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B E:miiEkesE #KkhasimmER L4y (OP) W RBEFRERE N 1106.5 yg - L & REKF
ST =ZRABEBEES11.7 pg- L7 EBRRHN53.8%., OPs WERETERAEEREMFERY, FFA M OPs
BB AT ER,. AR OPs UER BB =Q,3— 28 2RI ERM. BB KLEB BATBEER
CBE/K 35 U8 th R e BB T B R BE ) OPs, BB B E 16, 9~60. 7(ug » kg '). OPs KRB HHF B —
IR 43 BE B B 0 B4l (logKow) BLA B3R MM 1 (£ =0. 538 85) , X1 AA B K Kow fH i) OPs 5HAFH TR AR
B5R AR MR A L SR T S 8 e AR 5 K A B A B B R R

XEBR RT B KA T L B VIBBRBER LAY =55 WM

FESES X131.2 LEkARER A

BEHLHBREERLEY (OP) " Z A FHARMBER, K &AW OPs, WBR=(2—R) LMK
(TCEP) BB = &N E(TCPP) MBI = (1,3 — — & —2— WH )M (TDCP) X E F/EF A A, mIE | K
OPs, @M = (T &5 2 #) i (TBEP) B = T £ (TnBP) M BEER = K & s (TPhP) H B 4B R 7.
BT M 2008 4EFF IR » £ i 1R AR BELAR SF) 76 BR B8 55 R R 2% 1k (6 A 8 LB AR BELAR 0 iy A 7= B R Y B R E R 3.
E A A VLB R BRI ZE B p0 A P B B 1000 t/a, AN B—HREF=RAEY™ . 51 F OPs I REL
g ERmE AR, AR AS S OPs R . BB URBRS/EAEANRE LS. BT,
BEMFRAM - K0, B ERAKPT ZB OPs 7246, H AT, MR IA N IMAT 5 /K43 (WWTPs)
R#FAKH OPs By FBRFS.

AT BBAIEKEERGES OPs WER, AP FUER MM EHR LB KLH (RE-HFELTIOEN
HRAR ERBEH WK 6 F OPs 5K BB I 14 X BRI, I 41 4 A [/ OPs 75
K Ab P AR R BR AR
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1.1 #AFSHH

6 #" OPs #1#§ B Dr. Ehrenstorfer GmbH, Augsburg, Germany: TCEP, TCPP, TDCP, TnBP, TPhP,
TBEP. #fi8 =T 2t — d27 (TnBP—d27) ¥ § Cambridge Isotope Laboratories, Andover, MA, USA. &
5.2 B Z. Bg # By B Fisher Scientific, Shanghai, China. SZH B FI%##% HPLC &L b. LB A
7K ¥ 8 # 47k (Millipore, Bedford, USA). Oasis HLB @ #HZ B (200 mg,6 mL) g B Water Corporation,
Milford, MA, USA, EAHZEBUR B M A RE S U0 A LRk,
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1.2 #RRE

EHETTKAL BT AL T A T AR RS R, R AR X A 115K, R4 AT 100 J7, IR 45 X 18
105 km’. R FIR A i AL # T2 (Anoxic/Oxic, AO) , R H L BAE f1 40 7 t/d, SEFRALEEE Sy 50 T7 t/d, 15
KB TEZRBRRE LA BELE 1. 4 SL 56 50 5 A #E K 1 RE M 3 Bt . — U3 Ak O R BEK RS,
IR B R ERAR KT IAESR. 76 24 h G0 4 h REKFE—K HREEFHTRES. AN, R BREY
75 U FE B LR SR K 15 YRR S 15 /K AR B B 41 4 B33 38 (1. 2 mm, 45 mm, Whatman, UK) J§ BI#5 €
BEA R 4 CTEGRE. BREGERETRETE, HILAEN 180 pm KT 185 it G B B B
4 CTi#IRAE.
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1.3 HmPE

15 7K BE S V5 KBRS R A Oasis HLB EAHZEBUAE (200 mg,6 mL) FATHAL TR, &% SCEk 7 =0 A
I, A ZE B SEMRKIKT 4 mL Z 850 4 mL @47k iE L. B 200 mL R M5 KEE A A 10 pL 50 mg +
L™ TnBP—d27 fE R BN bR G K L AR AL, iE 4 mL » min™' ,B/5 A 5 mL BAUKIERE T, 7
R T 10 min, A 8 mL ZJEA RGN, e A X ZIET/EH 1 ml Z§5/7K(50/50,v/0) %4,
10 uL WK HPLC—MS/MS #17 E & 43 #7.

SRR & 5 JRAE FOR AR B A AT R, S U T iU ISR R AR R TR 0.5 g B
IMARBR 50 mL BREFZEBLESIHFMA 10 uL 50 mg « L' ToBP—d27 /24 B R AR, IIA
20 mL ZJE /K (25 + 75,v/o)VERRBGH , ZE I T BB A B2 30 min, Z| T 9000 r » min™"BJ.L 7 B 15
min, ¥ FERBOEZ B 500 mL FEMP. EEER 3K HEIB —HMAFZERPEABEAKERRE
500 ml.. R F Oasis HLB [E#HZE B (200 mg, 6 mL) LK EE.

1.4 UPLC-MS/MS 4 &#

B T/ERE L8 7 UPLC-MS/MS 4 #7 4 41, UPLC 447 % F§ ACQUITY UPLC, Waters,
USA, X HH G+ A Waters BEH C18 #:(2. 1 mmX50 mm,1. 7 mm, Waters). & 10 oL, R
BEE 45 C.RAZITHEIME,0.1% ZBAFEE 0.1% ZBHMZE M ERIWSIHE, HHE 0. 2 mL -
min . BEEVEBARE .0 min(40% B),2.5 min(40% B),4 min(50% B),4.5 min(50% B),7 min(80% B),
9 min(100% B),10.5 min(100% B),11 min(40% B),12 min(40% B).

1.5 REEH ’ 4

SR RS H (n=3), AN (n=3) , FERN (n=3) A RBIHME (n=3) T HEK. EEF N MIrHE
M 50 ng B9 OPs IR AR HEVE TR, BT B FE S B A TnBP-d27 fE K Bl A AR, W E 45 R EH . 21
B b R B &3 TDCP; TBEP fl TnBP (T {{#84 W B ; TCEP, TPhP 1 TCPP ¥4 6 i} , it & % & 4 7!
F(7.540.5pg s L7, (L5420, )pg » L7'HC2. 540, 3) g » L7 25 F1 045 191 450 38 0 3 S5 8% 0 4 31 4
53% ~102% M 89 % ~114%. KEEFIG IR OPs MR B IR JE A H(ER LT RAH. 6 F OPs X R . &
70 B A KR B s R LR L.
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2 #R5iTie

2.1 OPsERJ/KMBRPANRRREKFE
6f OPs E KA WHEKPHERE, RERBERELE 15.2~648.7 pg« L7, EETBEYH
TBEP, TCPP #1 TCEP, BB E B 648.7 pg » L™'.204, 2 pg + L7 F1 172, 3 pg » L7, 53X iR E 4
M A B ST R R BB v B/ 48 WWTPs(3700~4000 pg « L' TBEP,650~2000 pg » L™ TCPP)!'2, T
£ KT+ WWTPs(5200~35 000 ng » L~ TBEP, 6600~52 000 ng + L' TnBP,1100~18 000 ng *
L™ T CPP)!), 4R % F WWTPs K JFi £ vk BF 4% AR R ELi#t 7K B OP's 4375 $94E 264 — B, A, ZE 8K
TERPURETRERBREKN OPs, RBKEHEEE 16.9~60.7 pg - kg™, BREWE N 228.3 pg -
kg-1 , EE SR TCPP, TnBP A1 TBEP, KB W51 N 60.7 pg » kg ' .53.2 pg » kg ' 1 48. 0 pg »
g ' SERILIW IR (96. 7~1312. 9 pg » kg™ )P EHL (2. 2~4600 ng + g (1700 ~5100 ng *

”)“” BB (3870~4810 ng + g~ )% WWTPs BiKi5IR Y OPs REREAM L, %IS}HFEE%?E?WMI:E

Bk S OPs B i B YR BE 454 T 8K AKF.

#1 6 OPs WIEXRM(4), & E, RMWR(LODs, S/N=3)MB K=

s E R/ %
& r ¢ (ug*L7™H IBR/ (pg « L7
AL , KU/ (g B/ (g o 'Y
TBEP 0.9974 0.1~300 3 9914.4 85%6. 9
TCEP 0. 9994 ©0.1~300 1065, 1 102+8.0

TDCP 0. 9937 0.1~300
TnBP 0.9978 0.1~300
TPhP 0.9963 0.1~300
TCPP 0. 9991 0. 1~300

2.2 OPs EFKLBEERARBK
2.2.1 PFEEMEEREERLH OPs

TBEP WEBRFERELEREMTFEAN B, &3 RELH)E,65. 1% 8 TBEP o] LI 5. £33 i E 4
HJ5,4H 75%8 TBEP Al 83 #— £ =R BE K K 23 TBEP &R B3k BEA i in , H b &
JRBWE RN 194.8 pg+ L7 23 BIMNEFTIR/G , TBEP B E TS 96.6 g+ L', i TBEP ¥ 5 %
A JERERNT (B 2). 53R IES, 215K BB, A% 85. 1%/ TBEP Al IBi k. TnBP LB 5
TBEP Ml HEBREHTEE RS REH B AH 61.6 %K TnBP AIUEREM B =K. /5 &b
B, TnBP WERBKRERE REH BT, aﬁ%ﬁ 29.0% ) TnBP BB TETS K AL B 72 P B K BR.

2.2.2 S OPs

LR P B4 OPs X E A TCEP, TCPP #1 TDCP, #:# TCEP #1 TCPP 7 # 7k i i B Wk ¥ %%
F AR E 172.3 pg« L7'#1204.2 g« L' SR B/R, TCEP EREM B LB R H 12. 6%. EIFEH
B TCEP W REWRE N 94.4 pg « L7, BEREN 37. 4%, W IF A& T B9 LB A b %% TCEP. £ 1
K TCEP Wy i SREWRBE R 171. 8 pg « L7, 5 3 /K i B o B M b, TCEP #9952 BR = R ALK 0. 3%.
TCPP RRWETE AO TZMENH BB A BERM, 2435, TCPP HEKEM 204.2 pg - LT'BRE
196.0 pg + L7, {4 4%/ TCPP Hi % Bk. TDCP ZEH#H K P HE K FHRM ML R EWE N 15.6 pg »
L7 AO T2 9, 497 46. 9% iy TDCP R E M B REW % 2 1% . (B 7E RS W 2, TDCP # R B W E &
HREWHBE. Bk TDCP Mt REWKEN 7.5 pg « L7, B 51. 7% i TDCP 75K 4 353 8
REGSB XX (A 2).

2.2.3 EEBAK OPs .

TPhP 2R B B8 BB AF KBk SRR AEA 15.2 pg « L7 FHER 2.8 pg - L7, ZREE N 81 5%.
B TPhP RERERA#—SBK B -Gl il K TPhP REREAFTAE, XH 4.4 pg -
L7, B &H 74. 9% ) TPhP T A AO TZ EKB (A 2).

STREREH, 23 AO TE=ZGAHEE, BER MR EBR MK OPs(TBEP fil TnBP) 1% £ B/ H

89+3.6 58+3.4
99:6.5 95+1.7
101t+4.4 62+4.0
97+5.4 70%3.0
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OPs(TPhP) BB 7EAR R A2 E L 78 B £ 5. Bk TDCP 4b, & # OPs(TCEP il TCPP) & & ¥k F & A % 4 4
1k, 5 3CER R E — 3. Zeng FAEXBRILMBE G KA B #KME kP OPs REKE#HTNE, ERIESR
£ OPs %8 5 12 3| 2 5, i & AR OPs A9 & B Wk & A A & ", Rodil #1 Liang % % 3 TCEP, TCPP,
TBEP % OPs fEHi KPR B ER ZE R T HAKFERE HEWTTREH T ALHE T SHET AR
&K OPs BB BHE & ZE R MAER T HBBIRER T HKS OPs By B s gt
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AR E R &
B2 AOLZAf6FOPs 2 1%

LAY logKow IR E T H5E MG R KM GE ST, Rogers FR I AW logKow HTE 2.5 LT
i, W B B S FE 2. 5~4. 0 Z IR B B R M BE s KT 4. 0 BF, RBLH R RO IR B RE ™. 50
i 6 F OPs B logKow B & %Wk : TPhP (logKow=4. 59) > TnBP (logKow=14. 00) > TBEP (logK ow =
3. 75)>TDCP(logKow=3. 65) > TCPP (logKow=2. 59) >TCEP (logKow=1. 44). H ", TPhP #1 TnBP
W & 1 538 , TBEP, TDCP #1 TCPP R Bi i o %W fit B8 /1, TCEP iy fif 68 1 8¢ 55. 45 - K81, TPhP, Tn-
BP, TBEP ! TDCP 7 P& 4 By B i) J5t &t ¥ B 503 /K B B ok B8 9] B B, T TCPP A1 TCEP iy R B Wk E B A
B B AL, % OPs R 5K logKow 17 H M7 K B, P33 A7 78 BUT WO AH 44 (v = —42. 636 33+
25.014 88x, #*=0.539), R R AW KFEMW — /KB R LK OPs 55 M5 0845 G BT 800k , #E T RE 95 3
ST e RSV E R (LB 3. f st e B, TPhP, TnBP, TBEP #1 TDCP [ & ¥ B 49 B 1K,
KA P AR S EEE SR LR R EERRZ —.
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2.3 SKAEIERESD OPs WA HFIE

B 4 FHIHEKP OPs B BTRRRBRIE N 1106.5 pg » L', EE K TBEP(58.6%) , TCPP(18.5%) fl
TCEP(15. 6%). &R G4 G , A 46. 70019 OPs XK, OPs W B B WA FF 2 590 pg - L7, Ui H
OPs MEBREBRELE AO TZHREANR. £ ELH)E,0Ps BT RRBERE %S 349.8 g+ L7,
TCPP # TCEP Jy £% OPs, ifi TBEP (& 8 & 8k E 8 L6 T B2 16, 200, 33 BT R & M1 47 S 40 2 0T A
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A% &M TBEP.OPs M A FEFRBKE S “VIMEH AR (535.3 pg+ L7, A OPs(TCPP, TBEP
M TCEP) R X EB LY, 5 CBE - 2SN HFRLERF, HKP OPs B HEBRBWE N
511.7 pg » L™, TCPP, TCEP # TBEP N X BS54, IR/ HBE=ZRABE T L3 OPs REWABHER
MR, AR OPs 78 AO TE P LAA B E K.
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(1 AO TZ QAR OPs A B4 i £ WRER  AX R AL H OPs(TCPP 1 TCEP) A ¥ H £ R
BOR.

(2) OPs iy bR BB R A LR ARG AY B, AO TE P o H M IR 453 A B84 SR OPs 1R 8 IR FE.

(3) OPs (B %5 logKow KA BIF MK M 3 W1 7E R A 06 Y5 98 b iy R Y 4E FZ BB Wy OPs 7295 K
NBEETEBRHNERRR.
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Removal of Organophosphate Esters in Municipal Wastewater Treatment Process

PANG Long', ZHANG Xiaojing', PANG Rong?, ZHAO Jihong', ZHANG Hongzhong'

(1. Collaborative Innovation Center of Environmental Pollution Control and Ecological Restoration,
Zhengzhou University of Light Industry, Zhengzhou 450001, China; 2. Huanghe Science and
Technology College, Department of Medicine, Zhengzhou 450000, China)

Abstract: The total concentration of OPs in the influent of municipal sewage plant was 1106.5 pg * L™', and reduced to
511.7 pg + L' after treated by anoxic/oxic treatment process with the removal rate of 53. 8%. The removal of OPs was mainly
carried out in the anaerobic process and aerobic process, during which non-chlorinated OPs can be efficiently removed, but
chlorinated OPs were persistent and recalcitrant (except tri(dichloropropyl) phosphate). High concentration of OPs was also

. Significant linear correla-

detected in the dewatered actived sludge, and the concentration ranged from 16. 9 to 60.7 pé kg™
tions with logKow (2 =0.539) was observed in the AQ process, indicating that the OPs with high octanol-water partition co-
efficient (Kow) are prone to be removed by adsorbing on the residual actived sludge.

Keywords: wastewater treatment process; organophosphate ester compounds; distribution; removal



