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iz —FWK (TEHP), = RIELA M (TPPO). 4B -BE R
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T3 1 WA B B UEAE e SR FH 3 1 R SR bR o 5
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1.4.1  FRUEA IR ECH]

15 BT AL R P S SRR 7R IE O Bed B, i
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T RESELRAE, TR S E =R IR AT B
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TR R, 1520 N 1.0ug/mL AR CHIR & b el fif
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PAGE F ik PP 5, RS U URLIR

FES R BAE T B ASE 2B (DT
PIRE ST 529 2g SRR G ¥ 5 T BRER), A
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1: 1) $280. RG0E SR 1500psi, HHE K 80°C, Ik
IFE] Smin, %28 AT ] Smin, HYEARTR 60%, 16 FF 4%
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M HE— MK o ZERIBOR I AGE 5 19 JC K B
FREM, #E 15Smin 5 IRIOR 2 ) — ki, I
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i
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B KRR IR #5 2 AR AR BUE A, ) 10mL PE
WAEAT IR, VeI 4 B4R IS e 4 2 /N F 1.0mL
PIPRFR, FFMA S0uL AR [ R, 1F C e
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S ETE ST F: BERE TR E 260°C; ARH
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J % 43 B £ A 12 1R BE 280°C 5 1 F R IR
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Table 1 Retention times and mass spectrum parameters of target OPFRs .
EMHTR S {4 P et ] TEHE EMERF WS
Compound name (Abbr.) Retention time (min) Quantitative ion (m/z) Qualitative ion (m/z) Internal standard grouping
B2 = Z 1 (TEP) 6.875 155 99, 127 1
%5-Dy 7.750 136 108, 137 1
WM =TT (TPrP) 9.507 99 141,183 1
JE-Dy 10.625 162 164, 160 2
WL =5 T (TiBP) 10.679 99 139, 155 2
2 = T l¥-D,,(TBP-Dy,) 11.627 167 103,231 2
BiER —IC T g (TnBP) 11.772 155 211,99 2
WL = (-5 2.3%) Fig (TCEP) 12.760 249 143, 205, 223 3
iR = (- 3E) B (TCPP) 13.066 277 157,201, 125 3
4E-D, 13.222 188 184, 160 3
WERR = (1, 3-— %5+ N 4E) fik (TDCP) 17.101 381 321,191 3
IR = (T4 2 H5) Bk (TBEP) 17.537 199 299, 153 3
MR =2K1g-D,5(TPP-D5) 17.582 341 339,243,223 3
WERR =K (TPhP) 17.645 326 325,215,169 3
2-FEC IR SRR (DPEHP) 17.770 251 250, 170, 94 3
W2 =1 (TEHP) 17.893 99 113,211 3
Ji#-Dy, 18.347 240 236,241 3
=RIEEBE (TPPO) 18.679 277 278,199, 183 4
ABAL-BER — T 28 (o-TCP) 19.079 368 277,165 4
B3 -1 = FF 25158 (m-TCP) 19.697 368 261, 165 4
XL = H 2K (p-TCP) 20.789 368 261, 165 4

T TFREA A A, T I BT R
P RE S AT A T BT . B AR IR — T K-
D,; FIBEIR —HE-D,s, B i 4387 T A 1T i3
P BLRAE 70% ~ 120% 22 [8], 8 H 78 Fl ) 75 22 55
GBI R . 25 R T JE 2K, OPFRs %) %
AN SRR 0T, S50 A8 v iy A A A ¥ R
25, PRI R T X S T s Gk R R LT o
1.4.5  AN[RJSESG 5 A] 7 vk Xt

R Y SR D7 v A TR B R R SR, BR T AR S
FHN, THHMERE 8 LG XA SCE S 1Y Oy kA T
PMERIE, 8 FKAMMLI A4S HARG IR UG
FEGEIRAR I AR SRR R S B IR AG I
L W ELOERRE BT WA O BB
AR SRR ERIF ST T . R M B P o
TR ML TSI RS . R AR | db s
ARSI BE2E 5T B

2 GRGiE
2.1 ARG AR

AL AT AR B AR A AR ) B AP IR
RS X - HEFTIC AR A i A5 o 2 2% (R A, A
DAL TR ERIBOT | SRIBEAR | 2 S RiAb B
— 1168 —
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X — 5 K A3 1A TR — AN B A i, SR FH 4
PEEUR 15 45 S5 SR BGHEA T2 00X He o T A i
F WS I — s A Sl R B ),
FE UBURLAR o A i o e RPAE S AT 9] T b 2
JEBTEE 3t 0.25mm FLAR AT .

S3 M FRBCAS ] 7 i 25 79 10.0g FF 5, A —
SE TR (8 e BE K- 5.0ng/g) BEAT BN
WISCSCIG o TR INBR HEVA VRS A 21/ N, $ R 1.4.2
IR TRTAD BESCES, MRS WL 1, 45
TR 5 RE S Y TCEP 1 TPPO [RIi 5 B (1%,
ARIEEN T 40% Zi47 o Ay BT LRI, AT fE & TCEP
1 TPPO HA B AR Y 24 B -/K 4 B R B, KPR
st ) TR I 4 SR oA R G W A
VEFH, TRE i FR A7 A /08 7K A3 s RE A% 4 1 79 i 25 o
SR P TRR H G b -5 A AR Ak, 4R R R EROR
PR, SR 5 — a2 K o3 (R BT B R iR A T LR AR I
(R B5 R AR, G SRR i B 08, TR 2 fin A K
(10% ZeA7) FEATHEL . B e o 76 B AR IR 451
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A2 %

T, TCEP By [Ml it % GE 42 35 5] 90% LA I, #H bk SCHk
[33] i M1 86% F1 SCHR [39] 1 [T 1 %8 31.2% ~
48.9%, 1% 35 bn I AR FF . TPPO A9 [a] Yig 6 4l 3k %)
70% LA I, REAETH 2 BT oK o PRI de R 4 o)
HEEN 14275,
2.1.2  ASE #2BUAH

58 DUBRIRE TR 2, BERR G IS BRI
R B T2 = BRI, [ B BE S AT Ak i s /> S
AR ERE, ACGHE—2 T A HE(DCM) |
1EC BE-N i (HEX-AC RFRI 101, 1 4:1)%
WRIARZRE X Bh LA W IBGCE . 2 AR TR
N 1.0pg/mL ARIEET SOpL, B 214 T P4 143
Br 2 ¥, ASE $#H0Hk 45 R 1 GC-MS #4753 Hrillia.
MR EE R LA 2, 25 R FH, G RIE C4e-IN
fifi] (KA 4 ¢ 1) 244 F, TCEP Z Ak &9 i [l R
AL, 7€ 20% ~ 40% Z (8], ANEEIREHRICGE 20 H I,
ECBE-NE (R 1 1) TR SRS (o
TEP. TPrP 11 TBP) [ [ENSCR AR X 8 4, [R] s g =

GRERGEIRT T 5 TR ), SR
1 B i P N R 20 M P | W 5 e Sz 1 s ST vml L ]
(RFHEE 12 1) FE RSy T OPEs AYFREVAFIA SR
2.1.3 ASE $EHUEE

1£ ASE $R IS A b, 8B i T v A R e iR
RSSO, BEAIRI TR0 B, It 0] o0 1) S 1,
MNTTB 7 ISR M B o AP AE ] e HoAth g
BB, Ui T 4 FHREUR B (60°C .
80°C . 100°C Fl1 120°C) X #EHUSIR B 52 . 25 FIFE
sb PN 1.0pug/mL ARIER IR SOuL, B MARISE T
SEATAHT 2 IR, ASE R HUS HAE %5, R GC-
MS FEAF o Bk, 25 R LI 3. NZE R AT LLE H,
16 80°C 514 R, ARk =5 TEP (1) [ 50 Lo HoAt 452
B, PRI, BERRTRE AR 80°C MEATHEHL,
2.1.4  HescArILE

(1) Hefept

DUBRWIRE i S 0 R 2%, (38 S/ N T2 i
SRR, AR IR R O . MRS SOk,

140
120
100

80

[ (%)

60
40
20

0

= Sample 1-dry
= Sample 1-fresh
= Sample 2-dry

® Sample 2-fresh

3 3R S8 R O3 8.8
&L /3* <& &§, &ch & QQ égo &Qv&@b&@b & o'&o &f\o Q'&o

BT AR S 75 TAvEUmI 3 bl

Fig. 1 Comparison of extraction recoveries of different sample preparation methods.
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Fig. 2 Comparison of recoveries by different extraction solvents for target compounds of OPFRs.
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E3 AR T OPFRs HAME AVl bbig

R R &
RIS
&Q&Q«Q’&Q

m 60°C
m30°C
w 100°C
= [20°C

o K8 L8
E FEE L L

Q REERNEERY

Fig. 3 Comparison of recoveries by different extraction temperatures for target compounds of OPFRs.

A1 2240k (GCB) FTE R (C) XT3 1) L BR g
e, PR ASBIF O A8 T 33 R 21 I R A Rk ) £ 25K
S OPFRs HARY I IHICRIE L. R 0.5 A
FRAREY 0.5 19 M ok 2B 37 ] AH A O/, 498
1.0pg/mL ARAEFIE SOuL HEFTUEME RIS RS0 5, Vet
VN IE O e-IN B (RBLEE 10 1) BRI TR
FE53HT 2 IR, FX BCREE R 2. IWEEIRAT IR
WP S T T R T8 2R A K 2% IO 11 W i e
588, (20 T — 28 H AR R 7= A T i i i o
Y F, a5 % TPhP., 0-TCP. m-TCP. p-TCP f¥ [a] it
RPN 10%, BT —efb W FE4E™ T
PR ING . 5IEM M E, A 38T i T Y RE
FEgG—e, RN T p-TCP X Mb & WA B
B, FISCRALN 59.19%. R, #42% A s fb i A
Sk AL B 550 10 5 A L, BT LABR R UTRR AR v
(R B 2R, (HIR 5 Bk — 2B XU s M E AT f Ak,
DL p-TCP B[Rl .

%2 ARGHEWHE OPFRs HbMEEPIRImINR LR

(2) Ve

U YRR S L R D, P TR B A L
(NH,) R AEAEAR A5 750 v EL A 55 B 8 7SS e R P AR
FH, fefis oy BlR . BRIT ., B2, Wi JEIEIRER AR o,
DR R AT BB A B NH,, R A AR I AR i 2
k.

WS LT AR RIR R 5T B AR L&)
VEMRE F7. SRAIRSh SPE /VEE, BRI 1.0pg/mL
FRUEVEIR SOuL, A 10mL 1 B8 5 5770 1 0t I e 4 0 7
BEAZAE T AT 2 K, ELER T 9 A [ AR AR i
e PR A I A PR RE 77 IE - B (AL 9 = 1,
8:2.1: 1), NAIHAEE & (1%, 3%. 5%) W1EC -
P (RFR L 8 = 2), AR R & (1%, 3%. 5%) 1Y
ECBE-PIER (RFREE 1 1), VR A&
R, A LR A R A LA 1, e — R
I 5 A 2 e 2 18] 7™ A= i o i B, $2 i ax 254k
BRI RIS . A% A5 TR O 34 Rl SR A

Table 2 Comparison of the average recoveries by different adsorbents for target compounds of OPFRs.

N A E ALK (GCB) IR TS (C) IR N A1 34k (GCB) [IfeR TSR (C) IR
la=g’] . . ey - .
Recovery of graphitized Recovery of activated Recovery of graphitized Recovery of activated
Compounds Compound
carbon (%) carbon (%) carbon (%) carbon (%)
TEP 103.0 TPP-Dy; 103.6 4.5
TPrP 96.5 - TPhP 93.1 6.1
TiBP 133.1 125.6 DPEHP 103.3 49.9
TBP-D27 85.0 119.8 TEHP 93.8 172.1
TnBP 94.5 125.1 TPPO 120.8 83.8
TCEP 96.9 126.0 o-TCP 84.6 7.2
TCPP 85.8 127.4 m-TCP 76.8 5.0
TDCP 116.2 127.8 p-TCP 59.1 3.8
TBEP 1353 224.9

P U FOREEE TR, Tkt i R
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30 MR LIE H, A —7E He B B 28 mT AT
3 TCP WIBEME DL . SR INA 5% 2R B IE C -
PR (AL 8 = 2) YRMGES I, p-TCP 4 a1 A
5.5% $EINF] 99.9%. £ HirfbA Y [l =G F e
64.7% ~ 123.6% Z I, W S5 Hr 2K . B XTE A KiE
R D UTRIRE S $E BORGIEA T 3 AR R e 52 58, & B0
PR 5 et ) R AR 23 el 2 (0, 3R 2 o A kg o R,
AR 5% WO IE O BE-IN B (RFLLE 8+ 2) IR
TR ZRAE R BRI )

2.2 FFIEERVEEEL K BRARG 2

PIACA i i A LG AR s i An e i 4, 55
T T B A 26 09 R K TR AR vE(E
VR IE O ot 4 g AN [R] ¥ B2 1R 5 U, B TBEP k4
8 FILE 20 ~ 500ng/mL LA Ak, HA b &9k 10 ~
500ng/mL, T4 ¢ H AR A 26 9 RZ 3K T
0.9962.

SRR 1.3 7 A S bR AR i R TS B SRR . 7
10.0g FEih (TRERY TR ) Th 3 A IR EE S 2.0, 5.0,
10.0, 50.0. 500.0ng/g B & hn HEVS WL, 4% BRI AL S5 19
D5 AT R AL B, AEAVR B K RO RE SR AT 4 IR
2 S, R FH N AR AR v 2 vk 3 H AR L& W kAT
HHT, O AR R A SR E R 22 (RSD), EL4A 1L
4. WLE AL AP BISCR R 72.6% ~
112.9%, RSD T Bl M 1.6% ~ 25.3%. ZACH) Il 3

X3 RAARFGMIEN OPFRs HbME SV Pl

JEE K 84.7% ~ 114.3%.,

J5 K SR S B 4 op B SR AR in ik B
FFO7 A RS20, $5 R BPA i 7 a8 o7
DR BRI 4. K BRI A R

Sxtn—-1, 1-a=0.99)

o SO n YOI E e B (bR I 225 ¢ S bl
N n-1 B Student’s t B ; 1-a N BEKE:; n NEE
DS A AR SR B0, n=T7 WA 36 1=3.143), THRAFH,
15 Bl A7 AL B R TR 25 BH R R 9 O 1k K s BR A
0.17 ~ 1.21ng/g(‘THf) Z ],

2.3 LRSI

VEFE 9 AN [FAT Ml iy S 36 3 5%k I vk 64T LG X
BSAIE . R FHSEBRAE S TR S AN B K P (2.0, 5.0,
10.0, 50.0, 500.0ng/g) i H Atk & #, X 45 R k47
A3 BT, AR G2 7 vk 5 45 R HER B (IE W0 S5 0kG
W) B 2 TS B AR I ik AR
PR Y A 5 ¥ ) (GB/T 6379.2) B3R, 43 ¥ i A
Hr (Grubbs) £ % . #} 5C /& (Conchran) £ % . h-k £
5 J S B B AL, AR 0 B S 5 e i e e g 1)
R B L WEw B UEAT VR A, AR RR () AR B
BR(R) Geit el L4 5. Al LIE W, A7k 545
R EG MR EREA -, LB EEER.
%7 T BERE T A R AR A ML R TR 2 B
BRI AT LR

Table 3 Average recoveries by different elution solvents for target compounds of OPFRs.

EC - (/) P35 g A ECbe-ER (777, 8 = 2) Al R EC - (77, 1 2 1) SER IR
& Recovery of HEX-AC(V/V)(%) Recovery of HEX-AC(V/V, 8 : 2)(%) Recovery of HEX-AC(V/V, 1 : 1)(%)
Compounds 0:1 g2 - 1% HIZK 3% K 5% W2 1% HIZK 3% HIZk 5% WK
1% Toluene 3% Toluene 5% Toluene | 1% Toluene 3% Toluene 5% Toluene
TEP 99.9 123.1 114.8 99.7 104.7 108.9 114.2 109.8 121.1
TPrP 51.3 84.5 84.9 67.2 78.5 87.2 79.3 77.8 85.1
TiBP 119.8 107.7 107.2 92.6 102.0 123.6 96.1 95.7 111.4
TBP-D27 91.3 106.7 106.3 81.2 100.1 108.7 99.9 96.8 106.8
TnBP 88.4 94.3 96.3 68.3 88.3 91.8 90.3 85.7 101.2
TCEP 131.4 128.3 1333 107.2 120.6 121.4 125.3 115.5 130.4
TCPP 100.9 96.8 102.1 85.5 97.0 97.1 96.7 95.5 99.7
TDCP 98.9 106.1 101.4 78.8 100.9 95.7 98.6 87.9 99.8
TBEP 100.5 96.8 98.3 67.0 100.0 95.3 102.0 89.6 118.0
TPP-D15 93.1 103.7 100.9 77.4 93.1 91.9 97.7 84.8 96.8
TPhP 91.0 91.8 96.7 97.3 93.0 93.6 101.7 91.9 98.5
DPEHP 96.7 103.0 102.7 104.3 100.8 104.2 113.3 101.8 113.0
TEHP 117.4 118.9 109.9 100.1 109.9 127.1 117.3 100.5 120.0
TPPO 55.0 60.9 62.1 63.2 62.8 64.7 61.0 62.1 61.8
o-TCP 82.2 90.3 91.7 97.7 89.4 90.9 98.9 91.2 95.4
m-TCP 4.0 73.2 97.3 97.9 94.3 96.3 103.3 94.3 97.7
p-TCP 0.0 0.0 13.8 55 91.6 99.9 71.3 98.6 103.1
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Table 4 Average recoveries, RSD and detection limits of the method for target compounds of OPFRs.
e SERS TR (*EXUL?ET{TEWH%) AR J R R
Average recovery and RSD (%, n=4) Minimum spiked level MDL
Compounds
2.0ng/g 5.0ng/g 10.0ng/g 50.0ng/g 500.0ng/g (ng/g) (ng/g, n=T7)
TEP 84.6 (15.7) 89.6 (6.9) 72.6 (8.3) 95.7 (4.8) 89.7 (1.8) 2.0 0.99
TPrP 93.1 (11.4) 102.0 (4.1) 87.4 (4.1) 99.5 (5.1) 94.3 (2.6) 1.0 0.30
TiBP 92.5(17.1) 99.5 (4.4) 88.6 (4.3) 93.6 (7.5) 87.6 (6.6) 2.0 1.19
TnBP 80.9 (25.3) 105.3 (12.2) 103.8 (11.7) 100.7 (5.8) 96.4 (3.4) 1.0 0.58
TCEP 84.4 (7.4) 98.3 (4.8) 83.5(9.9) 93.1(6.9) 89.0 (3.0) 2.0 0.51
TCPP 91.0 (18.3) 100.4 (9.9) 103.6 (8.7) 99.7 (5.3) 96.9 (1.6) 1.0 0.60
TDCP 77.6 (3.9) 97.4(5.6) 102.4 (4.1) 106.0 (6.8) 103.8 (1.9) 2.0 121
TBEP 81.8 (5.1) 98.4(7.7) 98.0 (6.2) 109.3 (14.9) 100.1 (5.6) 2.0 1.01
TPhP 84.4(5.2) 95.3 (2.6) 87.7 (4.3) 104.6 (5.4) 108.0 (4.5) 2.0 0.60
DPEHP 88.2 (5.6) 97.7 (3.5) 95.5 (5.5) 112.9 (6.5) 95.8 (3.3) 1.0 021
TEHP 84.1 (7.5) 99.6 (3.7) 92.9 (8.3) 108.6 (5.3) 102.1 (3.4) 2.0 0.45
TPPO 85.6 (6.4) 75.7 (3.1) 74.1 (14.2) 111.5 (5.5) 99.2(3.3) 2.0 0.40
o-TCP 85.1 (7.9) 98.1 (3.4) 88.7 (3.3) 104.4 (5.1) 100.2 (5.0) 1.0 0.17
m-TCP 87.4(7.3) 95.3 (2.8) 91.0 (5.0) 105.3 (5.0) 93.8 (3.8) 1.0 0.35
p-TCP 90.0 (11.4) 87.5 (4.9) 92.4(5.9) 109.6 (7.6) 98.2 (2.6) 1.0 0.27
TBP-D,, 84.7 (9.1) 95.8 (3.5) 94.7 (6.3) 105.0 (4.8) 99.6 (3.3) - -
TPP-D; 90.0 (16.3) 91.9 (4.0) 90.1 (4.0) 114.3 (7.0) 102.1 (3.5) - -

(GRS

5
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Table 5 Statistical results of precision test for the method.

PIEATE LR N . S IMPMERAIER 9 K95
XA UERRIREI A R G ULk 6, P A S 28 (R
SERIGTERZ T BN, R IR ZE I XHE/ N T 5.35%,
IZITIEBERG TG I TSPk Al 9 20T

HESL T R SEAVURRPIRE b 15 Bl HLBE IR K
& BELAZRTR A D 590 A - [ AR AR HUAG  GC-MS
W) 73BT 05 o J7 1R TR SRR i SR, A
A LI BES AR L M 55 A A WUREZE A7 4 Ak, 2 %
$ew 1 TCEP SR . KA St i e fik
I 5253 ECR ) [T A 25 BN X RE il 2R 47 11, BEAS
AR Ml 25 BROTBIRE b B0 (8 R SR 2% 5, R A7

e IR m WP TR RR
Range of the level Repeatability limit Reproducibility limit
Compounds
(ng/g) r R
TEP 1.79 ~ 423 r=0.1926+0.0217m R=0.3932+0.3338m
TPrP 1.78 ~ 446 7=0.2652-0.5820m R=0.4164+0.1015m N
TiBP 1.95 ~ 439 r=0.3811-0.9933m R=0.3434+1.4979m 3 %1&
TnBP 1.88~458  ;=0.2272+0.3410m  R=0.5256m"*"
TCEP 1.91 ~ 441 r=0.2384-0.5121m R=0.3564-0.5632m
TCPP 2.10 ~ 469 r=0.3121+1.2603m R=0.2780+1.2912m
TDCP 1.93 ~ 449 r=0.2008+0.5286m R=0.3215+0.8002m
TBEP 1.92 ~ 473 r=0.2221+0.9032m R=0.2694+2.2083m
TPhP 1.85 ~ 442 r=0.1651+0.4826m R=0.3558+0.6809m
DPEHP 1.94 ~ 452 r=0.2017-0.0458m R=0.2568+3.1222m
TEHP 1.84 ~ 467 7=0.2052-0.1792m R=0.4434-0.8442m
TPPO 1.80 ~ 426 7=0.2599-0.0649m R=0.5711+0.4568m
o-TCP 1.94 ~ 436 r=0.1616+0.5595m R=0.2842+1.8740m
m-TCP 1.94 ~ 435 r=0.1579+0.5534m R=0.2722+1.2441m
p-TCP 1.88 ~ 447 r=0.1967+0.3243m R=0.3364+1.4465m
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Table 6 Statistical results of accuracy test for the method.
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— NI NI ng/g ng/g) (%
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NN e e S . JNN TnBP 276+14 267 283 275 473 -0.26
1E$${E%Ei (SRM 2585) Jﬂ:/fTUHIJﬁtO jﬁigﬁélﬁﬁ TCEP 925+149 781 1044 910 95.9 —1.66
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Determination of 15 Organophosphate Ester Flame Retardants in Soils and
Sediments by Gas Chromatography-Mass Spectrometry with Accelerated
Solvent Extraction

PAN Meng', TONG Ling'”, TIAN Qin', SONG Shuling*

(1. National Research Center for Geoanalysis, Beijing 100037, China;
2. Command Center of Natural Resource Comprehensive Survey, Beijing 100055, China)

HIGHLIGHTS

(1) Directly extracting fresh samples containing an amount of water can improve the extraction efficiency of TCEP.

(2) The purification column of graphitized carbon black combined NH, (GCB-NH,) has the best purification effect
on complex matrix sediment samples.

(3) The addition of 5% toluene in the elution solvent system can improve the elution efficiency of TCP on GCB.

ABSTRACT

BACKGROUND: Organophosphate ester flame retardants have widely existed in the environment for several
years, and long-term exposure will have an impact on human health. Therefore, it is necessary to investigate their
pollution level in the environment, and a multi-component, simultaneous and accurate analysis method is the basis
of research. The analytical methods still need to be improved in terms of the types of compounds and extraction
efficiency. As a result, it is necessary to establish a rapid and accurate method for analyzing multiple types of

organophosphate ester flame retardants in soil and sediment.

OBJECTIVES: To establish a rapid and accurate method for the analysis of 15 organophosphate ester flame

retardants in soil and sediment.

METHODS: The pretreatment was optimized, including the preparation methods for soil and sediment samples, the
extraction solvent and extraction temperature for accelerated solvent extraction (ASE), and various parameters of the
purification process. The analysis procedure was as follows: Weigh 10.0g (accurate to 0.01g) of the fresh sample,
add an appropriate amount of diatomite, stir evenly, and grind into particles. The samples were transferred to the
ASE extraction tank, and a quantity of surrogates (tri-butyl phosphate-D,, and tri-phenyl phosphate-D,5) were added.
The samples were extracted by ASE with n-hexane/acetone (1 : 1, V/V). After concentrating the extract to a volume
of 2-3mL, the extracts were removed from the water by adding anhydrous sulfuric acid. The purification was carried

out using a GCB-NH, SPE column. The target compounds were eluted with 10mL eluent solution (5% toluene n-
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hexane/acetone, 8 : 2, V'/V). The eluents were concentrated and fixed to 1.0mL by n-hexane. The final extracts were
analyzed by gas chromatography-mass spectrometry, and the target compounds were quantified by internal standard

calibration curve method.

RESULTS: The extraction efficiency of dry and fresh samples was compared. It was found that the fresh samples
with a small amount of water were extracted directly with the solvent, making the organic solvent more able to
better contact with the sample particles, and significantly improving the extraction efficiency of the target
compound. For example, the recovery of TCEP was greater than 90%, which was significantly higher than previous
studies of 86%"" and 31.2%-48.9%"".

The sample was extracted twice using a solvent of n-hexane/acetone (1 : 1, V/V) at 80°C by accelerated solvent
extraction (ASE) to obtain the best extraction effect. The solid phase extraction (SPE) columns of GCB combined
NH, were used to purify samples. Large amounts of pigments and other small molecule substances such as acids,
lipids, alcohols, sugars, steroids were removed by this method. n-hexane/acetone (8 : 2, V/V) with 5% toluene was
selected as the elution solvent. The addition of 5% toluene could enhance the elution TCP from GCB solid-phase
extraction column. The solid phase extraction recoveries of the target compound under this condition were between
64.7% and 123.6%.

The linear range of the method was 10-500ng/mL except for TBEP, which ranged from 20 to 500ng/mL. The
linear correlation coefficients of the standard curves of all target compounds were greater than 0.9962. The precision
experiments results showed that the average recoveries of five spiked levels (2.0, 5.0, 10.0, 50.0, and 500.0ng/g)
ranged from 72.6% to 112.9%, and the RSD ranged from 1.6% to 25.3%. The recoveries of surrogates ranged from
84.7% to 114.3%. The method detection limits of 15 target compounds were 0.17-1.21ng/g.

Nine laboratories from different industries were selected to conduct a comparative validation of the method.
The testing results of statistical analysis indicated that the repeatability and reproducibility were essentially
consistent with no significant differences. In order to investigate the applicability and accuracy of the method, the
certified standard material for domestic sludge (SRM 2585) developed by the National Institute of Standards and
Technology (NIST) was used for testing. The results of 9 laboratories participating in the collaborative verification
were all within the uncertainty range, and the absolute value of the relative error was less than 5.35%, which

indicates that this method can be applied to the analysis of actual samples.

CONCLUSIONS: The results show that this method is simple and accurate, and is suitable for the detection of
flame retardants in different types of soil and sediment samples. This method can provide technical support for the

environmental investigation and research of these organophosphate ester flame compounds.

KEY WORDS: organophosphate ester flame retardants; soil; sediment; gas chromatography-mass spectrometry;

accelerated solvent extraction
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