276371 ND ND ND 138185 50
RDP 299601 229427 98641 ND 23725 ND 61183 66.67
BDP 331482 113652 558061 67422 209800 ND 161726 8333
V6 ND ND ND ND ND ND ND ND
S OPFRs 3349116 1684685 1781665 324241 554450 102318 1119567

1 ND FoRARKE
Note: ND means not detected.
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HNER HE At 507 i) OPFRs AR AR, L 9R HZ 7E i
TR FELAR S N 20 Bl % A Y 3R T R R I i
OPFRs 1E A HLAL & WA BE 72 N8 7= FE 16 h
Iz R RS (45 HZ B9 OPFRs ¥ 48 5 s ir
QSC B4 T FiliF, {HH: OPFRs ft ¥ BF 84K, 7T AE &
F A 7 N 11 2 A DX, LT 4R R X
SE K R R AE7E— E RRJE |4 58 OPFRs #4 T1EWT
PR IR B AE DR T A U AR

2.3 fliH OPFRs (75 YesKF N s AFE

T PRI A Y OPFRs (4946 H Fnvge 8 L 3% 4
14 Fh BARLE IR T TCP 4, Hoft 13 Fha A #H .
Kt 56>50% B A 11 Fik & 9 £14E . TCEP  TPHP
TIPRP . TEP . TNBP . TBOEP ,TCPP ,TEHP iDDPHP .
RDP H1 V6, H:H1 TCEP TPHP TIPRP TEP TNBP,
TBOEP iy i #6344 100%

Y, ,OPFRs [k R 1434 ~723.71 ng-g'
(AT &), PEHE N 4938 ng- g ' (UL TR &
i1, H(E 0 94.08 ng-g (UL T i), SEMNIMR
[7] ] R Ml XA B, R v i P g T g et
A SR SO A R O H H G T P
HEF Llobregat 0] [R1IR 7K £ 110 e AR — B 2
FEf RS Y 13 Ak &4 TEHP S 214k
HY, &R 44.6% , H Yk i TDCIPP, 5 L H
30.79% (1 2), 5 8LA 0 52 A 56 4 A0 [\], 3L b b v
VP I X G £ 28 TEP B o FU 2 e i A, TR b IO
[l Hh i SALA ZEFU A58 TDCIPP E i =i i, 7E
Pl Ky rh 48 25 19 3 F OPFRs J2& TDCIPP, K

100 =

80

i1 1OPFRs M BEAY /%
Composition of OPFRs concentration in fish/%

W 2 R TCIPP, B ¥ o U] J& TBOEP FI
TCIPP, 3 S W £ 2] 4 Vi B K 2H A 22 5 Al I3 PR T
G YA R B 22 P BT, LA K T A 50 b A5 1) 75
YR IE K-, A OPFRs (1) 35 2 J6 T /K 4
HH ¥ OPFRs, 1M A8 BF 7% (1) 7K H (1) 32 2L OPFRs 1 /2
TEHP(49.5%), .t T TEHP AR &1 log K,
(9.49)1 log K, .(6.357) LA K 4 A (1) 7K %5 14 (0.6 mg
LY EHE A S fEfafk g 425,

T e HH 5 A7 AS 8] 2 1) £a b 5 OPFRs
(MR RE 25 5 | e B | R B3 £ 2 [B) A7 7 8 35 1k 22
F(P<0.05), X Fh 2= 5 0] BE2 T AR B R TR 5
WY, DR e 28 fE AR, B
KRR R Sl B /N K AR B HURT— S /N A
ARSI, IR | D265 Iy Sl 25 38 B &R o
YIHE B A LRSS T 8 £ A B B DLV
S, X5 PR X AR ST AR B, R RE A
BEE b nl g2 80125 OPFRs A —2E 22 57|
{HAaP] OPFRs & BN HUE R A EWRA I8k
HK AT Sl AN [F] S 47 HH A LTYC
(B fa rf OPFRs MR (125 5, KR 2 A i 2 [
fATE R FEPE2ZE T HH 507 B3 & T LTYC A0
ftrft OPFRs MR B, HH s A SRS Ti5 Kb 3
A, V5 KA ) TS AKOR TR 3 B A
1R 3R T M X LA BT K B A R XS AL B
OPFRs M3 it 1) 56 3% , 1T BB 530 HH & Bl i) fa ik
o' OPFRs Ak B 5 T LTYC A5 B f&. b OPFRs [

] Cve
[ sDP
EJrop

iDDPHP
TEHP
TBOEP

TNBP

EJtep

I TIPRP
[ ]TpHP
[ rcp

I tocipp
[ Tcipp
[_Jrcep

HH

LL

= [ N

LTYC QSC

B2 farh OPFRs KR RZYARN
Fig. 2 Composition of OPFRs in fish
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2.4 fuh OPFRs AR f#HT

OPFRs MR H# R )12, AN [F A& 4 22
R WA A 22 5 TCIPP 8 HAEL 408, IRk
% MBS | ZEELLIR AR AR b A T R |
BRI LA SRR, o T H ETTS KA BT O X
AL EE T 25 R e 50 4 A B, J& OPFRs #E A
TR ER A 1T Ve PPk R A e,
ZEHAE TCIPP RS ", TPHP J7 iz T A5 i
N AT T3 45 TEHP DI J2 58 5 2 4 (polyvinyl
chloride, PVC) ¥RRL 7K | Bt BR £F 4k & v & i FH
OPFRs Z—81 | TEP F= % [ T @ HUA R}, 5 N 44
S5 T A RN R A6 AR A SR A R BHAEA 3R] ; TNBP 4R
R3S 5 SRR R — B2 A 2 & S R R
W iDDPHP W 3= D B R A8 SAE A TR
HLFTH B8 AR 72 OPFRs & T AT 9 4= 3% 4% A
G b AR K E s B SRR A Wk
FBE KR FH T 45 A4k, SCH BB #A B A7
E 3 RT3 1 700 25 2608 SRS DRV A i
R SR TG K E A B bR 45 T8 5 40 2% 0 B TR N R
MRS R R 2 A AT B, B2,
X B TR 2 il OPFRs 1647 iz iy LA KAl FH 4 5
PR R 3R IR A ek R R

X o) OPFRs £t #E KT 50% H 45 4k
1T Spearman Fk AH 3¢ 43 #7 fl PCA 43 #r, #R i+ fa rh
OPFRs [ ATREAIR, AN 3 Fros, il ad 3 K 56 &
#(Kaiser-Meyer-Olkin)>0.5 , Batlet<0.05 , 22 B T 3
A EWSr(PCL ~ PC3), fH ) OPFRs [ 3 A%
g3t T 25 B TTRRE R 63.7% ,PCL fift ks T 319%

TCEP

() 5 J7 2% , o TPHP  TEP \ TNBP WY # i 7E 0.4 L)
b HAEZ AR ENEMEXE R = 052 ~
0.62,P<0.05), WK 4 Fr7x, il gE L EZRIE TR T
WA AT BRI A S SR A R AR T SR i Ad
BRI TS YeHE , PC2 R T R 2510 18% ,
" TEHP #1 iDDPHP HJZLA7E 0.6 LA I, H P H Z[H]
WRAFTEIEAE KR (r = 032), KAl RERIE T PVC
GRS v A T TS B
PC3 (75 22 5Tk R A 13.8% , & TCIPP(0.64)F
V6(043), P Z A OCFR N 025, FERIE T
SER i R b A A AR R AN T AR TS YRR

PC3 (13.8%)

1
PC1 (31.9%)

B3 PCA #&2Ixffarh OPFRs HYRMEHTER
Fig. 3 Source analysis results of OPFRs in
fish by PCA model

TCEP }»:4 TCIPP :
TCIPP }»4 TPHP l0'8
TPHP * }*? TIPRP 06
TIPRP ok }A TEP 0.4
TEP ) % % TNBP -0.2

TNBP 2 % ’ TBOEP L0
TBOEP % TEHP L 02
TEHP o % iDDPHP —04
iDDPHP * % RDP 06
RDP }*4 V6 os
V6 * * * % o

*P<0.05 **P<0.01 ***P<0.001

El4 £ OPFRs B{kZ A1) Spearman BEX D4R
Fig.4 Spearman rank correlation analysis of OPFRs in fish
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PLINN O %020 &

Xof f A R T 50% AL A i — 2 R
PMF (positive matrix factorization)43- 4, PMF #& 7l J&
—FPSZARBERY [ 1990 4E LK LR IZ T4 4%
Fy5 Gy W T e R R, A AR BB ) e 2 20 D HE
LR PR L A R ), 3k B 2k v 41 & 1 A IR B ik
O3AT , T E S i R 0 A5 04 B S5 R R R R VR 43 A
Z A2 BT P A PMF SR g | AT M
JFERUASH 2 B 2 B4R, 2 fa K b OPFRs (1978
FERR, TR 4 A F 85 43 3 o ik b
OPFRs HRIEHEATHERE , ANE 5 r7n ,PMF (A 1 ~
4 BAEBHMME R B2 =0.40 ~0.98), L BA
I {5 M L (S/N=5.24 ~10), PMF F1 PCA I Hr
SRR AU, BB E—ERER, BT 1
AR T 42 7 Y 2 RDP(91.80% ), 15 hy 3 X4 A HLBE
FH 4% 7 (emerging organophosphorus flame retardants,
eOPFRs)Z —, B &k I T ML #8 AL 7 i 2 19 FH
BRFNTSL K- 2 v TEHP(78.08% ). V6(64.43%) .
iDDPHP(60.83% ) i 5, 5 1A PCA BL# 5 Hr 15
FHY PC2 45 AL, 5 PVC & K 1H H 25 F1H 5%

[ 4bE ¥4 Compound concentration

WA SG, 7 3 M EE AL A9 TPHP(50.23%) .,
TIPRP(65.93% ) . TEP(38.76), 5 PC1 (&5 =AM, 3k
VAT FLA YRS o 0 A SR ) A 2 R e R 1
Y HE . T 4 W& TBOEP(67.57% )l TCIPP
(49.15%), 5 PC3 tHXJ I ,{H 5 PC3 B&HHAS [F] Y 2,
B T A SRR R B 475 YOk IR Z A1, 48
A T TR R b A A 7 1 BT R

Zi4 PCA il PMF #5578 %t 4 (& L A # OPFRs
PEATUR SRR A28 5 SRR & R 77 DL S S
BEXT I T P AT £ OPFRs (14 BTRR AR X 45, 7T e 2
5 A RO JE S T2 = 95 A P e SN ER TS R A S|
DA 5 bl ™= AR 35 R BR
2.5 firh OPFRs (A& TS

AR I T LA 421 OPFRs 11 X 4
BAF F1 BSAF, fi JJLIA * log BAF 43 4 0.03 ~
229 ,log BSAF P15 H I KA HH S B P51
TDCIPP A —NSEBRE K 0.03 , Hoft i o7 35 1%k, %
BHULRL ) i) OPFRs X 8 AN AEE AR & B 1,
TEHP (-4 & FUBE J) dim (7 log BAF=136),3X

1b&4E 43 e Compound percentage

10% 100
AR 20
10 Factor 1 —
10°F 460
107" — 140
102 ﬂ 120
1031 0
10
10% 100
ok B2 ] 80
Factor 2
10°F ] 460
~ 1o 140 ¢
b 102k 20 TB
: B o =
=2 g0l S 5
BE 107 1° 2
g 3=}
== ok K53 %0 =
¥ g Factor 3 i S
é 100k 460
107"F 140
1021 {20
103+ 0
10
10% 100
o' [HF-4 20
Factor 4
10°F — 460
107+ 140
102 120
-3
103k 1o
10

TCEP TCPP TPHP TIPRP TEP TNBP TBOEPTEHP iDDPHP RDP V6

E5 PMF 25} ks OPFRs WiRAFHTER
Fig. 5 Source analysis of OPFRs in fish based on the result of PMF
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H5EBmEN log K,, fllog K, LI BARI/KBEER
% (B4 OPFRs HUK[¥) log BAF #4481t 3.7, 4
BHAT = A & R 1, HOU 48U A AfF 92 R 2
I(log BAF = 1.4 ~3.3), Jb B b XU 4 p
OPFRs A& B 1k TPHP Z 41, Hofth A 11y
Y E S RIREAR T 3.7, 4 Fh OPFRs Xt £ 1
WLIA /%) 5% F1 J3 AN [A], BEKELE %5VK 17 # OPFRs
1 log BAF Fl log K, #4174 M: BIHAESE, 45 H%
log BAF 5 log K, fi &M IEA G, 51 4MA 5%
FEHALO IR AR R A= & R D = LA (A
OPFRs Lt LA BE 25 &) 76 e A ik b 2581, Ho iy
PRI Rt 2 fif 28 0 AR B B BE ST RRAIRTT
2.6 NARZFE A AR AL

ARG T 3 AR AN Q ~5 % 6 ~
18 %/ f1>18 %)) OPFRs [ EDI fil ADD(% 50 1~ H
G3L), AN R AR % B B 19 7K H OPFRs /) ADD fH Ky
062 ~1.24 ng-kg™' -d™', favh OPFRs Y EDI {6 N
17.81 ~26.37 ng-kg ™' -d™"  EX AR B B o L
FEA R 1, RO B AR, K
% T TEHP (8% A it J2& i 19, 2k J& TCEP,
TCIPP; ffi 1 %% #% T TDCPP A4 A i & e i 1, HL
Y& TEHP, T 30A 19 3 B B0l , At o8 ik —
#PEAL T TCEP  TCPP , TDCCP , TPHP . TEP ,TNBP,
TBOEP . TEHP 1L 8 Ff OPFRs B % A A 1% 3F B K
5 A5 6 s, AN [FAE Y B AR R 87 Tk
OPFRs [1)51 HQ MUYEH A 6.38x107° ~8.01x107*, ffij
fi AR AR HQ F K R HE — A B g, Y
J31.89x107* ~1.61x1072, ANREIKLEWINT L, 7EF
PEFN 2P i A7 4F 1% B R, K 9 TCEP il TCIPP
A BSR4 v 4 JXUS: , T €71 ) TDCPP il TEHP #4 A%
AR5 2 A AU, {HL B~ OPFRs Ay HQ 38R AX T
0.1 A2 4 A, X B AH ) OPFRs 42 A XU
RN ABARTT ZR, M Z T, F DA R R
HQ 7K A (B LR & T, X RLE L
AN AR N T I BF 5 i) OPFRs $ AR, X AT
REE F T LBEARAS T N T G Uk, TEAR BT TS e )
2 i 7y T O B U . AT MR AOR &, LB AE
N ANIREE I S R B H 2R AT e b
T ICAT | PUAL 554 AR | SXH R I 7 A2 fi 34
ARSI AT REE . R, JLEE A B IR AR
B GINAE AL T & By B, X P55 vh 1 7 £
Bz RUHE SRR T, TS FER A kAT R
BORHE | Gy Y T A5 e 2 TR

FOROCHE R LE AR TR B R, &
PE R GE I A4 A 15 A ) RE AR G 55, AR
F RN, AH [ 590 & 14 75 G Py % L EE 1 i BRE 52 g B
WSRTE S

i T = Hofl B A ) SFO M, ARIFSE RIEAS T
TCEP .TDCCP ,TNBP #l TEHP X 4 Fff OPFRs fi¥ %
AR 25 SR A& 7 PR, KR OPFRs (145
g XU 2 51 7.30x107° ~123%x1077 F11.81x1077
~944x107°, /K %) OPFRs (13505 XU (TG 18 2 5
PRI B LA R AT 13107, PR T B0 K
] 240 ; f OPFRs KB 20 AR AR T 1x107°
kg RS AR TR, JLEE B 2o KU & T B4R AR
AR PR FAT T 22 5 e =B 45 JLEE Y OPFRs
HE AR, HA 5T % B OPFRs A7 2 14 2
ZEONE T PRI R AT 0T BRI A T 3 T A i B

RS

3 Fig

AT 5T XA R b DX T IR A KR TR
a2l 14 Ff OPFRs JFJ& 1T858, 45 Bon, Ui
W) OPFRs ¥ & 75 [ N AP A [a] [ 2 F X Ak T
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