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Abstract: To investigate the environmental behavior of organophosphate esters (OPEs) in the surroundings of the electronics industry,
an ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) was used to determine the concentration
levels of 18 OPEs in soil, atmospheric, and wastewater samples, which were collected from surrounding areas of typical electronic
industry enterprises in Shenzhen. Correlation analysis and principal component analysis (PCA) were applied to identify pollution
sources, and the health risk levels of people of different age groups were evaluated. The results indicated that the detection rates of 18
OPEs in various environmental media were found to range between 40.9% and 100.0%. In 34 soil samples, 21 atmospheric samples,
and 30 wastewater samples, the mean concentrations of 18 OPEs were determined to be 283ng/g (12.2~857ng/g), 4.48x10°
pg/m’(3.12x10°~2.95x10° pg/m®), and 1.11x10° ng/L (5.39x10°~2.73x10° ng/L), respectively. Tris(2,4-di-tert-butylphenyl)
phosphate (AO168=0), tris(4-tert-butylphenyl) phosphate (T4tBPP), tris(2-chloropropyl) phosphate (TCPP), and bisphenol A
bis(diphenyl phosphate) (BPADP) were identified as the predominant OPEs across all media. The correlation and principal
component analysis (PCA) results demonstrated that OPE contamination in the vicinity of electronic industry enterprises was
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predominantly influenced by industrial production emissions and traffic-related discharges. Non-carcinogenic and carcinogenic

health risks associated with multi-pathway exposure to OPEs in soil and atmospheric media across different age groups were found

to remain within acceptable thresholds; however, the health risks posed by long-term cumulative OPE exposure were identified as

requiring sustained scientific attention.

Key words: organophosphorus esters; electronics industry; pollution characteristics; source analysis; health risk assessment

AL 2 15 (OPEs) 1 by A% ¢ I & BHRA 7] 1) 2%
AR b 38 Tk A 3R A 1 g A N I ) T
o I SRR RL . FLIRES . HRR I AR Ak 4
77 ity A P A 8 S R v A 2 e A
iR OPEs M it B Ht . =2 AR A
2% 22 oy OB TGk N 33485 i B4 H i OPEs
VE R % 52 [ bRk 2 SC3E 375 et CAE IR B K
(W EINE O IRARAR AR HER AT B I (%
/2R PO R R AR ) L AT A
PRAEWIRE (S /i) OB b i A L
T OPEs HA O, fPZ. A5, W THAE
FEsE RN OPEs PR35 28 75 ™ 5 g W A ) A
NI AR

FL 7 AR g ] 5% s P 2 AT, H 7 7
SR ZE = RIAE T . fE PR AL FEAE T & OPEs HEUK
L ERYE, HEL ) OPEs HAT Ja ok F e HEACR K
YA AR T EF ARG T % 7R
POV H BT A Z T Tk OPEs ST T
IR 9, 76 Hh ] e R i X 20 i pig 2 el 7 B 3 %
X\ ) AR PRI S KB 37 B g R el T R A
PO 28, L r 4 i X T e 03 3 e [X A
W, KA. Kby miEMASSL K H OPEs 1)
el BRE AR ) AN ] 240,

ER TN Do A o B BN B A
OPEs {175 BEF AL AR 52 Wi T FE R AN 5T 1A
U, AR 33 ORI T 15 5 32 AT LS R /K R il =
BRI L T Db AP AR A WFFERT 5, AR 3R 558+ 38
SRR ZSSRE fi 52 18 Bl OPEs 41431615 &, /bt
LLES IR B i OPEs [ SRR AE, BUMAT MR AE
OPEs, PFAl J&] 121 i FE 2 3 14 5 AU, 4 B [l OPESs
P VAR AT ARHE I TMEIT S b 525 Ay
Bl PR A 2 R 100 PRI [ 45 S s

1 MR57A%

1.0 RUAT SRR AR
AR SCIEFER YN T HL 7 b AR AR 4R P

X B KR e AR X SR L T AL AE R
WX G R AEAR N JH 34 50~100m i [ LA 1)
0~20cm K = T3, ) RKHETH KU RET) X
JR 7K Ak B R it Ak S R K R A 85 AN IR EE AT
i, B0 G AR 34 S0 RAURE S 21 AR KR
i 30 AN (B 1) FE R AR TR S RO DG H AR L
O T

N
.
i
FeWi X
" 3 *
:
,

22° 30° 0”1t
[ = =
0255
113° 500" 4% 1147 0074

K1 Tl XL KK RN &

Fig.1 Sampling sites of soil, atmosphere and wastewater

around the electronic industry

1.2 FEAHTALEE A S B

121 LIEFERTACE  LHERE AN (10.0g) &4 T
P JE A R R AR 24h B EUAT, AL RN
RN E AT 5.0uL(200.0ng/uL)TCEP-d;, /£
B ARKRUE i BRI e i 75 ) 4% (Heidolph 4000,
FEHWCT, M 0.5mL Y 1E CLbe 529 I, b [ AR AL R
(Supelclean Envi Florisil,1.0g,6.0mL,SUPELCO,3 )
R AR A BT S ] 6.0mL 2R 2,16 6.0mL 1F
Obe/ & BE(8:2, /A 10.0mL 1F CkEiE 1.
6.0mL 1F CUbe: S HE(8:2, V/V )bk ik [ AH ZE Bk )i
H20.0mL 418 LBEVENE H AP, 2R 21 H s H
200.0puL S Ee AL

122 RAFERTAREE RIS & IE e i
PR R VR A 0 (1:1) 3R IR AR HL 48h = BT, I A AR
FRHE(TPPd,;, TNBP—dy; HI TCIPP—dyg). PR MK



3462 LR 7 A & I 45 %

454 1.0mL J&, A [ AH A BUAE (Supelclean ENVI-
Florisil, 3.0mL, 0.5kg)#< H. [ AH %< A 1 56 H
5.0mL CUBERT 5.0mL [ bt S REQL: L/ )ikE,
M 8.0mL PR LFae H i, mWak+. B As¥ M
300uL S 2FEhE I I A FR(TCEP-d )£l
1.2.3  JRKFERTACEE R /KAE S % B SCHR[29-30]
R R () D7 A VL KR T o 9 B AT A ok E B
(GF/F, fL 4% :0.7um,Whatman, ¢ [¥ ) i 38, 2K J5 A\
10ng R I A 1R 25 AR 7 (1] DK 70, FH Il AH A HOH:
(Oasis HLB,200mg,6mL,Waters, 3¢ [E )3 417 [#] 41 2
B TE AR ZEBUREFi5E 4mL P8 4l 4mL A
4mL 2K iEA, W IE R 4mL/min. KA E T 5, B
6mL £ PR ZMELL ImL/min F 30340 I, W T
HAx¥ H 100ul 52 % %, I8 In N N 5
(TCEP_dlz)?%fmU.
1.2.4 WU OPEs 23 Hr34) i AUH € i/ B DU
FT £ B¢ 5 1% (Agilent 7890A-7000A) /1 3 47, K H
DB5-MS E404 FE(30mx0.25mm Al 0.25 pum 5
J5E ). A B 4 RS T R () U A3 AR REAE 280°C Al
230°C. A L A6 iR JE A 60°C FF 4, FF 42 1min, BL
30°C/min FIERRINE 220°CHEFF Omin), 3R 5 LA
5°C /min K3 ZE (4547 15min)34 0 4 300°C B LA M
18 ot |5 N AMIT ST A OGIE Y) OPEs, fu$% IDDPP.
BEHPP. TCEP. T4IPPP. TCPP. BPADP. TDCPP.
RDP. V6. CDP. RDT905. TPhP. TBP. 2IPPDPP.
TCrP. 4BPDPP. T4tBPP. AO168=0. /1 9F pifk,
OPEs 11 , %k, OPEs 7 f,% OPEs & = I [RAI:
R EARNE 1.
1.3 ]S U ORIE

PIAAE A R CIRPPATRE S AR A i
FE R 10 ANFER A AT 1 AR A AT
ANEEFAS BN BORERE PP Rl I AR B 3 AN 5 1.
SIS AR F bR I 5 A AR 4 B e (A
DU BEAEL 1% 77 2, T ) i S 3 A 0 2 | o E A
OPEs [ B2t ik 93 25 [R] — b (R i IO BEBEAT
R IE A AT I T IAR IS A 79.3%~106.6% 2 [H]
(G D).AE Ak R b AT B R UE, AE AR R ZE 7R
+£10.0% M EE 10 ANFE il A\ ) BEASHE. 53 4b,
10 MEESLIHT 1 ASPATEE GG AT RE S AR bR
Y Z5 45 I AE£8.0% LA N B A OPEs [f)5& & R R
S FRUE LI 3 5 R L.

1 FBINENFA OPEs FIEE TR, MHFFIMREIE
Table I Minimum detection limit, detection rate and spiked

recovery rate of OPEs in various environmental media

OPEs FE R it (%) IEANEIELES
(ng/L) THE R K (%)

IDDPP 0.006 100.0 100.0 100.0 79.6~92.0

BEHPP 0.019 94.1 100.0 60.0 91.6~101.9

TCEP 0.067 97.1 955 100.0 87.6~105.9

T4IPPP 0.019 97.1 909 26.7 83.2~103.1

ik TCPP 0.028 100.0 100.0 100.0 89.4~100.6

(I;(lLIEs BPADP 0.009 100.0 100.0 96.7 95.1~106.9

TDCPP 0.081 73.5 100.0 833 859977

RDP 0.020 100.0 955 90.0 88.5~104.6

\O 0.011 61.8 409 80.0 89.8~106.6

CDP 0.052 853 864 533 88.8~106.6

RDT905 0.017 58.8 955 100.0 84.9~102.7

TPhP 0.110 97.1  100.0 90.0 97.1~103.9

TBP 0.084 882 955 933 89.1~105.3

ik 2IPPDPP 0.034 882 81.8 60.0 88.3~103.7

j(Elljgs TCrP 0.015 94.1 100.0 63.3 95.1~100.9

4tBPDPP 0.030 794 864 70.0 88.8~103.2

T4tBPP 0.069 76.5  63.6 433 96.0~103.1

A0168=0 0.029 100.0 100.0 100.0 98.4~102.7
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Table 2 Toxicity parameters related to different exposure pathways of OPEs

RfD[mg/(kg-d)]

SF[kg-d/mg]

OPEs CAS 5 HomaEg KR
KRR ZERE WARE ZKURE SNRHE BARE

IDDPP 29761-21-5 — 0.50 0.20 0.16 EPA

BEHPP 298-07-7 — 0.05 0.02 0.13 EPA

TCEP 51805-45-9 TREAT AKEUE  0.007 0.007 0.007 0.020 0.020 0.020 [59]

T4IPPP 68937-41-7 — 0.50 0.20 0.20 EPA

TCPP 13674-84-5 — 0.01 0.13 0.70 EPA

1k OPEs BPADP 5945-33-5 — 0.20 0.20 0.20 EPA
TDCPP 13674-87-8 CUAIARBUEY  0.02 0.46 0.52 0.031 0.031 0.031 [60]

RDP 57583-54-7 — 0.50 0.20 0.49 EPA

V6 38051-10-4 — 0.20 0.20 0.17 EPA

CDP 26444-49-5 — 0.14 0.14 0.14 EPA

RDT905 52186-00-2 — — — — —

TPHP 115-86-6 — 0.07 0.07 0.07 [61]

TBP 126-73-8 — 0.3 1.0 2.8 EPA

2IPPDPP 64532-94-1 — 1.0 0.5 — EPA

JEifk OPEs TCrP 1330-78-5 — 0.013 0.013 0.013 [62]
4tBPDPP 981-40-8 — 1.58 0.79 1.58 EPA

T4tBPP 78-33-1 — — — — —

A0168=0  31570-04-4 — 0.6 0.2 0.2 EPA
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DX A X K TRE S (P2 7.40%10%pg/m) T 5
IR S (- v L P (B N W = TN I VA
330pg/m*) PRI E, A S OPEs ¢ 7326 1 1 i 8 1
[X.Suhring 25U 3 W W0 52 R Ab B 25 RE L
Bl OPEs FLATIERE KM% 93 /1. Zhang %1541
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Ho A7 %4> A 1.06x10°pg/m’(2.85%10°~2.04x
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Table 3 Concentration of the OPEs in soil, atmosphere and wastewater around the electronic industry

+1 OPEs(n=34)(ng/g) K< OPEs(n=21)(pg/m®) J% 7K OPEs(n=30)(ng/L)

OPEs T sk 1 TR PR U AR E Hpi B 315
IDDPP  2.60x10" 8.00x10721.00x10°~2.95 1840  103.0  4.20~2.13x10° 475.0 421.0 73.3~1.31x10°
BEHPP  4.70x10 ' 1.00x10'  n.d~6.81 3170 988 2.70~3.12x10° 437.0 366.0 n.d.~2.32x10°
TCEP 2.93 3.20 nd~10.8 131x10* 3.33x10° n.d~1.36x10° 7.06x10* 5.14x10*  1.13x10°~3.34x10°
T4IPPP 103 3.50x10" nd~7.84 3230 1150  nd~3.77x10° 144 1.00x10 2 n.d.~1.25x10°
TCPP 6.20 372 1.30x10 '~83.1 7.64x10* 1.79x10*  47.4~6.42x10° 1.67x10° 1.13x10°  2.08x10*~6.30x10°
X1k BPADP 29.9 529  3.10x10 '~212 3.45x10° 7100  51.4~2.97x10" 2.94x10° 400.0 n.d~2.67x10*
OPEs TDCPP  3.00x10 ' 1.40x10 ' nd~231 4.79x10° 587.0  61.8~6.71x10* 6.24x10° 3.88x10° n.d~2.67x10*
RDP 8.69  2.90x10 '3.00x102~97.1 472.0 74.9 n.d.~3.37x10° 685.0 314.0 n.d.~8.40x10°
V6 4.00x10% 1.00x10 2 n.d~3.00x10 ' 125.0 1.00x10? n.d.~2.47x10° 2.99x10° 1.10x10° n.d.~2.70x10*
CDP 4.10x10 ' 2.60x10"  nd~2.57 2.32x10° 2260  n.d.~1.85x10* 1.97x10° 1.34x10° n.d~9.67x10°
RDT905  3.00x10 % 1.00x10 ? n.d~3.10x10 " 339.0 50.2 n.d.~5.31x10° 5.17x10° 4.47x10° 79.6~3.44x10*
> kit OPEs  50.3 18.4 1.02~317  1.02x10° 2.83x10*  196~8.42x10° 2.58x10° 2.01x10°  7.87x10°~8.67x10°
TPhP 7.34 1.06 nd~68.1  1.02x10* 2.62x10°  42.7~5.02x10" 8.70x10° 5.05x10° n.d~3.13x10*
TBP 1.60x10 ' 9.00x10% n.d~1.89 3.37x10° 2320  n.d~6.10x10* 8.37x10* 5.84x10° n.d.~2.14x10°
2IPPDPP  7.30x10 ' 8.00x10% n.d~163  375.0  89.8 n.d.~5.35x10° 338.0 183.0 n.d.~1.79x10°
JEifh TCrP 558  9.00x10% n.d~183 241.0 84.5 2.50~1.59x10° 135.0 81.9 n.d.~704
OPEs  4BPDPP  2.10x10'3.00x102 n.d~2.57 1680  49.7 n.d.~911 2.42x10° 202.0 n.d~4.30x10*
T4tBPP 113.0 56.6 n.d~397  1.14x10° 6.51x10° n.d.~5.48x10° 2.32x10° 3.00x10? n.d~6.12x10°
A0168=0 107.0 90.7 9.30~298  2.18x10° 1.06x10° 2.85x10°~2.04x10°  5.22x10° 5.06x10°  3.18x10°~6.95x10°
7 AEX{k OPEs  233.0  158.0 9.85~833  3.47x10° 2.29x10° 2.93x10°~2.11x10°  8.49x10° 6.00x10°  3.27x10°~2.62x10°
Bt >150PEs 283.0 2520 12.2~857  4.48x10° 2.87x10° 3.12x10°~2.95x10°  1.11x10° 1.12x10°  5.39x10°~2.73x10°

30 AN PR K BE P Y sOPEs WK I [l
5.39x10°~2.73x10°ng/L(¥I{f 1.11x10°ng/L Fl v {f
1.12x10°ng/L), 4 J& F5z 5 (1B =l itk OPEs 7351 4
TCPP. TCEP Al RDT905, /{7 #5435k 1.13x
10°ng/L(2.08%x10°~6.30x10°ng/L) .  5.14x10*ng/L
(1.13x104~3.34x10°ng/L) 1 4.47x10°ng/L(79.6~
3.44x10"ng/L); T 3 FE i1k OPEs 4151 AO168=
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Fig.2 Box plot of OPE component concentration levels in soil, atmosphere, and wastewater around the electronic industry

(logarithmic conversion)
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