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Abstract: Organophosphate esters (OPEs) are an important class of organophosphorus flame retardants (OPFRs),
which have gradually replaced brominated flame retardants (BFRs) in recent years, and been widely used in a wide
range of industries, thus leading to the higher exposure and potential risks in various environment media. Previous
studies showed that OPEs have certain toxicological effects and are potentially harmful to human body and other
organisms. In this paper, the detecting techniques of OPEs in recent years were reviewed, and the pretreatment

method of OPEs in different environmental media were described respectively in details. The results indicated that
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solid phase extraction (SPE) and solid phase micro extraction (SPME) were still the main methods for water sample
analysis, and accelerated solvent extraction/pressurized liquid extraction (ASE/PLE) and microwave aided extrac-
tion (MAE) were mostly used in solid samples. Although for the atmosphere sample analysis solid adsorbents were
mainly applied, the online integration for the air samples have been developed. The pretreatment methods of bio-
logical samples were similar to those of water and solid samples. However, it was difficult to analyze OPEs in com-
plex environmental medium, so the methods needed to be improved. In addition, the weakly polar and volatile
OPEs were analyzed well with GC-MS/GC-NPD, while the strongly polar and difficultly volatile OPEs were detec-
ted by LC-MS. The GC-MS/MS, LC-MS/MS and UPLC-MS/MS were all suitable for the detection and analysis of

OPE:s in various complex environmental media. Finally, we prospected the development trend of OPEs related ana-

lytical test methods in the future.

Keywords: OPEs; flame retardants; pretreatment methods; detection and analysis methods

FEBAFIAE S —Fh D et Ak}, AT A &b 4 1 2
BRY)TUR S, AT DAYS % K 3 i & k| 4 o] ok A%
&, 2 BN HBC 2 —25 8050, 2 T 506
BERE BT AU U TR
i oy FEEFI AN TR], BELAA ) 3 S 35 4G HILBE A 7] 0
TCHLBHRE P, v TS AL BEA 70 A S Ak | B R
i A BTG K Bk IR B A T AL A B i g
)R A HLBHAR A3 5 S AR BEIAT TR F FHAR A
N HLBE FH 42 75 (organophosphorus flame retardants,
OPFRs)%

T 7R A8 BH 4% 57 (brominated flame retardants,
BFRs) % \ZEHShH) BATRKBIREHES 2009 47 i1
IR IEE N 2K DU BRI | FOVSLERAR Tk | 7S R A Tk
- YRR 2 ik 51 35E 1 LTS G 41 (POPs )™ | BR
%6 M H AR SRR 22458 11 %) BFRs 4 fd FH , Bifi 5 4 BR3E
Fl i 820 % . OPFRs 1E 4 —Fiogi AUBH A, 5 BFRs
LG, A BAE A B> AR R R AT
(HE IR K=y JE bt /NS e s RLIG  OPFRs 38
H U =AML 5 A1 BFRs, 3712 b H F &M 8
LI S R HL SRR

OPFRs = %73 S A HL#% IR i (organophosphate
esters, OPEs) AW 22 R 1b S 4™ ) H LA 305 a8
FAFAE, AR 2 & r B XY, i 5 8
b R B R I AR A BT, Gk ik | R KRR
KA Ryt Hrp OPEs(Z5F =0 1 FTR) &
H i n; B ok )71z 89— 28 OPFRs, MR 4 BUAC L Y
AN[A], OPEs 3= %47 by Joe HE BHA A | 57 A S5 LA ) 11
b AbE 6 BEA RN, %5 o w6 Y 4t 28 Fr(nsk 1 i
ATl OPEs iz FHF &1l B I ik ik
PRI i H 23, X A 2R E AN S B R 4
RN B g, AR, OPEs A&

PEREPEN AEFE S R TR
2N RS NG N N S 3 U /L Y
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Fig. 1 Molecular structure of organophosphate

esters (OPEs) flame retardants
Note: R, R, and R; are all substituted bases.

1 ABYIBEEREE AT A I 77 7% ( Pretreatment methods
of organophosphate esters)

F R B 2L 19 OPEs E A AN A 19 18] 43 S5 44
I, FECLY AL 7 BT T 22 T3 3] A [ 1 34 855 47
[, AL RO A B AT AR KRR DO, — R AY T Ak
by R = L o PR AT R - Y RS A |
Horr SCH D B S ORI LT
1.1 JKFRRTAL TS 3%

JKIREEJE OPEs By EZAFTEA o, O Al i 2
it OPEs™ ™ Bl 5 2 S A K, PRI OPESs (19421
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Table 1 Types and structures of organophosphate flame retardants commonly used
25 AR YL AR 455 ="
Types Chinese name English name Abbreviation Formulae
R — W g Tris(methyl) phosphate TMP C,;H,0,P
iR = R Tris(ethyl) phosphate TEP C¢H,;0,P
AR = N i Tris(propyl) phosphate TPP CyH,, 0,P
WL = SN R Tris(isopropyl) phosphate TIPP CyH,,0,P
Yot e U ) A AL 2 W2 =1E T Tris(butyl) phosphate TNBP C,H,,0,P
Alkyl substituted OPEs W =5 T e Tris(isobutyl) phosphate TIBP C,H,,0,P
W = O LR Tris(hexyl) phosphate THP C3HyO,P
IR = (-2 5 O k) e Tris(2-ethylhexyl) phosphate TEHP C,,H;, O,P
2- L HE O TR WL R 2-Ethylhexyl diphenyl phosphate EHDPP CyH,,0,P
BEER = (T R 5h)E Tris(2-butoxyethyl) phosphate TBOEP C3H;y O, P
IR =2 i Tris(phenyl) phosphate TPHP CsH;s0,P
WAL = H R g Tris(cresyl) phosphate TCP C, H,, O,P
= AR R R R Tris(orthocresyl) phosphate TOCP C, H,,0,P
=X R BRI Tris(methylphenyl) phosphate TMPP C, H,, 0,P
J5 7 FBUR (A HUB RR R IR T 19 — N g Cresyl diphenyl phosphate CDP C,yH,;0,P
Aromatic substituted OPEs TR — 5 TN R iR Tris(4-isopropylphenyl) phosphate TIPPP C,,H;;0,P
ENCERE-S 2SI Tris(4-butylphenyl) phosphate TBPP CyHy O, P
(3,5 H R W IR i Tris(3,5-dimethylphenyl) phosphate TDMPP C,4H,,0,P
WUy A K2R3 W R Tig Bisphenol A bis(diphenyl phosphate) BPA-BDPP C;yHy, O5 P,
B2 - P R 3 WS TR TR Resorcinol bis(diphenyl phosphate) RBDPP C;,H,, O P
SRR Triphenylphosphine oxide TPPO CgH;;OP
BEIR = (2-A L HE) iR Tris(chloroethyl) phosphate TCEP C¢H,,CL,0,P
R = 2-A N ) lE Tris(chloropropyl) phosphate TCPP CyH;sCL,O,P
e e . R = (1 - TN 3R Tris(2-chloroisopropyl) phosphate TCIPP CyH,;Cl;0,P
Halrf;;ifj iyl\lj:lﬂsjlfsﬁﬁiiﬁﬁilis IR = 3- A F NI Tris(2,3-dichloropropyl) phosphate TDCPP CyH,5;Cl,O0,P
IR = (1,3- 55 N 3k BE Tris(1,3 -dichloroisopropyl) phosphate TDCIPP CyH,5Cl,0,P
AR = (2,3- RN L) fig Tris(2,3-dibromopropyl) phosphate TDBPP CyH;5BrsO,P
WRIR = (= IR L) g Tris(tribromoneopentyl) phosphate TTBNPP C,sH,,Br,O,P

WEH RN, KIREEH OPEs 4N R H A =2
A5G . R FE B (liquid liquid extraction, LLE) , [& 4 %%
B (solid phase extraction, SPE). [ #H fif 2% B (solid
phase micro extraction, SPME) , ¥ H 1% % B (liquid
phase micro extraction, LPME) . 78/ IR i3 46 B (dis-
persive liquid liquid micro extraction, DLLME)F/1 54
Bh#£ B (membrane assisted extraction, MAE)5%

SPE “# M4l OPEs Y AL TR 5 S Al 75 ik
B HCE 3 P R SR S0 R T R, 2 B T AR B KR
1 OPEs % JH AU BT AL 3 75 1%, Bacaloni %5 ) ] 5

BRI Oasis HLB /M Bakerbond (Hydrophil-
ic-DVB)/IMNE B2 LC-18 /INEE, XF K #E v 6 Fift 5 Kk
OPEs 3 135 %3 OPEs fll 3 5 ft OPEs ¥4 K 4f
() ZE U Bakerbond (Hydrophilic-DVB)/)Mi: %€ B
R, LW TCP Y DS 8 A 5582 % ) 3 1H =35 XoF
sEARCPE B SE K M R & P TMP [RTISCR AR,
435K 23% 35% Fl 20% . Wang &M HESE 5
SPE /IMEZEBUK RE 12 Fl OPEs [ 85R, 45 31 B
7N, BT TMP FES A B ME 4% %2 (%) TEHP 2 4k, 44
KZ%L OPEs [MISR 44 i , {H /2 HLB 2R3t X
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TEHP B 47 A ZEIBOSCR ol T A 50 0 LA T 4 Fh
VEMEF A 3 A A WAL SPE /N XS K BEH 7 Fil
OPEs ZEHUSCR , WFA R, #E B HLB /MERI 2R &
fif, JCIE SR B /K PRI A 5 K M OPEs, ¥4 R A1
MISCRFIE G A, U T R B A A 1 1Y
HLB /M & SPE X 7K K i OPEs 4 A% BUAIAR
L [ AR AR EORE | 07 FH 918 Rt 3

SPME J& Lk SPE A 3 fith & ik, H ik 17
SPE Ryt i, HOCHEH R7E F A4 LR ZE,
B IR AEPT LR BB Rk R BE-— & i 2R (PDMS-
DVB)E i SPME M £F 4 0 )2, I HL 3l 4o 45 i 55 5
M . pH=4 NaCl ¥k JE N 25% 5% LIEIMA
FE SRV AR IBUR ] 50 min 2K BURLEE A 40 °C |
P R 600 remin™', MR AT SEHG KA 13
Tl OPEs 47 R A I AR BRI, FE IR 68 2% ~
90.3% , M PR A 1.1 ~27.3 ng- L', Rodriguez
SRV [RIRE i £F 4t Uk J2 ZE UK FE v 9 il OPEs,
BT TEHP [H1U5 % 26.7% , HiA ik 3] 86% ~
119% , FEFAN H B, A5 — 2o 3% [ i — 22
4E % 2 DL T SPME, W 5 & B+ WK
([AMIM] . [BF, )& 2 M AL A B IR 2 XK EE
OPEs 7B S T PDMS-DVB £F 4 14 JZ2He7)
{E2 T A8 B A7 A — iR 25 ) T UL A2 31
PR . LPME {1 —Fh o 28 iU R | 9k b T SPME
(AR A5, TR B ] 4 Sl — g e Al A sk, ml o 25008
A FEBFIIEAES

Ellis 252 MAE 1 SPME 454 3 3 BUgk /K h
OPEs, %} TEHP # HUAL S B 2, I HLfin A NaCl )5,
JK AL T X PDMS-DVB £F 2 %4 J2 B9 VE i 1 IR 11K
MG K TNBP, TBOEP [ [8] Y& 3%, Garcia-Lopez
SEPOPE Y DLLME ZEHUKAEH 10 i OPEs, [ &% 7
20% NaCl 19 10 mL FEsin i ImA TG 2% 11,1,
1-=S& B 1 mL N, 26 BOSCR B ., By
PP S AT, (HJR X T V5 7K 5 2 22K B TIBP Al
TEHP {778 B i 1) S5 B il s 0, 7o S 2l B s ) 4
H¥(membrane assisted solvent extraction, MASE) A ¥
CL o8 AR GRS 7K o OPEs , B T % il 1 5558 1)
TCEP [MICRALA 5% , Hax ¥ BA B iy s
H AT 55 T SPEPY RN s (i FL R Al B -
T3 #E BUF; R (microporous membrane liquid-liquid ex-
traction, MMLLE)% T~ TCEP #1 TEHP [1] it {7 Jy
2% Fl 4% , HiAx 2%t OPEs [N 55 8 | WAFAE 24
JKEEXS TEHP Y SE BTl R, [ i o i i B 7K

R R SRAT WL ZE BORCR 5 i B

HHT/KHEH OPEs WHTAL B R —Fa Z T & g
s w A& SPE, Hak SPME, £ bl %5 2 Fh
R RTAL B 5 2%, ] ZF ORI TRAME G Tk
(AN A TR B 5 A /KRR I AR LR
1.2 [EARE ST # 7k

[ A R — R R IR i, RS U
DU | R HERRL A A ) OPEs!' ™ 25 25 K
B 5 a7 B [ AR AT LA A3 A 5 5 A I 2
FEE ZRn WG 2t b, LB T4, AR L T Ak
D7 T R A AR R B R O i ARG A A
A [ VA Ak = 722 i) ol /D FH A 1L I 590 R
TR AL BRI T ) & R, [EVAKE & OPEs $2 B
AR FEAR . RICHLH(Soxhlet extraction, SE) i A
7% B (ultrasonic extraction, UE) . il J& & AH A%
(pressurized liquid extraction, PLE)af Jill 38 4 7] 2% Bt
(accelerated solvent extraction, ASE)FIf{ Ik 4l Bh A% Bt
(microwave aided extraction, MAE),

SE J&— ML GE i 2 NI L BT | Lee 265
A1 Hu %R H SE XFUTFY) OPEs ZE B, %4y
BN 67% ~125% F179.5% ~123.3% , 1 K H FR 4>
4002 ~144 ng-g ™' F10.0054 ~0.098 ng-g™', I
FIKCOLL TR 2T > 7 BRI FH A A A0 -k e A 6 A 7
SE # 0L, /04 +3E % OPEs, [%: T TMP il TEP, H4x
OPEs [ it K N 64.2% ~ 91.7% , A %t b 1 (i 22
(RSDYH 1.91% ~14.9% ., Wang 2557 1] 1] FH 164 fie A1
P I A B 43 12 A OPEs HEATACHL, R A
TPP 3% A6 1, TEP 1 TNBP [A1it 243 514 94% Fil
75% , H A W 100% , Al GE T OPEs 5 +
b SR RS WAL U S S - NSN3 = oal
AR BRI R I A B 1 AR RS e AT
%EF' OPES[58—59]O

ASE/PLE 128 — il H & J 1iif 345 19 47 784 11 A
d ATAL S 7V | AT S RO 224 A 75 700 DA I o ] 4
S DR v R 25 B OPEs, Marklund 289065
A 12 Tl OPEs W75 KM & T LR LTE T, ASE 1)
ISR A 97% ~117% KB 0.2 ~5.1 ng-g™'
2 R A DL R/ — U B (B L 1:1) S 22 1R
HI, ASE #Hi5 e i OPEs, AR T 3 585
WA T M3, ASE/PLE W a] B T 3 BB B bt
B DUR Y OPES™ ) A5 W 55 ¥ ASE F1 SPE
GG LA ORI 4575 )¢ OPEs, kb UE HA H
TP AEURCR . MAE J2 300 47 — B B 784 1 i
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AhFRES A, 55 B T I AR B 5T A BR T R M
(PVO)ERIATA], J& /N 250 2L 2 b 2E B, F)
Fi MAE %t ZFp 8k #1 K} 7 Ff OPEs A8 B, %01
I, HoAnAR [EDS R Ky 85.9% ~95.2% ,RSD(n=9)4
INT 8% , UL, SEER &% 4 OPEs By BE i I A7 i
FERGE I A4 R 35506 1 B 358 75 248 k2R DU 9K 2 4
ZRAR R 8 FH R FH M A B B A ML R ek, 14
IIEJC OPEs, e fh ok TR, MAE 1 —Fhic &
BRI 3 A A R AR i b B An T
Ty ee-on,

WEARE AL S A B A A ML, Eanis 8 iR
| a N R O AR L R B 51| RSl 50 s o =3
Z, 23k OPEs MYZEHL™ A= T4, 53 SE | UE #H
RN FRAR T ASE/PLE 3 % HA B &R, B
FRCPE . 15 ASE HHH, MAE 303& T4 B2 Fh
SRR R OPEs,

1.3 RAMEMETAE T %

OPEs TE S R LA R B 78
M S 7E R Wk R, b XPUFEHE N E
SO SRR, R e e bR [ A R
FUSRAE R IORE Y , 11 A 0 B 750 ] fsf s 48 B o £
KIS A B OPEs® . HrP 3 U7 ¥4 SPE.
SPME .MAE SE .UE ! PLE/ASE %,

5k ) AR B 75 5K, SPE 4324 SPE 5 il
SPE /M, Hirfr SPE i H A B K1) e e 1w AL, FF
T Bk, & TR Y UK (polyurethane-foam plugs,
PUFs) it AT VE Sy [ (A BE 551, T X642 P ol 2 4% e 1
IS SA IS, {3 SPE BEFI PUFs 7 fil W I
Lt SPE /MEFEF S Z A DL A, 7l GE T 300 B nv i
B B S0 R AR R K e A M S i T e R M S
[R] R0 SPE /MEPEM OPEs 22 [ FH AR A% M 14 57
PR, 48 22D R KR PR A I 1
2 2 Tk A 76 T b PUFs 1R W% B 500 68 2L A
HE R a7, Tollback 5" F| | C8 Empore
SPE fiX, i1t SPE 5 LC-MS HUil il 75 48 fift I K<
BESH H OPEs, F B2, vl AR1544 & o T™MP, ) H.
TR RARRI ) HL ) A7 K A, US4 v 1 Tl
R . Wong 25711k FH 3% 15 41 4 11 X (glass fiber fil-
ter, GFF) 1 PUFs 43l R EE S N =AM KAHES X T
ZHME i SECATMEE S5 N ERRFRLE 4:1)$2HL PUFs
H1 OPEs, il UE (3£ B — & F ) $2 B GFF
OPEs, Fifi Js H — A AL REAE #4743 18 ek, C Be DE I
AEURE 5 17 R 45 2 AR i ) PUFs A1 GFF Y

BB HEIL, 2 S S Ui R4y S b, I B IR M
VAL AR IURE | X 25 A1 2 DI RE i 2 S0 1 2
BUR, Carlsson ZY%f SE 1 UE /EXF b, IR H —
A BEVEA TGN, XRS5 OPEs #7420, SE
X} TBOEP [al it AL Ky 37% , UE [ [a] dg 3R A i
95% , A] BiE H1 T TBOEP M R 7 {30 i 1) 3% 35 3% 1o A7l
FRIN_1- 55 SE RORAT

SPME ST AF B g T KR it OPEs 19 %
W, T B M A A A B TR, HRA
OPEs ¥ 5 SPME 21 4 2 & I [A] )& H & 268 1
FLHZEY™ | Salamova 7 A BT Yk Y8 R w B 56
S A~ Hb X [ K AHE A, SE B2 BURE & R 12 F
OPEs, e’ 7% K B AR U AR R, PR AERE AT 147
MRalifl , 45 B4, e 3L A A OPEs 78 5 X 35
K, 75 A 3 OPEs HZE3R20 b XA | FL3nk B i [X.
(ARG HH VA B 1 T & A Al L X, 3 1] i 5 e 6
SA1% OPEs M4 & M o H AR BN FHYE A 6

% B R 2 ¥ T B (low density polyethylene
sheets, LDPES) T RE R HKEMAEY, HHS
LAY SR AEAR L, B (8 B 7 AV B, [RIR TE75
AW AL F R Khairy 1 Lohmann™ F] F
LDPES X35 K 37 77 111 £ BL 3 28 P 28 A0 KRR i itk
112k 4, UE $2HUS FRE I HEA T 2li40 AN 4 2%, DA TTT 3K
PREUT B PR IURCR LR R 74% ~101% , S 3
PERTIK 18% ~25% .,

BN VI KA R 5 2 U
HAE DT 5 ARRE 25, Wang 4857 I RIRE /Y
JEZEBOK A 12 # OPEs, & T TPP Ak i), Higy
OPEs #]=82% , ZE# 45 L 2, /R £ B /N i (14 FR
I 3:2) A B, FIFH UE 1 SPE 28 B4 Ak Ik 2
10 Ff OPEs, [MIICHE K 51.4% ~123.5% , Hii TEP 1
} 514% , Garcia 25 LATIER N MAE BAEEGH] -
H Oasis HLB 5 g A 1504k, 75 2] 4 [FISCR A 85%
~104% ,RSD g 3% ~ 11% , & 5t [& AH 43 5 A He
(matrix solid phase dispersion extraction, MSPDE) %
AT AR KE b OPEs $2 B0, H fc % GRS A
P, QP P R A R A 1) 2 BRORICR | LI [l e
80% ~116% , HILHEFAF(RSD<11% )™,

1.4 YRR T

OPEs 38 iz 3 7 XA a1kt | 5 ik ) 3 ik
B R A OSSN B EE , H AR
PR RN AR YRE ST L 2%, OPEs RiIAF
FE T A5 W A i RV I BB P9l
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AEAETAE W 1A R S (IR I 18 4 2)©00 5055790
U, FLAT A B FE T KRR R AR S 0 R AL BE
2, i AR R BBl AR A P FE T B AR R ) T
AbFE, J0 LK AR AR W RE L W BR KRR SR A
OPEs T4l ; X 1l A% b, A 408 1l ¥ 1 il 3% 55
R A8 LR AT R A L 5 b A 0 T R R O B S
B 2R i b K 4y, G T BR AR R 225 6] i 2 4K
A= YRR MG 55 L B A2 35 e, R Ak B S
I I T3 I 5 7t

LLE RJ X 38 40 A8 W W A 6 AT 26 1, Hedn
Sundkvist 2" L 2k CGERFLEE 7:10) R ZEEUGR]
FEAE W 12 B OPEs, 48 B K18 15 2 M1 1% (gel
permeation chromatography, GPC) 4+ 1k, [nl it K Ay
50% ~110% . [AIAE R 3 A5 LLIE © b/ — 50 H e
(IRFREL 12 1) W ZE RGN 5 B 9 B E A T2 I, B e
FEAIRAT B, TR NH, BRI, 2 )5 vk
JR 2 BURE 45 9 A OPEs MR 191 W% Ky 76% ~
106% ,{¥ TPHP & 52% , SPE W F T A= ¥kt S
OPEs I #£ B4 1k . Schindler %7 2% ] SPE Wi 41
FEHPRIE T 4 Bl OPEs, I ARAS 45 /&1 1 M i %, o iy
PRI E] A BR W& OPEs FYAR i 7= 9, B I fig %
FiK 79% ~113% , BAm EIPE  mk et R
fCRE , ek T IR i b OPEs MYAEHL, He 211U
StrataX-AW /NME A BRI Z G K (RFLEE 1:1) R
HEEGR), FEBULE R T 9 Fl OPEs, Bk T TNBP &
REARI s , HAx 354 /D K, AT BB J2: OPEs 78 A M4
DA B REARE , S5 AL AR R AR =4 . Choo ™5k
PR TR AT IARE )5 E S e Fl Y B 254 SPE
(Oasis HLB)#£ i, H:Hf TDCIPP , TEHP #l TCP A f
R, AR A 8 1 RIS (45% ~ 100% ), K
4 008 ~0.82 ng-mL™" . SPME 1 a] Z£ it 2k Wkt
firHH OPEs, 4 1M A% , {5 e [ i R 45 K™ ., MMLLE

YAy — o 29 W AH A R R AT A B A
OPEs,, F:3 2 44 il A B [B) o 8 %% e ' 3 ] RAG48
1R g R ST

I T A= P TEARE S AL 2 X B8 45 PR 5 -
R -BG0 7 TR A I N MR ZE S 8 F
OPEs, £ Florisil-Carbon GCB 43 #3155 S ¢44k , Hon
b 00 g % 43 91 h 67.34% ~ 138.81% 63.98% ~
120.4% F161.33% ~146.38% , 7 J£ 0 HT oK . Zhao
SO R P IR 5 - B 0 TR AR TS AR L 4
25 LA ZH 41 OPEs, NH,-SPE A1:¥44k , 7% 1M B4
IR, Choo S5 A F UE X a2 ILA | 14
HR AN E rh OPEs #E 47 $2 1, Bifi J5 250, N, ¥R 45,
HLB #:¢k, Hth TDCIPP F1 TCP ¥R F# i, H
JHAEHT TBOEP , TEHP(PE MR A K ) A1 TPHP 4
. Sundkvist 25 ASE #E a2 LA 2H 41
OPEs, i 1§ f5 H] GPC ¥k , Hohnbr [n1 e %6k 64% ~
110% , ¥z HBR 0.05 ~11 ng-g™", H:" TDCIPP(11 ng
g )M TBEP(23 ng-g ") [FIISCR T & ; ILAMZIL TR
B BRI B A SR DUARE & [l a0 iy 3
M 132% , ‘5 Sundkvist 25 ERIFSE AR H , Kim 2
ZREREAE ¥4k 5, OPEs 25 B [0 g R 58.1% ~
114% ., MSPDE nJ [a]i} $2 ORI 264k H x4, 38 F [
PR [ ARE ) Campone 251 SOt Hitk AT T4k,
el £ PR ZH R i 28 T0 K B R AR VAL PR B 28R 70 1)
A EREIETEE LSS SPE /M h ) FIE C b/ — 5
e (ARRRLE 1 s 1)y e i i v g 0, 751 OE © e/
(PR AL EE 6 : 4)PE L, OPEs 1 [0 Y& 3R 15 70% ~
110% , Ma %P1 ¢ 57 MAE-GPC-SPE-GC/MS 44
R 7k A T A R A2 B 5 J R g v 14 F
OPEs, A B iy Hi R

SCHPE B ULRE f e OPEs Rif b B 7 74 1) =
BRI LM s Ve, B TR 2

®2 ERHIMERERP OPEs BIRES %

Table 2 OPEs pretreatment method commonly used in environmental samples

AT F 3 Jri R i T
Name Main principle Advantage Limitation Applicability
AHLEFIXEFE S h &R VWAL B  AHUATIRE R R, A H, B KEE AR,
R A HEATHOR SR SRS ORI PGEL AR, ks g A Sk WA
W
Liquid Tiauid Use the organic solvents to ex- Require no special instruments, Large organic solvent consump-  Water sample,
iquid liqui
q q tract the various components whether filter the sample or not, tion, harmful, easy emulsifica- milk, egg lig-
extraction (LLE) ) ) ) ) )
it can be processed. tion, secondary pollution, diffi- uid, etc.

cult automation.
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s
R FE M P JRi PR I T
Name Main principle Advantage Limitation Applicability
SRR FIENE, ZfLIE AR SPE AEMIERNE L G RIBRIRES T RE SR BN ZE, SRR,
FAS 700 0 5 1k b VR R AV D XA RS AR M A R I R0 T RE ORI S B K RARURIR
TREIN 2 43, JE WA, SR B4y RO, B HTE R P OPEs 454, W ZEUE I, KRR LSS
M IR BEE Many types of SPE column and [ ik /A4 fef FH 75 i A variety of
) ) - During adsorption and elution, membrane, less solvent con- Unfiltered samples may cause water samples,
Solid phase

extraction (SPE)

I A A IR
Solid phase
micro extraction (SPME)

RIGHE
Soxhlet
extraction (SE)

R AR
Ultrasonic

extraction (UE)

TR ] 2 B
Accelerated

solvent extraction (ASE)

the porous solid phase adsorbent
selectively adsorbs the compo-
nents in the sample solution, and
then elute, separate and concen-

trate.

ABELT AR IR 2 40 ARE o B
IMZE 5338 3o 9 0, W R L v
FIAFE W AT 534

Quartz fiber coating is inserted
into the samples and the compo-
nents are analyzed by diffusion,
concentration and

adsorption,

desorption.

I P55 (1 G T g 5 3L, 4
VSN FEURE i op F bR

Using solvent reflux and sipho-
ning, the target substance is ex-

tracted by pure solvent.

I (A AR i A A 75 1 S AR
AT e b B S, #
Under the cavitation of ultrason-
ic wave, solid samples are dis-
persed and emulsified in the sol-
vent to extract required compo-

nents.

RN By Xk A5 BIL I 00 A Y
SRITT B s K R
i AR

The analytes have a high appe-
tency for organic solvents,
which are extracted from the
samples by increasing tempera-

ture and pressure.

sumption, extract chemicals with
strong or weak polarity well, a

wide range of applications.

M, TG IR AR AR JE S W
BRI DE S A 3

Set sampling, extraction, con-
centration, injection in one, no
need to filter water sample, no
solvent, simple and fast opera-

tion, easy to be automated.

REFEAR, ZE IO B 5
Low energy consumption, high
extraction efficiency and simple

equipment

FEIBURT (RIE 78 0 T A
Short extraction time, high yield,

no heating

FHLAFFE LD AR L TR
N, PR 5, AR,
T4, Za Al

Less organic solvent consump-
tion, reduce matrix effect, fast
and efficient, high recovery,
good reproducibility, easy to be

fully automated.

blockages, while filtration may
cause the particles to bind to the
hydrophobic OPEs, which clogs
the membrane, reduces the re-

covery rate and the column life.

PepErEzE
Less fiber coating type, expen-

sive equipment, poor selectivity

ZEIRT ) T AR A B
Mz BRI A Y Bk

Long extraction time, the high
consumption of organic solvents,
complex operation, difficult au-

tomation.

TR TE I 5% 1R T SE B 8 R R
Rae e , it LR USRI

More volatile and degradable
under ultrasonic conditions, re-

sulting in reduced extraction

REFE RS, WUAS B, 2 A i
(SN

High energy consumption, high
cost, high temperature and high

pressure resistance

atmosphere, u-
rine, blood,

etc.

KEEL KRR
IR

Water sample,
atmosphere,
blood, etc.

ik SN
kY]
Solid,

pheric particu-

atmos-

late

(LN
KW W
Il A
Solid, atmos-
pheric particu-
late, biological
solid

N L]
fed A
Solid, biologi-

cal solid
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s
vy i /e P Ja R T
Name Main principle Advantage Limitation Applicability
PR A T R TR WA AR D, BRI L, W WSSkt OPEs MR IUBCREE W ik 4= W
VA EMARA A B Y ROR, AT R A B ARG, IR ERES
P In a microwave reactor, the sam- {5 AT Low extraction effect on weakly  Solid, biologi-
B2 o o . »
ple is immersed in a suitable Low organic solvent consump- polar OPEs cal solid
Microwave aided
solvent, and the target substance tion, short extraction time, high
extraction (MAE)
is rapidly dissolved. efficiency, handle simultaneous-
ly multiple samples, high sensi-
tivity.
R 5 AR — BT FRRHRA A PUA T e SR80 T4, 2 iR e 2 3 e
- PEBURLREHE, AR ARG, A, iR Bk, 5 B8l FRVE X BOR e R ER [k
B ER . C - o
o FERRI PR 1k =2 Solid, biologi-
Matrix solid phase
The samples are ground with  Mild extraction conditions, low Matrix effect, dispersant lacks cal solid

dispersion extraction

(MSPDE)

solid materials to pack column,
and the analytes are eluted with

different solvents.

organic solvents consumption,
reduce sample loss, easy to be

automated.

selectivity and high requirement

for dispersant and eluent.

2 BYLBEBRES 40 75 7% ( Detection method of or-
ganophosphate esters)

H i, OPEs #6143 A1 i FH 7 v5 A48 A 3
% (gas chromatography, GC) 1 H {4 3% 1= (liquid
chromatography, LC), H T OPEs i3 AL it T 25
T, 28 B — e W vk IR o A 7 AT DA
GC K E, HES GC H L, LC Xf T 73 i 1 3 5
HIXEFE A ) OPEs BAT AT A AGINASCR,
2.1 ARG LI AR

GC 1E>0 His H ) OPEs #0732, [R5 &
BRI T R A ] e R EAG I 25 DA
R RARFIERE B, v A Ao =k s B, B A A
K 25 3 B A Z W A5 I 2% (nitrogen phosphorus de-
tecter, NPD)Fl1 T 2% i B 7 1b- B i (electron impact
ionization mass spectrometry, EI-MS)***%!  E[-MS
X TR TR S A0 B A 0T 2 B30 - A A 7 32
LT, P 2, F FAE OPEs 192 1t 43 A, i
LA SRR A R AR ) NPD % H T OPEs &
AT GC-NPD # F A SEEA, AR
XTEIREL A — E B AR Y WF5E 9T, GC-NPD
TERIN A AP RGN B Y OPEs I BAT 347 (R 46
R s s07481-8256] Campone #5060 57 [ GC-NPD %t i &b
PR B £ P SURE i i A A DU A BT, R PR A
02~3.1ng-g', {H/2 GC-NPD A1t @ ME 1Y
)RS, Al BE 2 NPD 7 JH i A2 BBk 2 B A, 75 5

P B , Gao MR 5 NPD AL R
JEE R 5 P 9 K 't B G DN % (flame photometric
detecter, FPD)J A5 | /K £+ 7 # OPEs, s i1k )5,
75 A FR(MDL) 4 0.7 ~11.6 ng-L™",

GC-MS & H Hiife# FHIY GC Kl 4347 5 vk |, hE
A BBk 553 53 B et R v R B AR 1 5 ], EL 22 U
PR B K I (selected ion monitoring, SIM)-H, T
% ifi B 1k (electron impact ionization, EI)# = T Af
PR ALR U R AU K P AL B T GC-MS
XF 22 %0 OPEs A KA ™, w] p F T 7K RS
14&[555758759,65] ‘j(/_:ﬁ[68,76] iﬁ] /:_E %[87,91] 1\:)'2 I%T:ll:l I:F] . ,fEJ‘ m‘ 7[{&
SEMITE SIM BT Al GC-EL-MS %4527k 7 F
RAIAE A OPEs #EAT R I, X7 55 4 A 46x HE B
[FRE T2, 28 2 S AP X Rk v 6 Bl OPEs 17
Kl , w1 T TBOEP 1M R0 B v J3 48 hn iy 186 O,
il HZME AR O R BB, 7 R FH IRk Il A A o
%7 TBOEP &R 32 ng- L™, AL T 5 ng-
L™, BT EL A BF5E R FH 4l 2 97 L 2 (elec-
tron capture negative ionization, ECNI) f{{ & - i 7
SIM #ixC T id it GC-MS K il JiF Y o OPEs, H R
AR ™ AR B 5 5 B TR BT 125 (in-
ductively coupled plasma-mass spectrometry, ICP-MS)
PR AE HA TR A AE B EA RAF Rkt R
BHORE  REAR LA B9 (3 1, A 1 FR 5 NPD Al EI-
MS FHAL, 2 RAFA R A, ABOR B 22 b 107 0
FEfh T OPEs™ ™ {H I DY H A7 7E 22 i 1 W) JBi e
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m/z J9 31 BRI BT E (N O FN O H) A T4
1T 5 B 2 2 Tl 48 S IO 3t , 5 SO AR B84 i, -, PR b B i
T HAE PO WA T RATHE E] (time of flight,
TOF) 1E it £ 43 BT %, 8 37 GC-TOF-MS X} J& 7K h
OPEs A AT 77557,

BT R BIRE S A I, 75 B2 T i e 2 4 A
v, LI R I MS 32 7 1 H T &2 224 i i OPEs 119
R 254778084 B e AR e ] 22 W o W I (mwal-
tiple reaction monitoring, MRM)#<:. T ) GC-EI-MS/
MS Frll 7K BE T 13 Ff OPEs, 45 3 /%1 10 4355 14
EE A H FR(LOD) A E & BR(LOQ) 73 1 1.1 ~27.3
ng-L™'f13.7~90.1 ng-L™", Quintana 55 % F IF &
FAk 2% HL B (positive chemical ionization, PCI) %% &
GC-MS/MS HiEE 4 OPEs, Hi A 5 GC-EI-MS
FHABL, K HH BRARF 50 £, kM = T GC-NPD, {H
Rt BR W 1
2.2 WRAHAE SRR

M T GC i H A (3 0 4 2 9 42, o Lt
TBOEP Fll TPPO, iX & i1 GC Bl P, % F
I, LUK R 3 3 A B9 LC 7E OPEs [ I 43-#r b i)
N H L 5 GC ML, LC — B 5 MS B
Kzl OPEs , H B 38 T i b A HROANERE AR 5 AU
YER ) OPEs® [F A} 5 SIM AL R 1Y GC-EI-
MS/MS FlI GC-PCI-MS/MS #H [, /£ MRM #i5 T
LC-MS/MS A B 41114 R R ik 5%, 3 HoK R AT
PLELHERIN , AN B B B AT HLI )

H AT, LC-MS [ #5155 35 >R L 55 25 125 11k
(electrospray ionization, ESI), H £ 87 1F Hi, B 451 2
AN 4 M OPEs, A kE FZ LA C18 o C8 H:
T MRS PR 28 212, Tollback 457
£ MRM #5250, 43 5 B C18 il €8 44, K F SPE-
LC-ESI-MS i & 7 #f OPEs, 45 2611, C8 #&
XTI OPEs 4 B8R 3k T C18 A, HAE HI &
TR ] 2 2 R (MDL 2 0.4 ~19 pg-m™), ¥
SIRTTL Y K B & P f 5 9 OPEs, — LMoY ik
7, LC-MS/MS F1 UPLC-MS/MS ] P33 25 % i1 73 Hr
52 SEFRE P OPEs, AR S A I i R %, &2
}Eﬁﬂ:jkt)'é[ﬂfﬁjl] R 14:[61,63764] u&i%# Ell:l!-I I:FI [83,89-90] R
Martinez-Carballo 25" 443 5l F§ LLE 2E B /K #£ i
UE 25T, fi 5 LC-ESI-MS/MS £ 21 min N
SERVHEEUI T 9 B OPEs AN, K AR RS LOQ Ky
26~13 ng-L™" VTR N 048 ~11 pg-keg ™', [HH
Hi HA TCEP A1 TNBP ({5 Mt T 3, He &ML

S SRR A i Sl AR ] LC-ESI-MS/MSS 6l F i
H1 OPEs M A4, B T TNBP A fgA 1, HA
OPEs /) MDL 4 0.017 ~4.9 ng-g", MifCif ¥ i
7 MDL & 7.8 ng-g™'. Giulivo £ 7E 356458 5z 1 W
l(selective reaction monitoring, SRM )5 Al fil#4 H,
I 35 L 125 15 (heated-electrospray ionisation source, H-
ESI), F§ LC-MS/MS K&l 3 2&{0] i Hh it AL 4 il 411 2
Hr OPEs, A7 B4 (A Y BIR | v 28 4G 1 R 8
TUIRW) . Wang S RRHEAE SRM BT diar 1
A C8 M {fiE A% 1) UPLC-ESI-MS/MS 43 #1757  , 78
11 min P 5EBUKAE T 12 Fg ULIY OPEs (Kl , 22
W N2 ~6 ng L7, L EA m R AU AR E
AL, IT H SRR P FN% YL TMP 3K Pk
FEHEFR ALY TEHP 243 B0 i A D, -t 2 B Ui
FEE TSR EEOR IR T AN s, O 2 L5 H
BEAH L, CHEEE D) bR Fi5 g,

ESI B 1R B IR JE H RN e 2 1) — S i g
B X MY OPEs il OR 4 B R AATES 5
955 7 SRR AR RS 7 EE 2R LC-MS/MS 1Y
K 4 #r. % F ik, Quintana F1 Reemtsma®'! ¥
MASE 5 LC-MS/MS AH&5 &, X K 7 FhAE
SHEAEHES A OPEs HEATHE I 4341 , 8 55 b
55 1 RE R FE AL, HACR AL T SPE-LC-MS/MS,
MDL 4 1 ~25 ng-L™', AW ERM, KR
HH, 2 (atmospheric pressure chemical ionization, APCI)
TEIEH BT | e ESIT S RE A R0 0 55 52 24 FF i
(18 BE BT80N, , G HGE T 55 A 1 OPES™ ™

HF GC-MS Xf T Z 4 —[rJs OPEs #fii H, H
BUATS A 20 12, HX T 5 23 36 Jot 1) R 58 4 Joz vl ]
GC-MS/MS #EATHIN , X RE S EAR 9 LOD, {H2
Xt F TR K A2 OPEs, LC-MS HA7 H 4 (1
B UK E A B AR, LC-MS/MS HAT
IR LOD FIHE &y A £

3 #it 5RE (Conclusion and prospect)

HET, B WA A KT AR IR
OPEs [ if &b B 7 3 A W 43 87 7 2% 19 1F 5%, GC-
NPD A SRR BR AR, (H AR M 22, ml sk FH ALk
J& B FPD Fl ICP-MS kil ; GC-MS 2N HIE Z 1Y
AR H RN BSEEMRAEE, T GCHHT
SN IR & P OPEs A4 T , T bl 1 RN X 2 1)
OPEs "% /H] LC-MS B, UPLC-MS, [] i 5 2% () PR 5
BT ¥ E MRM A A 0 23 Afr, LC-MS/MS FiI
GC-MS/MS HIHFFE B SRARXS LA 58 38, (H N AT 32 5]
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—EMIRR ], 45 UPLC-MS/MS 1Y JH R 15 5] 32
., OPEs fE Jy—Ff g A1 (1% B, 41 XF K % OPEs
AHSEAI BT I ¥ 0T LR LA A TR A

(1) k3 N2t 25 2 08 45 &2 28 SR B A it h
OPEs [ Hif &b BEFNRGIN 775 B Fi A | DA K 58 38 A A I
HAl =PRI OPEs e HAR U ™ Hy i 42 Bt—dr b —
R ZR G, B an = 2K Al 2B 7 K A 36 1) 1
e KA ERAMPUERY, MR AR IR ShAE YAk
VAR B ML HE 5

(2) 7 fil 4 A b AE 2 4 B — AL —AS I — &
LR G, 45 AR B AR DL i 5 (ARG B A | Bk
To Rk MG I BR 55 A b OPEs, fRi AL I R 40, 12 7
KD A v RSB A Bt | 4R A R 4
M, Sl 4 A sk,

(3)5E & & & GC-MS/MS ,LC-MS/MS #i1 UP-
LC-MS/MS 540 777 , FF R S U B AR B 5%, e
FLREFH T 45 FhEREE A BTy, S [R] B x 22 b A 58 A
FT RSN A3 BT, TR AME SR AR 9 2 591 & TR AL 3 i
AT R Spik R i Gl = REE S [ P /S = BT A
PE EREVE R R A BRI, 2P B GC-MS
H1 GC-NPD (#) F .

BIEE R I BAKEA98I—), %, W&, 8 AP 5, M+ &
FIF, EER T @A LS FR SRR,
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