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WE. AEENREFTRASR TR ZKFE (ng/g %) A, mZFRERE L, 5k P& ELEELES
W AR R KBRS, BT, A S T Mk BIRIRE A48 &0k = F WARAT $ B iE (GC-MS/MS)
ALEL, MR TR R P IS L RACS D T T o IR Su SRR ROk B0 B B BUAE 2R AL T ik
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FERRATERKRARGEMN, £ IIAFTRKAEE RRPHL BB EEELEY, L4535
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T, FIBALEEEDEHLTE,
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RO, S5 B BIHREL GC-MS/MS I3 S Ak RS IE Hh 7 se BE AL 5 ) B A PRESCR AR

%44 5

Q)RR F R T LML RN ERTPHERARLEY A, HERFTRERLE LML,
KR A0 TE AL 18 F I E A M 6k B R F R (0 <0.05), f,, LR F3Z (p<0.05), BLA EIFeY
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WAL FEE TR 602(Dec602)., 1537 [ 603(Dec603) Fl
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HLYE YL 1 43 18 5 4, ko [ AR 35 I v Ak A 2 B
B, (B AEEREIT G | AR B R S Bt 1
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T5VERE N, AR5 I8 TP P SO RS B W T5 YL RRAIE,
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1.1 A 32

A - DU A FE AR I 6 )
(TQ8040, H A & 23w ); Tl I fif %< HXAX (ETHOS
UP, Milestone /A F)); 4= H 8431 (AutoVap S8 Plus,
EHE ATR AF]).

HAr#: KR (Mirex, 100pg/mL, B 2K % );
- 5EfE (syn-DP, 100pg/mL, A K); e 20 -f
il (anti-DP, 100ug/mL, H 2K i ¥ ); 78 o
602(Dec602, 100pg/mL, H 7% ¥ ¥ ); £ 72 B 603
(Dec603, 100pg/mL, H 2% ); 75 5e fE 604(Dec604,
100pg/mL, HIRR); -1 18 5e k% (anti-Cl,,DP,
50pg/mL, FREIR); Real-T—S& #8532k (ant-Cl,,DP,
50pg/mL, H 2R o

Ve Ak P bR T 2 48 5 B -C(syn-DP-"C,
100pg/mL, T i % 0 ); [ X -1 5 [ -°C, o(anti-DP-
BCyo, SOpg/mL, IR I ); °Cyy bR Y 2 B K
209("*C,,PCB209, 40ug/mL, -5 1K)

ST = B TR O TS Tl (I A Q73
198(*C,,PCB198, 40pg/mL, T-4EiF )

VL BRI A0 [ B R SR A R

RS Sy ali, 4l 99.9%) . Jo/K Na,SO, (4 Hr
ali, 4l i =99.0%) . Cys J2 AT R Chi 4% : 40-63um)
A BB ALk B (GCB, Kt 100-300 H ), & —fi-N-1§
TRk BE(PSA, A7 FE: 45um) | Tk i [ AH 25 BURE OB
500mg/3mL). C,y/PSA [& AH %< B A (B #% 50mg
PSA/50mg C,s, 3mL). GCB/PSA [l A % Bk (B #%
250mg GCB/250mg PSA, 3mL)F1 3 % H ik +
(Florisil) [# #H % U (AR A% 500mg/3mL), ¥y H 4
Jr /A
1.2 PESCREE

2024 -4 A6 A, W HAAEIL AT, b, TR
R INARSERRTT 11 A5 KA SRR TR REA A
R A2 v B AL A TS G R e AR S (P e R
YIARA ), HA i 1~ 5 535K H R TSRS U8
5,6~ 11 575 KA HT R A%/O T2 (RIR A -t
AR AR YA RRBE T 20) . A AR IR A E
PIR-1E C B IR AV (12 1, V/v) T e hss (0 % 5
B, BEAFESLRAE = A TATHE, [RIB R AEZS FAE
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W 25 2 T A B JEC R A N AV 100mL i 3R DY
T WA T P T T A N . A 10pL MR BE SR
10pg/mL B ¥ Ak IARIR A T (°C -syn-DP. °C\y-
anti-DP F1'°C,,-PCB209)., & & ik 2 BN
P AL BT 1500W, ZBORBE 120°C, FHE R T -
) 15 RE 20°C, LA 10°C/min TR &= 120°C, 1% 4%
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T PUAT R IR % 34T
1.4 S - = PR AT BRI 53 B %

SAHEIESE HERE DHEE 260°C, RN RE;
HERERE 1.0pL, 4 15% #F DB-5(15m>0.25mm, 0.1pm),
i 1.0mL/min, FHiR P W1 120°C, PR FF
2min; LA 20°C/min FH & %2 220°C {# £ 1min, LA 10
°C/min FHEZE 310°C {24 2min,

BGRB8 IR BT 25 1R 240°C;
BT L RER 70eV; 32 R EE 280°C ; ¥ 77 4L 3R i) (1]
4.5min. ok A 7 X Bk 2 &0 I (MRM)
[
s R A 00 1 v B AL A s R LA 1,
g SH8E T3 1,

2 SRR
2.1 FESHHIE
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T 5 BRI SE 0 X BRI 9 . 45 FREL 10.0g 25 FHRE
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PEDFES 5 AR B YR BE 10ng/g, THREEZHIT . BHE G
T 22 () e R, P AL TR AR U VR R i o 2558
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1. Mirex; 2. Dec602; 3. *C,,-PCB198; 4. "3C,,-PCB209; 5. Dec603; 6.

11. anti-DP; 12. '*C,,-anti-DP.

Dec604; 7. anti-Cl,;-DP; 8. syn-DP; 9. *C,-syn-DP; 10. anti-Cl,,-DP;

Bl RSP @ik e
Fig. 1 Chromatograms of dechlorane plus and related compounds.
1 ERBERMEEVIRBUE TS
Table 1 Mass spectrometric analysis parameters of dechlorane plus and related compounds.
. AL A Al EERTH EERTI
;;7 Dechlorane plus and Retention time Quantitative ion pair Qualitative ion pair
' related compounds (min) m/z CE(eV) m/z CE(eV)
1 Mirex 8.753 272.00>236.80 15 274.00>238.80 15
2 Dec602 10.028 272.00>236.80 18 274.00>238.90 18
3 C,,-PCB198 10.217 476.00>405.70 39 474.00>403.70 24
4 13C,,-PCB209 10.678 510.00>439.60 27 512.00>439.90 33
5 Dec603 12.90 263.00>192.90 30 261.00>191.00 33
6 Dec604 13.258 420.00>259.80 30 441.00>281.00 36
7 anti-Cl,,-DP 13.796 204.00>168.90 18 202.00>166.90 21
8 syn-DP 14.775 272.00>236.80 15 274.00>238.90 15
9 13C,O—syn—DP 14.77 277.00>241.80 18 278.85>244.00 15
10 anti-Cl,,-DP 15.027 238.00>202.90 18 240.00>204.90 18
11 anti-DP 15.262 272.00>236.90 15 274.00>238.80 15
12 3¢ ,-anti-DP 15.259 277.00>241.90 18 278.85>243.90 15
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Fig. 2 Recoveries of dechlorane plus and related compounds

extracted by different sample preparation methods.

AT 0.05, £ “IBH 5 “ TR H LR E LS.
(B Z R A WA STRE S BT S BB S A TR
W& 125, 3 T R PR 7E BB AR BB R o A —
KA, TRl A5 15 A0 Hb W 0 FM 8 RE AR 43 T
5 BT AR A A DS 55 o i R % 4 B
i, Ah, SRBOARI N NER-IEC LS (1 1, V), BE
A ik 7K 3 B A T S 4 b 5 -
Pefih, SRR PR IBUSCR . DRI, ATIFSE R B 656 S U8 RF
it T BRI 5 , 48 30 T 48820 R A B A 5 A
P HTRCE,
2.2 PERRBIRIS GHERE R IR AR AL
T Tl B 2K I (M) J2: 1 f8C0e i i PA R
-V RNR A, A T W A B b R
B A P2 BORBCRZEBOA F . B8 TS
AKAR BRI TS e PR B AR L2 . MAE $2
IR (0 e . Sl | AR BT ) 4 PR 2 0 A
PEHCSCEA R L2 L T RS R A, X
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BAHR RS TP T T80Tt (n=7).
2.2.1 O Bh AR B R AR S Ak

HR A B AR B B AL 5T 5 e Sl B BT 51
FEER, e & e, NI, IE e . A B e-a
B (11, vy, ZE BB IECKE (12 1, YY), S E-
IECKE (1 1, v/v) 36 Fewg A BLER SR T 0
AN R G R S5 T FE e 2L A W F i ml e e dn
B3 in. LB A, LIEC K, & ke, —&H
Le-tNER (1 1, vy fZ @ e-IEC ke (12 1, VD)
VENSRIBGRIRS, HARPAE 358 ) DR S AN BAR
MNERVE R FEBOA IR, [HR ATk 98.6% ~ 108.7%
L ERTPA Bl A AR P A, B O A3 22, 5 i
PR R ESTE . ZREF PR S THRE R, &

120

100 |

(o)
(=
T

N
=

TEVERESAL B YRR (%)

(=]

\ ¥ Q o ¥ X
FF S
/‘@‘N /gj /@ 2 §/ QY
s NN &

& &9
7
/
3 Mirex 3 Dec602 =3 Dec603 = Dec604
=3 anti-Cl,,-DP =3 syn-DP &3 anti-Cl,,-DP =3 anti-DP

B3 AFEREBIE R PSRRI S i i meR
Fig. 3 Recoveries of dechlorane plus and related compounds

extracted by different solvents.

130
120
110
100 |
90
80
70
60
50
40

Tt R Y R I (%)

40 60 80 100 120 140 160
PRI EE(C)

—=— Mirex —eo— Dec602 —a— Dec603 —¥ Dec604

—— anti-Cl,;-DP —< syn-DP —»- anti-Cl,;-DP —e— anti-DP

B4 AFSRER R PSRRI S PrHE B ml R
Fig. 4 Recoveries of dechlorane plus and related compounds

extracted at different extraction temperatures.
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L E ERNER-IEC BE (1 2 1, v/v) VERIREUAH .
2.2.2 TR B R BUEE R S Ak

PIAER-TECBE (12 1, 7/V) g HR B, B0
JE IR0 W3R 50°C . 80°C ., 100°C . 120°C HT 150°C.,
WNE 4 Fros, B BUSR AT B 52, S HE
TR <80°C B, KZHFE v 2L A W MR 2
80%; Fiti 5 B BORLEE 9 T+, H AR ml SR A i 4 7t
MR R 120°C B, KEB A1 A Y DR ik B g
{8 (92.1% ~ 110.4%) ¥ FFae; HIE 150°C B H B0
TR o 5 R L Y B A, B R
TR S IR R 22, S m J5 S AR Y
RO AT R, 256 75 R S U0 e A R BR AR IR
120°C..
2.2.3 A Bh RO R AR S I
PAATHER-TE S 88 (1 2 1, V/V) N HEBOE T, $2 80
FEE 120°C J5 25 58 0 PR B 0 R USRI 5%
Wi, AnE 5 Son, A 1000 ~ 1500W Fifi 5 32 B S 1
e, £ BAr R Z#IE N . LA Mirex R, 4
BTk 1000W 1, [FISCRZ)h 63.2%; Fifi )R
I, ECR B E T 46 1500W B, [ 38k 354,
230 107.3%. SR, 4 G0 4l Bl 32 B R o &
1700W Bif [A1ig 38 B 11 B AIK, Miirex, Dec602., Dec603
ST AL B P IR I3 5B 22 53.4% ., 66.4%
H166.5% . 3X AT BESE: PRI A Ty 28 (10 15 T ek 45 4 BUI
T, 3 B v B Ak B W & A A3 i B8 R TR
TR, AR AR I R 1500W
224 FEAEHE

M 5 R AL A LT 2%, & T BR2S (MR . BRI
iR %), 2 (NEAEE b2 a3 ATy R
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Fig. 5 Recoveries of dechlorane plus and related compounds

extracted under different extraction power.
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552 11 R0, A5 AR BIREL GC-MS/MS i E

SIS 78 vE RS 53 1) M AL PRAICR AR

%44 5

(AR FERR . BETR) 45, LA RIS N RE B T
BLINAE o A5 R A it B SR I AT B0 500 264 5 )
ek, A A AR AR O — 25 e i O 20K 3
EAROR . PR SR AR R R 2, OF
o TN A H R AR ACR, S5 R 10.00g ST
FESIA 2.50g Hil 5 BV o] 36 BIBRAL AR . A T #
PRBRBR A SRR, SR 3.00g Hiky. A SCHkiE
SE Cog 5 T LA VLA R 3 U g T4
NEEFERGTEAL S . & T HHRE-N-TN3E (PSA) L
UE B RE A 50 BRIt T PR 4, 40 e 7 e A B e
11 BALBRE (GBC) Tl £ GRS Ty ) . 5t
5T Crg PSA Il GBC = Tl M JhF 550 Sof v A 55
FsZ M, 245 5B 10.00g 15U H imA 0.50g () GBC
F10.50g 1) PSA AL AOCR S i, 32 BORAESM I L 2
Rk, RV ERIGE R T AL TEAERRE
DB, 55 S o SR 1K, IS8 vy, P8 [l i R ] 3k
95.2%.

15 I FE S AR LR HUA AL 5 SR BORATI R & F
TR B, T B — i, SERXT T R
Cis. C,¢/PSA, GCB/PSA. # % HLfit £ (Florisil) 3t 5
Fofr AR A B/ A AR 3R . 1] 6 Z5 L3RI, il e
RN A PIAEREIERE TN Florisil A% I AR EUI A £,
[RISCERAAIR, 735 M 62.4% ~77.3% F175.9% ~ 96.9%.,
AT BB R R U AE it JE 0 52 2%, A A T Florisil A4
FETEARRR SV BT . I B 7 i SR A IR, ke Ak
JEAEAN Florisil A 42 Bs 2, I H s v b S5 hk
J . Florisil B BHAEFH k5, TTAE HARE &P ANTE
Fo 53 Bk VR R O, dRe 2 A MR R R AR . Cs.
C,s/PSA FlI GCB/PSA #E 114 [al Wit 2R & F & i A Al
Florisil ¥, 7£ C,¢/PSA 1 GCB/PSA #:5¢ ik 2 Ji
AR BN M 480, AHAE T C g b IE BV AR, HE
(0, P 2RI B /D 3 I LV A Sk SR o ol B
M, FEUEH A BRI GCB il LR @ iRz

2 MWREBERMEAMNSNTTE, NEEREL Kl FRAE R

AT 3 Y, PSA I TR IR, kIS
R RS 2 EBAE B ERe iR
MIRTEE T, 25 RS b AR 7 & s, A e
GCB/PSA [FIHAHUH: .
2.3 JHRERVETEEL. K RRATR S

e il A o 35 VA VR BE 430 Sl 5. 201, 50, 100,
200, 400ng/mL, A"*C,-syn-DP. "°C,,-anti-DP F1°C,,-
PCB209 1 h ¥4k 45 (100ng/mL), °C,-PCB198 1
SRt RE AR (100ng/mL ), 45 e il & (1R A b o T A
WAL NSRS T AT, DL B 5
FRYIGERR LA () AR, X0 B AR 5
PRI L LEAR (x) MR AR AR, 2 il b TAE M2k
FE MRM 5K, 18 5 B 2 Ak G W A0 0T 1 1) JoT o
JEJO R NGtk R4, AHOEREL () A/ T 0998, LU
FE SR 0.5ng/g B FE B IMARAE, AR 4% 1.2 A1 1.3
JIT 7R AYORE S ET AR BRI LML, AR TEAS R A5
INEC MDL=SXt(,. 1qm000) V1387 50 BE AL B W B T
AR A 0.017 ~ 0.040ng/g( 2).
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(e}
(=]
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[33
(=]

(=]
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Fig. 6 Recoveries of dechlorane plus and related compounds

extracted with different purification columns.

Table 2 Linear equations, correlation coefficients, detection limits and quantitation limits of dechlorane plus and related compounds.

TR G e R REL e R
Dechlorane plus and related compounds Linear equation Correlation coefficient (r) Detection limit (ng/g)

Mirex »=0.2137x-2.3210 0.9995 0.024

Dec602 »=0.1604x—1.8138 0.9998 0.040

Dec603 »=0.0430x—0.7378 0.9988 0.024

Dec604 1=0.0024x+0.0073 0.9995 0.038

anti-Cl,,DP »=0.1061x+1.8584 0.9993 0.017

syn-DP »=0.0190x+0.1920 0.9999 0.018

anti-Cl,,DP »=0.1374x+3.1074 0.9987 0.040

anti-DP »=0.0491x+0.7488 0.9995 0.039
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PLZs (R TR FE S A BE BT A TG, . & =ik
JEKSE (2251 2. 10, 30ng/g) B INAR 0] 25, 45
ANHRBEAT 7 IR, FEDUAR S5 T AR 45 A Tk B2 1) 1
v BRI A W 0T 2 Ry 5 79.8% ~ 99.5% .
86.2% ~ 104.8%. 91.2% ~ 106.1%, ¥ X} b #E i 22
(RSD, n=7) 5 % 5 2.28% ~ 6.91%. 2.24% ~ 5.58% .
1.17% ~ 5.87%. [RIBHE . H o =AW EEKE T
1k N #5°C1,-PCB209., *C,,-syn-DP Hl °C,,-anti-DP
B 18] e 2R 43 51N 88.3% ~ 94.8% . 92.2% ~ 102.3%.
85.9% ~ 100.8%, X 5 #Efl 2= (RSD, n=7) 735l K
2.89% ~4.12%. 2.39% ~3.28% . 2.31% ~3.56%(3 3).
5 EPA W& A LTS5 G bR fE 7 I 38 hn Xy L, W
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Table 3  Average recoveries and RSD of dechlorane plus and related compounds.

U WIS 2ng/, IR 10ng/ RNV 30ng/
HIEER LAY | TR S | ITRE e T e
Spiked concentration of 2ng/g Spiked concentration of 10ng/g Spiked concentration of 30ng/g
Dechlorane plus and - — — - y —
ated i seejuties RSD Rejuties RSD seejulies RSD
felated compounds Average recovery (%) (%) Average recovery (%) (%) Average recovery (%) (%)

Mirex 89.8 6.29 93.3 5.58 106.0 2.79
Dec602 79.8 6.60 98.6 5.39 102.4 2.28
Dec603 92.5 2.28 104.8 3.73 91.2 3.70
Dec604 83.5 4.60 87.7 4.79 91.3 5.87

anti-Cl,,DP 99.5 6.91 94.2 2.48 106.1 1.17
syn-DP 82.8 3.16 86.2 3.10 95.7 1.62
anti-Cl,,DP 99.5 3.03 91.9 2.51 103.3 1.95
anti-DP 91.7 2.39 102.4 2.24 95.8 1.48
1C,,-PCB209 88.3 4.12 1023 3.28 100.8 297
"*Cy-syn-DP 94.8 3.56 92.2 3.16 85.9 231
"C,-anti-DP 89.5 2.89 94.9 239 91.4 3.56
P4 ASGTHOTIES RSO T IR e
Table 4 Comparison of the analytical methods in this paper and those in related literatures.
SINTAES  JrikilfeR Ji AR
— 5 Sy e 3 . N
EY FER LR P AL 2 , IO~ 5 <.
. Analytical Recovery of Detection limit of
Target compounds Sample matrix Sample pretreatment method . Reference
instrument method method
syn-DP, anti-DP, - RIREI, 22kl
. TR e
Dec602, Dec603, . Soxhlet extraction, multi-layer silica ~ GC-HRMS  61% ~ 106% 0.5~ 1pg/g [33]
Dry sediment . .
Dec604 gel column purification
. o IEBORZENL, BRI A A
Mirex, syn-DP, anti-DP, 04 1 1452 f - ﬂ:%"ﬁ}jﬁ
{
Dec602, Dec603, Dry sediment and . _ﬂﬂ . GC-MS  90.3% ~99.8% 0.01 ~0.67ng/g [34]
. Pressure liquid phase extraction, Mg-Al
Dec604 soil . . .
layered double oxides purification
TR A B, GCB/PSA [EAHAEHUH:
Mirex, syn-DP, anti-DP, BRBCHBIH Wik B
Dec602, Dec603, BRI ARG
. Microwave assisted extraction, GC-MS/MS 79.8% ~ 106.0% 0.017 ~ 0.040ng/g .
Dec604, anti-Cl,,DP, Fresh sludge This study

GCB/PSA solid phase extraction

anti-Cl,,DP . .
column purification
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Fig. 7 Distribution characteristics of dechlorane plus

compounds in the sludge of sewage treatment plants.
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Fig. 8 Box diagrams of dechlorane plus compounds (a) and £, values (b) in different water treatment processes.
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Determination of Dechlorane Plus Compounds in Complex Matrix Sludge
by GC-MS/MS with Microwave-Assisted Extraction and Evaluation of
Treatment Efficiency

ZHU Shuai'*, SHEN Yating', PAN Meng', JIA Jing', YANG Zhipeng', CAO Jianhua®,
WANG Yu'
(1. National Research Center for Geoanalysis, Beijing 100037, China;

2. Institute of Karst Geology, Chinese Academy of Geological Sciences, Guilin 541004, China)

HIGHLIGHTS

(1) By combining direct extraction from fresh sludge, purification using GCB/PSA solid-phase extraction columns,
and the multiple reaction monitoring (MRM) mode of mass spectrometry, matrix interference was minimized,
and accurate quantification of dechlorane compounds was achieved.

(2) In the sludge of the sewage treatment plants, anti-DP was the main contributing monomer among the dechlorane
plus compounds. The f;,, value was 0.27, which was lower than that of commercial DP products. This indicates
that the sludge in the sewage treatment plants has a stronger adsorption capacity for anti-DP or that syn-DP is
more prone to degradation.

(3) Different wastewater treatment processes have a significant impact on the accumulation of dechlorane
compounds in sludge. Compared with the activated sludge process, the concentration of dechlorane plus
compounds in the A*/O process was significantly reduced (p<0.05), and the Jsn value was significantly increased

(p<0.05), indicating that the A%/O process is more effective in treating dechlorane plus compounds.
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ABSTRACT: Dechlorane plus compounds are present at trace levels (ng/g) in sludge samples. The complex sludge
matrix poses a significant challenge for the analysis of these compounds. To address this issue, we established an
analytical method for determining dechlorane plus compounds in the sludge of sewage treatment plants, combining
microwave-assisted extraction with gas chromatography-triple quadrupole tandem mass spectrometry. Sludge
samples were processed using microwave-assisted extraction with online purification, and using acetone-n-hexane
(1 : 1, V/V) as the extraction solvent. After extraction, GCB/PSA solid-phase extraction columns were used for
further purification to reduce matrix interference. The multiple reaction monitoring (MRM) mode of mass
spectrometry was employed for accurate quantification. This method demonstrated good linearity (»=0.998) in the
5—-400ng/mL range, with a detection limit of 0.017—0.040ng/g. The average recoveries were 79.8%—99.5%,
86.2%—104.8% and 91.2%—106.1% at low, medium and high concentrations, respectively, with relative standard
deviations (RSDs) of <7%. When applied to 11 sewage treatment plants, dechlorane plus compounds were detected,
and the contents were relatively high (31.4—195.6ng/g). In sludge, average f, of syn-DP was 0.27, lower than that
of DP products. This is due to stronger anti-DP adsorption or preferential syn-DP biodegradation. When the A%O
process was adopted, the concentration of dechlorane plus compounds was significantly reduced, and the £, value
was significantly increased, but the influencing mechanism still needs to be further explored. The BRIEF REPORT
is available for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykes.202409190197.

KEY WORDS: dechlorane plus compounds; sludge; microwave assisted extraction; gas chromatography-triple

quadrupole tandem mass spectrometry; sewage treatment plant; fraction abundance of syn-DP (f,,)

BRIEF REPORT

Significance: Dechlorane plus (DP) is synthesized through the Diels-Alder addition reaction. It was first produced
in the United States in the 1950s, and its products are diverse. As a highly chlorinated flame retardant, it is widely
used" . Due to its tendency to enter the environment during production, use, and other processes, DP has been
frequently detected in environmental samples around the world*™. Tt exhibits characteristics of persistent organic

pollutants (POPs), affecting the health of organisms™”!

, and has been included in China’s list of key controlled
emerging pollutants.

Sewage treatment plants are important sources of pollutants. DP compounds tend to accumulate in sludge, and
the existing disposal methods carry ecological risks!'?. However, there are relatively few studies on DP compounds
in the sludge of sewage treatment plants. Accurately determining its content is of great significance. Nevertheless,
the complex sludge matrix poses challenges to the analysis. Most of the existing detection methods are designed for
soil and sediment. For example, Soxhlet extraction is time-consuming and requires a large amount of solvent!'".
Although QuEChERS has its advantages, it has problems such as large variations in recovery rates
(59.6%—115.9%)!""7 At present, gas chromatography is primarily employed to separate DP compounds. Common
detection methods include GC-MS and GC-HRMS!'*?". However, GC-MS is prone to matrix interference, while
GC-HRMS has high operation requirements and comes at a high cost'*’). GC-MS/MS, on the other hand, boasts high
sensitivity and strong specificity, showing distinct advantages in multi-component and ultra-trace analysis****],

Due to the special matrix of the sludge in sewage treatment plants, it is challenging to meet the detection limit
requirements with existing methods. This research intends to use microwave-assisted extraction combined with
adsorbents for preliminary purification, then strengthen the purification effect with solid-phase extraction columns,
and finally determine the content by GC-MS/MS. The recovery rate of the method was comparable to that of
pressurized liquid extraction technology and superior to the traditional Soxhlet extraction method. When this method
was applied to the detection of actual sludge samples, DP compounds were detected in the sludge of 11 sewage
treatment plants, with anti-DP being the main contributing monomer. The f;, value was 0.27, lower than that of
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commercial DP products. At the same time, it was found that the A*/O process had a significant impact on the
concentration of DP compounds in the sludge and the £, value and was more effective in treating such compounds.
Methods: In April and June 2024, sludge samples were collected from 11 urban sewage treatment plants in China,
including samples not contaminated by DP compounds. The activated sludge process was adopted in sewage
treatment plants numbered 1—5, while the anaerobic-anoxic-oxic (A%/O) process was used in plants numbered 6—11.
The samples were collected in pre-cleaned brown glass containers. Three parallel samples and blank samples were
taken for each sample. The samples were stored and refrigerated at around 4 °C, and extraction was completed within
14d after collection.

Accurately weigh 10.00g of fresh sludge sample. Mix it successively with 3.00g of copper powder, an
appropriate amount of anhydrous sodium sulfate, 0.50g of graphitized carbon black (GCB), and 0.50g of primary-
secondary amine sorbent (PSA), and grind them evenly. Then add the purification internal standard solution. Next,
perform extraction using acetone-n-hexane (1 : 1, ¥/F) under conditions of 1500W power and 120°C. After the
extraction, separate and concentrate the extraction solution. Then, purify it through GCB/PSA solid-phase
extraction. Add the injection internal standard, and then analyze it by GC-MS/MS.

For gas chromatography, the injection port temperature was set to 260°C with splitless injection; the injection

volume was 1.0pL. The used chromatographic column was a DB-5 (15mx0.25mm, 0.1um), and the column flow
rate was 1.0mL/min. The temperature program was as follows: initial temperature of 120°C, held for 2min; then
increased to 220C at a rate of 20 °C/min and held for 1min and finally increased to 310°C at a rate of 10°C/min and
held for 2min. For mass spectrometry, the EI source was used as the ion source, with an ion source temperature of
240°C, ionization energy of 70eV, interface temperature of 280°C, and solvent delay time of 4.5min. Data
acquisition was performed using multiple reaction monitoring (MRM) mode. The chromatograms and mass
spectrometry condition parameters for data collection are shown in Fig.1 and Table 1.
Data and Results: (1) This study focuses on the detection of DP compounds in sludge. A comparative experiment
of direct extraction and extraction after drying was conducted on the same fresh water-containing sample. It was
found that the recovery rate of the wet sample was slightly higher (Fig.2). Therefore, direct extraction of fresh
sludge was adopted to improve efficiency.

In the optimization of sample extraction and purification, extraction experiments with different organic reagents
were performed, and acetone-n-hexane (1 : 1, V/V) was determined as the optimal extraction solvent, with a
recovery rate of 98.6%—108.7% (Fig.3). The effects of different temperatures and powers on extraction efficiency
were studied, as shown in Fig.4 and Fig.5 respectively, and finally 120°C and 1500W were selected as the optimal
conditions, with recovery rates of 92.1%—110.4% and 89.2%—107.3%, respectively. For purification, it was
determined that adding 3.00g of copper powder to 10.00g of sludge effectively removed sulfur. Simultaneously
adding 0.50g of graphitized carbon black (GCB) and 0.50g of primary secondary amine (PSA) in sequence
effectively removed interferences such as pigments and lipids. The GCB/PSA solid-phase extraction column was
used for further purification, with a recovery rate of 92.6%—105.3% (Fig.6).

The standard solution test showed that DP compounds exhibited good linearity (»=0.998), with a limit of
detection ranging from 0.017 to 0.040ng/g (Table 3). The average recoveries were 79.8%—99.5%, 86.2%—104.8%
and 91.2%-106.1% at low, medium and high concentrations, respectively (Table 4), with relative standard
deviations of less than 7%, meeting the analysis requirements.

Compared to methods used in the literature for determining DP compounds in soil and sediment, this method
faces the challenge of a more complex sludge matrix but offers several advantages. It can detect a wider range of
compounds, and its recovery rates are comparable to those achieved by pressurized liquid extraction technology and
superior to the traditional Soxhlet extraction method. In terms of detection limits, this method has a clear advantage
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over GC-MS, although it is not as sensitive as GC-HRMS. Microwave-assisted extraction processes 44 samples in
just 45min. Additionally, direct extraction of fresh sludge avoids issues associated with drying. The use of GC-
MS/MS technology effectively reduces interference from co-extracted compounds and minimizes the matrix effect,
providing an efficient, accurate, and practical detection method for analyzing sludge samples in sewage treatment
plants.

(2) DP has two conformational isomers, syn-DP and anti-DP. The ratio of its isomers is described by fractional
abundance. The contents of DP compounds in the sludge of 11 sewage treatment plants were measured according to
the methods. DP compounds were detected in the sludge of each sewage treatment plant. The total content ranged
from 31.4 to 195.6ng/g, which was similar to the values reported in the literature’®”. The quality control in the
experiment was strict, ensuring reliable results.

The distribution of DP compounds in the sludge varies. Concentrations may be related to local usage patterns.
As shown in Fig.7, anti-DP was the primary contributing monomer, while the content of Mirex was low. The
concentration of DP compounds in the sludge of Sewage Treatment Plant 1 was particularly high, possibly due to
the presence of an electronic waste dismantling base nearby™"). The average Jsyn value in this study was 0.27, which
was lower than that of DP products””). This may be due to the strong adsorption of anti-DP by the sludge or the
preferential degradation of syn-DP.

As shown in Fig.8, different water treatment processes affected DP compounds differently. Compared with
water treatment by the activated sludge process, the concentration of DP compounds in the A%O process was
significantly reduced (p<0.05), and its average concentration dropped from 135.7ng/g in the activated sludge process
to 75.2ng/g. Comparing the f;,, values obtained from different water treatment processes (Fig.8b), when the A%/O
process was adopted, the f;,,, value increases significantly (p<0.05), rising from 0.26 to 0.29.

Sk [7] Bao J S, Ren HM, Han J L, et al. Levels, tissue
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