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Determination of 11 Organophosphate Flame Retardants in Fish by
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Abstract: Herein, a novel analytical method based on miniaturized matrix solid-phase dispersion
(m—MSPD) combined with gas chromatography—mass spectrometry (GC-MS) was developed for the
determination of 11 organophosphate flame retardants (OPFRs) in fish samples. Response surface
methodology was performed for the systematic optimization of key extraction parameters, including
adsorbent, eluent, and vortex time. The optimal extraction conditions were confirmed as follows:
300 mg of PSA adsorbent, 4 mL of acetone as eluent, and a vortex time for 2 min. The method ex-
hibited excellent linearity over the concentration range of 5-500 pg*L™" (+*>0. 998). The limits of de-
tection (LODs) and quantification (LOQs) were in the ranges of 0. 13-5. 33 ng-g'and 0. 44-17. 78
ng-g', respectively. The spiked recoveries ranged from 68. 3% to 116%, with relative standard devi-
ations (RSDs) of 0. 020% to 8. 7%. The method was successfully applied for the detection of OPFRs
in actual fish samples, including wild and cultured crucian carp and bighead carp. Owing to its ad-
vantages of low organic solvent consumption, fast analysis speed, and minimal matrix interference,
it is suitable for the efficient and simultaneous analysis of multiple OPFRs in aquatic products.

Key words: fish samples; miniaturized matrix solid-phase dispersion extraction(MSPD) ; response
surface methodology; organophosphate flame retardants (OPFRs) ; gas chromatography—mass spec-
trometry (GC—MS)
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Fig. 1 Schematic diagram of the m—=MSPD process of OPFRs in fish samples
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FERNE Che (faikal, £ TediaAT); ZBIFEMIKER (S, FigZHAn]), MaiKb &
A4:(18.25 MQ-cm, E[E Millipore 24 7] ) o

Cy Florisil, PSA, fis54bik & (GCB) . BRAIKE (MWCNT) . 2, 6- KM Z LR SR NG
(Tenax) HIZE M- 2 EREE S -E5 W (HLB) (100~200 H, Supelco281]) ;5 0. 22 pm %+ PVDF JEHS
(RHETTHIE IR S A BR2H])
1.2 HmE&E

AR5 BB 18, ( Carassius auratus ) Fi . (Parabramis pekinensis) MAES, AZOKIEINT . &
Fy R R K A SR R H R & A, OPFRs 5% SRS UHE £ XU VAL B K WS TEE KRS
FEPHKIR, REA TR AR S T5 Y RSO Sl i AR 5 28R oKt — 2, @ A
JridaE R . ST

SR it P R TR £ 5 £ R SO B VR M T S S T, PR A A HIE I . SRR
IR HAHIR D TE A ) AR AR B AR i, FESRERIEDE . MRS, BRI (1 min) . B UR TR %,
MR
1.3 m-MSPD#&F

m-MSPD 12 BURBEULIE 1, FRELO.3 gfatE. 0.3 g PSAWZFAI. 0.1 g ALO, 20854 F 50 mLE RN M
REH, MAIMAEWER(EAR9. 5 mm), FEhIRH 1 min, M4 mL BRSO, WHERHBIERL 2 min,
MESEE, BRAYZ, SIKREBMHRKS, RREET, BHO0. 4 mLIECKER, iJ0.22
pm A HLIERERR SR, FB 2FREEY, 75 GC-MSIIE .
1.4 GC-MSLEEHHh
1.4.1 @iELEHE % DB-5MS B 414 #E (30 mx0. 25 mmx0. 25 wm) 58 &5, #H /S h o 4l B AR
(99.999%) , EEH®E 1.2 mL-min™', FFEEILIIEEE 280 °C, Aridbks, VEREAERUA 2.0 uL, HIER)F
ME . #FEEIRER40 °C, 4% 1 min; L)L 25 °Cemin” FFE 230 °C, %% 2 min; FHLLS5 Comin” F&E
280 °C, f4#+%1.5 min.
1.4.2 JRGEHE FUERHABETETL(EDBEIE, & FFIRE230 °C, fEHZinE280 C; EHET
WSS (SIM) , FEFILEIR 3 min, 11 Fh OPFRs fEIZ S AF T ¥SEIMA &, WWER I, SETFRE
DL 1,
1.5 REEHSREMRIE

FIBEAR LI A TS ZE OPFRs 5 YL s8], A ORECHR v i, A B 2 L2805 )3 Rl v T it
FERLER AR S AT RR ] B R R AS L SEIRE A L A PR BT AT 5L DL ARIE S B S
B, WS RIS BARRE, DA IESE 555,
1.6 HIELIE

85 H Origin 2021 B TER S T A2 1], Sl F PRI BTN (ME) : ME=(B/A-1)x100%,
W, AR B 435 A OPFRs 7E 457 5 AR Sh 2% 7 o 0 0 0 T L. IMEI<20% A 55 3% %N, o] 205
IMEIFE 20%-~50% Z [8) kS5 BETRN 5 IMEI>50% A5 BE Rl vz > o

2 RSV

2.1 HREZEZFHMK

FE m—MSPD 1, R RIFPS & . Bl A2 B s A e Ta) 2 G R R 2 RIS IR &
%, R b 5 FhIA 60 A H OPFRs BRI 5200
2,11 WRBAFIAIERE WL FR IR 200 5 5 R 5 O A S B A R SRR YT, ST ZRWESY 11 Fl OPFRs
IR PEAFAE L 25 5%, e A @M RIe b EE . ik, REHE T Cy. Florisil, HLB, PSA.
Tenax, GCBFIMWCNT 7 Fiz ik 35%} 8 A o OPFRs B AKX HUS SR . 25 9360, PSA XF 2% OPFRs £3H
AR PR IR (B 24) , X EZHE THAMERIER . &ARSEERFHmnGe )y, M2 uE
FALOR, SEAHGE 50 NIk, L5578 PSA 1R AR 5.
2.1.2 WHMFIAERIENE W FIHEA LTS EE bR A 54 A v ) £ e it
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NE 5L o, STl B s s N B ANAb TR Y. I, #%ET 100~500 mg 5B A ASE PSA
FHEXT OPFRs REFUHCRA 200 (K1 2B) . 455 R0H, FlAWLEH 50 S8, % OPFRs YU A 2 5EH 5
Fia3s, Hor, TiBP. TnBP. TCEP. TCPP. TPHP. EHDPP Hl TPPO £ 300 mg i i5 FU&{H ; 1Mij TEP,
TPrP. TDCPP A1 TMPP WIFE 400 mg i M b f5z i o W B IR 400 mg, A HERPr A B3 T %, oI 6E
ik R R RS PR R B BRSO AR A S TR RCR A E . 2L OPFRs 7£ 300 mg W 5
PR N 2B R SR, RIS DR Yy . FEARSEE A, e MR R0 P fb FH &4 300 mg.
2.1.3 BEBUAFIMERE  PEBUE R AR R 2 B bR ORI S EES R ST AR DU SR R R
EFIRRAEIT (> 28R 0BG > A > S H B> IE Cbe™) , ARBFIT P T _ESRIEFIXHA A o OPFRs 1)
BemtrERe (nE 2C) .

SEWLYL R, A0 R SR AR ) WS R S AR P 0 1 sy, 2%k OPFRs IOBEM SR B, S bext o

Bi/KPEZL 5y (A1 TDCPP, TPHP A EHDPP) R IR SR, 1 218 £ 6 BEVEME K5 OPFRs, fH
PR PER) TEP FOR R A . ML T, WIEIAEEE RGP RE | 2R, REfdi4a K 240 OPFRs 1T
BURER KR, JoHX TEP MBI B8 s T HAIE R, eSOk BN mifE A Bl ).
2.1.4 EBERREIZN  hEE S LRI, 18 1~5 mLiEEN 228 T N EERIRT OPFRs B R
BN . i 2D Frs, FEE IR R0, % OPFRs MG mIALUS RS EI#ES . M lifARIEE] 4 mL
B, BRTEP. TCPPFITPHP SMAKFR S Hbnyie i Bk B0 . AR 5 mLI, bk 3 Fhy Bt m
MY Te i E T, B OPFRs M R FRE, WREH T H bRy siaee, mPelise 25 2k R
BETFRE™ ., YRBUARBUE K, JeBidpl R SR TR, XUl 68 55 OPFRs Pk B AH I ifif H B0 0+
Yo GaHIBRBCR SEFNHFE, RERFE4 mLAE DA

A [ ITEPZZATPtP -0 TiBP 53 TnBP [ TCEP B8 TCPP B CJTEP ZATPrP E-UTiBP E25iTnBP [ ITCEP EEE TCPP
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;
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Fig. 2  Effects of adsorbent type(A), adsorbent dosage(B), eluent type(C) and eluent volume(D) on the peak area
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2.2 MR mEEMRAL

2.2.1 ZWFHSERST R m-MSPD BB TIAbgs 5, SEBURI A (A) . PeliiE IR
(B)FLRHERT ) (C)3 AN ELLAT &, R 3K FE S/K AL E A3 (CeD) #1534k, LL11#h OPFRs
)P F 0 TE AR A I REAE (V) , 25 BRI R AR 4ahs UL 1. R Design—Expert13. 0 3L 511 20 2058 5%

RO W

N0

A1 CCD W B T2 Y A 3R K

Table 1  Factors and levels of the CCD design

Level
Factor
-a =l 0 1 a
Adsorbent dosage/mg A 100 200 300 400 500
Eluent volume/mL B 2 3 4 5 6
Vortexing time/min C 0 1 2 3 4

R 1B I 2 A
Y=-956 500+27 835. 19xA+7 290. 94xB+10 105. 81xC+7 831. 38XAB+7 945. 13XAC+25 074. 38XBC—
102 300XA>~70 999. 66XB*~83 332. 91x(>
2.2.2 CCDHEBIREMST  J7Z2sm i (382) Rt F{E 43 739. 55, P<0.000 1, Z4UI P>0. 05,
BRI A R, FRFEA, B, O RELHIN(AB, AC, BC)HIRI(A*, B>, €0t (g H
F 200 (P<0. 005) , JERH P45 8 %) OPFRs B AXBURCEAE W3, BOARLA B (R) 40. 999 7,
T R*(0. 998 1) 5 A% 5 R*(0. 999 4) B %E/NF0. 2, THHHRR 5SCib Bl s W &, & F4ohr 570
M m—-MSPD ZXHU £ F£ H 11 Fh OPFRs B ZEHU SR . A2 57 REL(C.V.%) A7 0.47%, AR T 10%, KEHE
(Adeq precision) A 185.383 1, WZEH KT 4, RUWSEAMGMELL & . O o] Stk
#2 JiES

Table 2 Analysis of variance

Source Sum of squares df Mean square F-value P-value
Model 4.231x10" 9 4.701x10" 3739.55 <0. 000 1 Significant
A-Adsorbent dosage 1. 240%x10" 1 1. 240%x10" 986. 10 <0.000 1
B-Eluent volume 8. 505x10° 1 8. 505x10° 67.65 <0. 000 1
C—Vortex time 1. 634x10° 1 1. 634x10° 129.98 <0.000 1
AB 4.906x10* 1 4.906x10* 39.03 <0.000 1
AC 5.050x10° 1 5.050x10° 40. 17 <0.000 1
BC 5.030%x10° 1 5.030x10° 400. 09 <0.000 1
A? 2. 630x10" 1 2.630x10" 20921.37 <0.000 1
B’ 1.267x10" 1 1.267x10" 10 081. 79 <0. 000 1
c? 1.746x10" 1 1. 746x10" 13 888. 60 <0. 000 1
Residual 1.257x10° 10 1.257x10
Lack of fit 9. 867x10’ 5 1.973x10’ 3.65 0.090 9 Not significant
Pure eror 2.704x107 5 5. 048%x10°
Cor total 4.232x10" 19

2.2.3 XEEASH RETR20MEER, SREBGFERELHEN . B3 ER 73T OPFRs
SPX UG TR 3D i 7 Bh TR 2D SR 2R IR . 3D Hi T EERRRE | BB, FRIHAS EAE T . BI3A
B i 715 214 W B 5] R A Hho 25, (300 mg) BF, BC A2 L pH I8 R ph R e ke, 358 B BRI AR 5 Y g st 1) % O P-
FRs W BB s B . BI3C, D(ACAH) BT R 2, W% B 5] FH 52 5 10T i 1) 22 ) A AE 48
SRR SROY . B 3E. FOABAZH) M A 2%, iRHiZac BAE SS9 . e i 7 i 1 34 S 7R i o7 (L
(Y) Bl PH K- R 2 5e 1 e ka3, RS R AR 2 AE LA BAEH . B Ak 15 2 A
m-MSPD 254424 . WEF 51314 mg, YElifkF4 mL, JRTERTIE] 2 min, TR0 E R A 959 089. 64
Meps (S5 5REEHA) . FEFET 254 (300 mg, 4 mL, 2 min) FHUE, SEMIME A 956 995 Meps, AHX {24
1R 0.22%, FEHAREAITIM AT 55, By, ke 11 Fh OPFRs Y [ 4 80. 1%~118%, FF &R &
ARG G 53 A v I U 2R 1) SR (80%~120% ), REMZ i & ASWE 50 X £ A% Ht OPFRs % & 43 17 1) 1 6 1%
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Fig. 3 Response surfaces and contour plots of the interaction terms(AB, AC, and BC) to the response of OPFRs
2.3 AEFWIE
2.3.1 ZMEE. WHRMEE TR FIH 1 mg- L' 11 Fh OPFRs IR SRR, B 5~500 pg L7
TR 6 MR EE K IO bR D 2B, USRI (g L) AREALRR, Wl W AE AR EA T L& o 45 2R
SR, 1R OPFRs B9 P34 K F°0.998, RIHIZITERARIFHLEERR, KT 0.3 gk, FEEMT
SIN=3 TR EKE R 4 0. 13~5.33 ng-g ™!, LLS/N=10115E & FHRM 0. 44~17. 78 ng-g '
2.3.2 futREER, BEEMERME HO0.3 g@mfE, 2Bl MN20. 100, 500 ng- g 3N K P OP-
FRs, TERESEIE FETITERAE, SR WAE3, 117 OPFRs BPERIIEER (R) A 68. 3%~116%, HHRHhRifE R
Z(RSD) 0. 020%~8. 7%, FFE k2R Bl ta H TiBP Al i H TPrP BSEEFRN (ME) 4351 4-27. 6%
F1-23. 5%4b, HATOPFRs ) MEERIEL209%EH N, RUIETTOVASS, Jrikid F TSRk .

3 3ASEEREESEH 1R OPFRs )3 & (ng- g ) R HMIFRIENCE | RSD I ME (n=3)
Table 3 Contents of 11 OPFRs in three actual samples, along with their spiked recoveries, RSDs and ME(n=3)

Spiked/ Blank sample Wild crucian carp Market crucian carp Market bighead carp
OPFRS g ko6 RSDM6 Y nMEme mmo RsDme VU MEme mme RsDme MUY wEms Res RSDAG
/(ng-g™") /(ng-g™") (ng-g™")
TEP 20 99.1 2.8 4.96 5.83 111 0.76 16.4 -16.4 105 3.5 4.28 -6.79 97.6 4.9
100 103 2.7 92.3 0.71 103 2.5 92.9 2.0
500 89.3 2.2 91.4 6.7 83.2 0.97 82.3 2.4
TPrP 20 101 2.9 2.22  -18.3 74.9 1.6 9.20 19.5 82.0 7.0 2.31 -23.5 80.4 1.2
100 82.6 4.4 106 1.9 93.2 2.6 92.0 6.8
500 86.6 4.5 97.7 0.81 88.8 6.5 89.6 7.9
TiBP 20 105 3.9 ND -27.6 82.4 1.4 ND 19.8 71.2 7.3 ND -19.8 94.4 3.3
100 83.6 6.8 107 3.5 101 6.9 101 2.9
500 88.7 3.4 101 0.73 98.4 1.3 83.3 2.9
TnBP 20 86.4 8.7 6. 89 13.4 94.0 2.9 8. 04 12.6 104 6.5 3.88 15.5 75.0 1.7
100 101 0.96 96.7 2.2 101 3.9 103 2.4
500 84.0 5.8 97.1 6.0 94.1 0.45 97.6 1.8
TCEP 20 101 6.1 2.14 -15.3 68.3 3.3 5.10 10.2 93.4 8.5 5.23 -19.1 82.2 0.62
100 107 5.7 102 6.1 101 0.34 93.0 7.2
500 90.7 1.7 97.9 1.8 93.0 6.7 96.6 4.0
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. Blank sample Wild crucian carp Market crucian carp Market bighead carp
OPFRs Spiked/ Measured Measured Measured/
(ng-g') R% RSD/% . ME/% R% RSD/% .\ ME/% R/% RSD/% i ME/%  R/% RSD/%
/(ng-g™") /(ng-g™") (ng-g™")
TCPP 20 91.4 5.3 4.30  -12.2 80.9 0.60 4.21 13.8 82.0 4.4 ND 9.50 73.8 3.4
100 90.7 8.2 102 5.4 99.3 1.7 101 0.43
500 96.9 3.4 103 2.5 87.7 1.4 88.2 7.2
TDCPP 20 95.6 0.78 13.6 -9.95 70.3 1.8 ND -0.570 83.8 6.0 10.7 -4.82 84.3 6.0
100 103 0.29 98.5 5.1 109 8.0 95.1 5.2
500 101 0.32 101 1.7 94.7 0.020 100 6.2
TPHP 20 91.4 7.1 4.98 10.3 98.8 7.1 ND 2.34 103 6.5 ND -7.18 80.9 1.0
100 104 5.6 104 5.5 112 4.6 104 3.5
500 102 1.4 103 0.37 96.6 3.1 93.8 6.2
EHDPP 20 79.4 2.2 ND 13.9 84.4 6.1 ND -6.34 75.9 6.0 ND 8.21 96.3 4.6
100 101 8.6 94.2 4.3 102 7.6 89.8 6.1
500 103 0.050 94.8 0.72 93.8 6.3 95.3 5.4
TPPO 20 93.7 2.9 ND 15.4 116 7.8 3.12 2.35 107 6.2 1.65 9.88 88.4 8.7
100 98.8 4.5 107 0.40 97.5 3.5 95.6 4.7
500 85.3 4.3 92.2 0.99 97.7 2.4 95.7 5.6
TMPP 20 100 2.0 3.75 -7.38 106 7.8 ND 3.00 104 3.8 ND -4.12 99.4 8.2
100 99.1 3.2 106 2.1 101 0.47 99.4 7.2
500 97.4 2.5 100 4.8 88.9 2.8 93.4 7.7
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Table 4 Comparative performance evaluation of the proposed

method with other reported methods
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Fig. 4  Chromatograms of 11 OPFRs in actual fish samples
peaks: 1.TEP, 2. TPrP, 3.TiBP, 4.TnBP, 5.TCEP, 6.TCPP,
7. TDCPP, 8.TPHP, 9. EHDPP, 10.TPPO, 11. TMPP
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