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ENZSENBRREERE _HEESR (PDMS ) [REEE
Z% (LDPE ) MR REELS ( PUF ) WIREFITEL”
AFH A A AR KFER EORT

(RIEHTRYFIRE 2L, K%, 116024)

W E ZWNAYEEEREE (OPEs) PHARIATE YL H 25 ™5, {H HAT OPEs % N gl RAE Jr ik MR AR H %
WFoEsh= . ATt = NS SYSIRFES) 145080, X TR ER M (LDPE) | B H R
(PDMS) . BERFH (WB) FRABGEL (PUF) /9 4 Fhpl sl REE T 5T B N 2R 9 FpliL Al OPEs 1Y
AT R R T RN R RE AR . 4 Bl 3l R AE X OPEs (19 F- ¥ RAEH R K. WB ((5.4+4.3) m*d'-dm?) >
PDMS ( (2.0+1.6) m*d”"-dm™) >PUF ( (1.5+1.)m’-d"*dm™) ~LDPE ( (1.3£1.5)m>-d™"-dm™) . 4 P 5 %A
OPEs 4115 & 8l RFE S FIBRL A OPEs AL FATE I 25 5, ULBH B Sl R A 22 25 Sh S Uk 1) 5
Wi, LDPE AYRAREE R /N, (HasEEAGat R b, 29 20d, oA FEWIREE; M WB, PDMS, PUF &
e K, HE AT KRR,

KR AUBEREE, #IRME, ENER, REEEE.

Study on passive sampling of indoor air organophosphate esters using
PDMS, LDPE and PUF

WU Yubin ZOU Yue ZHOU Xince ZHANG Zihao WANG Yan ™
(School of Environmental Science and Technology, Dalian University of Technology, Dalian, 116024, China)

Abstract The indoor pollution of organophosphate esters (OPEs) flame retardants is becoming
more and more serious. However, there is a lack of research on the passive sampling methods and
rates of indoor OPEs. In this study, a sampling dynamics experiment was conducted for four passive
sampling methods using low density polyethylene (LDPE), polydimethylsiloxane (PDMS), silicone
wristband (WB) and polyurethane foam (PUF) to investigate their sampling rates and effects of nine
typical OPEs in indoor air. The average passive sampling rates of OPEs for these four sampling
methods were in the order: WB ((5.4 + 4.3) m*-d'-dm?) > PDMS ((2.0£1.6) m*-d"'-dm?) > PUF
((1.5£1.1) m*-d"-dm™®) = LDPE ((1.3+1.5) m*-d"'-dm?). The compositions of OPEs for the four
sampling methods were significantly different from that of both the gaseous and particle OPEs using
active air sampling, which suggested that passive sampling may be influenced by the fine particles in

the air. LDPE has the lowest sampling rate but fastest equilibrium time, i.e., ~20 d, thus can be used
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for a short-term sampling. WB, PDMS and PUF have relatively long equilibrium time, thus are
suitable for a medium- to long-term sampling.

Keywords organophosphate esters, passive air sampling, indoor air, sampling rate.

UEAER, K0 R BRI TR . AR L AR AR R S S, I Rk e 2R BRI 3R R TG AL REL K
B . A HLBEBL S (organophosphate esters, OPEs) FHAA 71 hy 35 22 1 A LB 2R BRI, 78 tH 5L e
PRz A A . 3R D& OPEs By AR = A FH K IE, 2013 4F- 38 A HLBEBEIA R 9 4F 7= 8230 31 7 ¢,
TH % 7 AR B Y 16%!". OPEs % H T WS M R ZH | SRR 77 i 2. OPEs 3 ' /&
DL =X AR 22 B A U NG, R B DR 2% RN 30U OB B85 v, B2 P OPEss G 2% 78 XU 41,
WFSE o, AP 24 5B B0 RARD RN gt B A AR PRI e sk
ST g B U AR i e S A i VR ) OPESs, 3X 6 W OPEs 78 355 i JG AR ANTE . OPEs 1 J i 2445 #L
HYy, B 2R AR, OF LAY E £ eEiR = (2-E L) FR (TCEP) . = (1-&(-2-17 3% ) B iR
fi& (TCIPP) Fi1 = (1, 3- 4% -2-T9 3L ) B 2 g ( TDCIPP) % iiF B EL A7 #h 25 35 4 1 35098 14 21 TDCIPP Fl
TCIPP 115 HUIR B I8 3R FME IR 25 LA 06 ™ . Wi iR — 2R (TPHP) & 9 3iE W A] LA S ME TR 20007 LA
KOBAER & B Mph 4B pE® 2, TCEP gt R 51 2 REU@P™. H AT &2, % W55 4 OPEs 1)
W B 7K s 2 2 AN IR BT T A5, & AR S AT R A B 8] A 3% R0 T AR 35 T, &) R A
FE) 2 S sh A /N 25 18] 530 OPEs 15 YL A LR, B OPEs Y A2 55 XU 8 25 184 .

T 30 RAE, B8 RAE HAT R PEMIE | AR . B B, T IR SR R &R iR
(PUF) #i s R FEZR g 12 F T &R 3 L A M5 4 (SVOCs) 1% N 28 SORFEIF T 2520, I — H
Stk S be (PDMS, XORREE IR ) T8 Fr LI R AT FH AR 25 P9 28 SORS IR B 4 Bl R FEBIF 52127 280 A 23 1 FH Ak
JiEF- 28 (wristband, WB) VE b MA 4 8l R AR R A2 AR 2 57, 2 LA — 52 (14 B ] 0 233 [ i Jge e 221,
B FHAS TINS5 H 1T, B R AR FR BT 15 YL W 1 Bsf ] i ASCT- 2870k 10, e ok, 1285 1 R
2. )% (LDPE) W 4 A ZFh BH AR 0 9 3l R A5~ LDPE, PUF, PDMS. WB 4 Fl 8l R AT BHC T i
A RN 24 R, BEAETE JLR 2 LAY H B R P 345 23 Kb SVOCs [ 3593k B, PR AR 9E =
753, OPEs A R AY i &

H i ¢ T2 %5 X, OPEs M9 sl RAEDF SE A X 420, H 2 4 P AERRSE B K. Saini 55 A1) FH 42 351 Fil
3 41X XAD-PUF(SIP) Fl PUF 1 )y % N B 2l 25 SORAME AR, X I K 5 9 25 ASUSAR BELAA 700 34 28 59
HEAT B 3 RAEWF 58, & B SIP Al PUF RAERLCFE 2R 3.5 m*-d '™ Okeme % iA F| ] PDMS 1 XAD-
Pocket( A% £ 05 -— M H R AL T W) ) X 248 2 R 22 I8 B SAHFUBURLAH SVOCs #EAT AT, S5 56 2% B
PDMS [, XAD-Pocket H. A 51 55 (4 R FEAL 2404, Saini 25 JT] PUF Fl XAD-4 # JI§ ¥ 15 1Y) PUF SR 4% 4
2SI AR IR — B R IS (PAEs) FVRACBH AT (BFRs), ilF 57 # W] PUF W& & 7FE4l BFRs i % a5 Sk
J&, T XAD-4-PUF B 3% A5 1Al PAEs (1925 Sk R

BARC A DRI 0 RIS RAEBOR 48 T % N 25 OPEs 5 R0, EAIEH A R, Bt
Z BTl B SR A BLRAE ORISR AR R WX U9 . AR WF 58 #IH LDPE, PUF, WB, PDMS 4 Ffii 3
SREEFAR, 4T T E N2 9 PR OPEs(55 1) IRAERIESY, FERI 5 8l R AR XS 8 sl R AR 3 AT T
MAE, 3B 53T OPEs (9 &2 . 20 W S st ] SRARHI 2R, X EE T 4 Fhobh R 0 SRR SR FRUR, S HERR 5
% N OPEs 15 YR LA A @ AL R S .

1 MBS (Materials and methods)

1.1 FEAREE

YRR B P . P BE R KL 04k 72 h J5, BHETER] — = N EE B T 2 m Ak R
BE, BB RS E 3 AT FIRERIA 1 SR & 3 8h 28 AORFERR R 25 24 h B8R EE NS
FASFES (W i 4 L'min™) . PDMS £ #7 )51 10 emx5 ¢cmx0.1 cm, LDPE 4547 ] 5f: 12.5 emx4 cmx
0.005 cm, SRAERF[E]ZA 0, 5. 10, 20, 30, 40 d; AEAL F-2F WB R5F: 19.5 cmx1.2 cm>0.2 cm, KA B [i1] 2



SRR A, NS E VBRI A R —H A (PDMS) | KB EER 2 M (LDPE) Hl
12 # REANEMEA, (PUF) Bl REENT I 4129

0.2.5.7.20, 30, 40 d. #3 PUF R} ¢ 14 cmx1.2 ecm, REERF[E] A 0, 20, 40 d. £ 3 KEE PUF
s ¢ 2 emx9 om, FUR SR AF Y IE I (GF/F) RST: ¢ 4 cm(450 °C, 4 h).
1.2 FESETAL B

(1)PDMS. WB J LDPE: PDMS., WB ¥ it T/ 1E Uk, HLHEEE IO, A 100 ng [R5

777 (d;,-TCEP #1 d;s-TPHP) V-1 2 h, FHAIA 10 mL Z 8 Z 1§, ¥ K 120 r-min™ #%3% 32 8 30 min, &

3. FEBURA IR S aE R HE (1 g, 6 mL) i+, fF BALKIN. LDPE ZXHU)y i [R] L, ZEBUAE I N EE - 1F
ooke : A B k=12 2 IREIEH.

(2) B I UE R AE S P A PDBCREE R, FEMARE « 1IE ke « Z&Hfi=1: 2 : 2IRA N,
FHAEEL 20 min, FE 3 K. ZEBOR S RER AT AL, 78 EALRI,

(3)PUF: B o A R A8 /R R, FIHIEC K © SR CHBE=1 = 1 BTRA T, 100 °C sk s 71 <
B S min, fE¥F 2 W ZEBOR S AE AL, FF_EALEI.

*1 HrYEHSES

Table 1 Target compounds and their abbreviations

CAS 5 I A il
CAS No. English name Chinese name Abbreviation
126-71-6 Tri-i-propyl phosphate e TIBP
126-73-8 Tri-n-butyl phosphate IR —1F T lR TNBP
115-96-8 Tris(2-chloroethyl) phosphate e = (2-E B0 g TCEP
13674-84-5 Tris(2-chloro-isopropyl) phosphate R = (1-5-2- N 36 s TCIPP
13674-87-8 Tris(2-chloro, 1-chloromethy-ethyl) phosphate iR = (1,3- &5 H) TDCIPP
78-51-3 Tris(2-butoxyethyl) phosphate R =T A L g TBOEP
115-86-6 Triphenyl phosphate WL =R TPHP
791-28-6 Triphenylphosphine oxide =R TPPO
1330-78-5 Tricresyl phosphate TR = FH 2K g TMPP

1.3 FE b R

OPEs AN 5 s LA S AR (0 1% - 3% 6 F vk A 2150, AR 52 36434 1 9 A OPEs Bk, 4n e 1 FiR.
FIIH SH-RXI-5sil MS (30.0 mx0.25 mmx0.25 um) 3845 70 85 $EAE FEEE R 280 °C, 23 h =i 4l He,
JifE 1.5 mL-min™. FHEFEF: 70°C (£ 5F 1 min ), PL 15 °C-min”' F+ % 300 °C (£ +F 10 min) . EI J&,
SIM B, B FIRIRE Ry 230 °C, #2280 °C.
1.4 Jo PRIE S o 4

T BB A AR R FH VR . B R KA B Tk ok . LT, I 450 °C 488 4 h, fiff i % 70
Pk 3 WP SRR v Y T R AR A A R Y A L R AT L B RN R A R S AR R
TNBP #1 TCEP, H ¥ T # i & & 89 5%. dj,-TCEP il d,s-TPHP [[] it Z& 43 51 K+ 70.2% —111% Fil
71.5%—117%.
1.5 BRI

I T2 Sl RAE I R 04 Ve AR 1 % Bl RAE A R, W

M,=C,xV,=Cy,xtXS§
vy =M,/(C,xtXS)

b, M, SR b B BT R (ng) s C, A1 C, 433 kg AR ) P [1) Bt 32 20 09k 2l 000 75 14 15 D00 49 e 2
(ng'm™), H C=Cy V,, APEIRFARR(m?); v, APERAEE AR (m*-d - dm?) 5 ¢ FRAERE(d); S 9L
SRFEA R R (dm?).
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2 25 E 54718 (Results and discussion)

2.1 OPEs & & LA,
F Bl RAE 8 N 25 R, OPEs 19k 3 BE B[R] 38 3h 1.3, mT BB 5715 e U DA Rl KU 6. 32 8l R AR
73 19 U OPEs & ¥ J¥ 8.00—12.65 ng-m”, *F- ¥ ¥k & (19.35+1.90) ng'm”, i #i &5 OPEs &l #k &
3.05—5.82 ng-m”, F-H ¥ i (4.18+1.56) ng-m™>. OPEs MK TEZS S A & 0 i A Y, S L1 E
TCIPP, TCEP, TNBP. 55 TCIPP, TNBP Fl TCEP # tt., & N %<, H' TDCIPP, TPHP, TMPP il % & w44
%, Bl DA, AT 5 BN 728 SR SR R Y Ko, (HA OGP

AN ] R B 7 28 OPEs 41 A 40 18] 1 7. A& 1 0] L, PDMS fil WB i OPEs 41 i 1 43 #H fL, Al
PUF 4 W04 6], 5 LDPE W 7776 W g 22 5, [a] i i 25 X 590 35 3h i 45 14 /<245 AN UKL A OPESs (4
. 4 Fhk 3R FE OPEs ¥ 1L TCIPP Y& i fix 55 (40%—70%) , TCEP il TNBP K 2. 25X H1 ) OPEs 14,
it A RN RS T AR 2R 0 FE 3l PUF(RZS ) o TNBP 19 4 5 7F (40%—50%) , TCEP, TCIPP Fl
TBOEP 7 (8%—20%) ; Fiki4 -h TCEP 1 TBOEP % & i . WU 8% sl RAEAT L OPE 2 A T 3
RS PR A Z 18], U6 5 sl RAEERR T RS OPEs SMA 1T LR 4 3| /0 18 ki 25 OPEs, £ &
LDPE H {I&4% % 1 1Y) OPEs 41 A .

b c

100 100 ™ g B OE 8, = 100 [ & 8 B = = TMPP
N S ES .
e B 8f g 8o g;op
Zoof E 60 E ool = TBOEP
=} =} =}
Gl < G = TDCIPP
240l 2 40} 2 40 TCIPP
= = s
o] ] 3 TCEP
@ 0r A B A M0 3 = 20r % % 5 % 7 TP

\Z % % % %, L Z , B 4 %% 7 4, e
o) 10 20 30 40 ] 2 5 7 20 30 40
Sampling time/d Sampling time/d
100 ) brvard 100 3 100 !
St MM, ZEEL 22 f Y Y < TMPP
o e R s < B < % EH; ﬁ ﬁ i
D 80 D 80 D 80 4 2Lk .
Q Q Q .
E E g g E 2 TPHP
Z 60 E 60 % 2 60 oL = TBOEP
g g %7 72 3 = = TDCIPP
o 5] L 7/, / Y7, % // [}
240 20tz 7 7% 7 7 2 TCIPP
= 1% %2 % %2 % 3 TCEP
£ 20 &Nr7 7 é 7 7 & 20 » TNBP
7 % Z 7 7% TIBP
o LZZ V> A 0 | ol o 5B J
20 40 MEAN 5 10 20 30 40 5 10 20 30 40
Sampling time/d Sampling time/d Sampling time/d

B 1 LDPE(a). PDMS(b), WB(c).

PUF(d) K F 15745 (e) FNFOR 4 () OPEs HYZH i

Fig.1 Compositions of OPEs in LDPE(a), PDMS(b), WB(c), PUF(d) and active gaseous(e) and particle(f) samples

2.2 OPEs [U#sh & i<k

LDPE, PDMS, WB. PUF %5 4 Ff ol 5l R AER KL | OPEs A9 A7 i B (6 i AR ) 5 S il 255 ) ] 11 448 il
M3 (& 2). LA TNBP, TCEP, TCIPP #1 TPHP 4 fi: LDPE 7&K #f 0—20 d OPEs ¥ J& 5 28 3 <
20 d J& LDPE X #43 OPEs( il TCIPP £ ) (it W B2 30 10 A1, 28 A fih £ 386 K 401; PDMS, WB J% PUF 7 %
FER) 0—40 d I}, OPEs & X S 2R MRS K, D50 BH 40 d PN oA 3K 3] W B . I 485 S 6 B LA LDPE “h 3%
FEA I, OPEs [ 5% AL [H] B 76 20 d LAY ; UL PDMS. WB Fl PUF & OPEs [ R FEA i, R REI ] Al 4
K40 d, EEET R, A VE R PRI s REEA R M FE ] P9 LDPE %t OPEs (9 R A i i Ik T WB.
PDMS. PUF, 4B 3 Fi A ) 1453 2 —.

Okeme %527 Fi| F] PDMS i iLAE R 9k 2R HE 8 R 52 SVOCs, &3 32 d N R AL & W0 SRR R 2R
PR, SRR 4518 AL 1E4F, Okeme %50 38 ) Ff PDMS il PUF Xif il 52 K 25 PN BELAA 551) R4 8 751) ) 1F
SRR I 50 d TR LG4 B W R 38 R 2 1, ME— A 911 71 )& PUF H TPHP Ay e MW i



SR AN A HLBEIR R 1 R W ke (PDMS ) | R ER 24 (LDPE) M

12 RAMEHELS (PUF) 8i3hRFERT I 4131
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Fig.2 Temporal variations of 3 OPEs in the LDPE(a), PDMS(b), WB(c) and PUF(d)

2.3 BEBRAEHRENT

4 Tl B RAEA X OPEs 19 307 18 FURAE R WA 3 7. LDPE, PDMS. WB #il PUF ()73
FEHCR ) A (1.341.5) m*d"-dm ™2, (2.0£1.6)m*d"-dm>, (5.4+4.3)m>d"-dm> A1 (1.5£1.1)m*d"-dm™.
MARNRT, FFEHR ) WB >> PDMS > PUF ~ LDPE. WB % OPEs )R FE 3 # i K T HAl A 5, 7 AERY
JEC DR A5 B b S AN ST AR 25 F 22 5 B AR PDMIS Al i T 304K R R IS A4 o, (HHL T 25 AN IAEAE X
). Ak, PUF g B B0k, AKECE, A 4975, LDPE. PDMS b Hotk, BH SRR WB Ry Rk, &
FERAE. SLARIRREE T RERG I T WB R I 5 % N2 i, AT — o BB b 3 R HOR PR . It
A6, 15 YU BE | U AR R | IR T IR TS 2 R M 4 ) SR R T R 348 73

Hj LDPE
PDMS
=1 WB
@ PUF

W
T

<
T

Rim3-dL-dm2)

E'f” &7 E i’ Z

:[IEP TNBP TCEP TCIPP TDCIPP TBOEP TPHP TPPO TMPP
B 3 LDPE, PDMS., WB. PUF U # 2l R%AE )7 % OPEs (19 Rk 2R
Fig.3 Sampling rates of OPEs based on four passive sampling methods using LDPE, PDMS, WB and PUF

Okeme %5 [ WF 5% i 7, PDMS X % P 48 2K — B iR I (PAEs ) e IR B A 77l (BFRs) (4 SR A 2 6 h
(0.8£0.4) m*-d"'-dm™ B9; PDMS HI PUF % %5 [§ BFRs Hl OPEs [ % k£ 3R 23 51 4 (1.5+1.1) m*-d'-dm™,
(0.90+0.60) m’> d™"-dm™, 5 A 5L 25 SRAL T . AWFFE T WB XF T OPEs (9 2R A 3 32 28 K T HoAh A [T,
PDMS (R H# KT PUF. WB B T ¥RARIME A, AT GE AR EA o 2 ok W sl 2k, S BULRAE R 38
K. LDPE X TDCIPP. TPHP I TMPP () 3% ¥ & 2R % 4f, PUF #1 PDMS % TIBP. TNBP. TCEP #il
TCIPP M RAFRCR BT
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3

24 REEHEYN K, WXR

1A P e SR RBUR AR 1 Y 20 e 5 H 1gK, A, AR SCH 22T 4 Rkt L OPEs [ R BUR 5 H
K., BRI GE (8 4) . LDPE fOREEH R 5 OPEs Y K, & i 3 IEAH 56 (P<0.01). K, 8K, (b SRS
W B S FURE 4 L. BT LDPE SRAEZS AR/, HFTRAE (Y OPEs H, JiUki 4% OPEs Y i LAHXT#2 /&. 3X —
45185 LDPE 4 i ) K., 1 OPE HUIA & it B m 9 45 S — 3. WB. PDMS F1 PUF H' OPEs IR A%
5H K, oW EAADE, LI 3 Rk REAT BB AN W B A OPEs. WF5E 45 438 W1, WB. PDMS. PUF #f It
LDPE i & 1E A% N4 OPEs HSRAEA B, [ A 1R St B Lk A0RE 4052 ), 35 s 2 51
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B4 LDPE(a), PDMS(b). WB(c). PUF(d) #§ OPEs [ R 2 15 H IF = 2 4 i 2 BRI DGk
Fig.4 Correlations between OPE sampling rates using LDPE(a), PDMS(b), WB(c), PUF(d) and

their octanol-air partition coefficients

Wania fl Shunthirasingham #ff 57 it 7x LDPE B REEH R 5LEY) K, B2 IFE AR, AR SC—2.
Okeme Z5:0% X i€ K= 5T 78 PUF Il PDMS B RAEH R 54669 K, B A, SRR A
TE2E 5, X 0] e W 2 S RS etk AN TR 6.

3 458 (Conclusion)

(1) a5 HP A6 I H 48 v e B2 Y9 OPEs, =82 #{K Jy TCIPP, TCEP, TNBP.

(2)4 Bl sh KR BEH OPEs (41 5 £ 3’4 OPEs A A7 7R B K 25 5%, A TR AR 25
OPEs 21 Ji.:Z ], 136 W19k 2l R A 23 W B 25 b — 8 i A AORE ).

(3) R[4 K OPEs 1% ke 3 716 i 35 2% 5. LDPE X OPEs (1% FE 3 R4 /N, 15 3 - 47 ] 6] Fx
P, 35 AR R AE; PUF, PDMS. WB SRAEHUREL K, 8 3P 4K, 16 A i R IRFE.

(4) Bl B R AE T UKL X W 1140 5 e AN 225 2000, 7 O ol 4 2 SR A 2 1 B 2 B
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