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Abstract: This study introduces a dual element stable isotope analysis approach to establish com-
pound-specific carbon and chlorine isotope analysis methods for tris (2-chloroethyl) phosphate (TCEP) ,
aiming to elucidate its anaerobic microbial transformation mechanism. By optimizing the extraction
and purification procedures, high recovery(96. 3%) and low matrix interference were achieved, and
the 6”C values of TCEP in pretreated samples measured by gas chromatography—isotope ratio mass
spectrometry (GC—IRMS) differed from those of the reference standard by no more than 0. 5%o. A
compound-specific chlorine stable isotope analysis method for TCEP was developed using gas chroma-
tography—quadrupole mass spectrometry (GC—qMS). Through optimization of analytical conditions,
optimal signal-to-noise ratios were obtained at TCEP concentrations of 5 mg/l., a dwell time of 50 ms,
and an ion source voltage of 300 V, with standard deviations of chlorine isotope ratios ranging from
0.000 11 to 0. 000 28. Application of the established method to an anaerobic microbial transforma-
tion system of TCEP revealed significant carbon and chlorine isotope fractionation, indicating that
C—Cl bond cleavage is the rate-limiting step in the transformation process. This method provides a

robust technical foundation for in-depth investigation of the transformation mechanisms and environ-
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mental behavior of chlorinated organophosphate esters.
Key words: organophosphate flame retardants; stable carbon isotope; stable chlorine isotope; du-

al element isotope analysis; reaction mechanism
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Fig. 1

Full-scan mass spectrum of TCEP(A); chromatograms of eluate fractions obtained using different chromatographic purifi-
cation methods(B=D); isotope measurement spectra of TNPP and TCEP in the microbial degradation samples (E)
B: purification method 1; C: purification method 25 D: purification method 3
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10 mL Hex 0.0 0.0 10 mL Hex 0.0 0.0 16 mL Hex 0.0 0.0
5 mL Hex 0.0 0.0 5 mL Hex 0.0 0.0 16 mL Hex 0.0 0.0
5 mL Hex 0.0 0.0 5 mL Hex 0.0 0.0 5 mL EtAc 0.0 0.0
10 mL Hex 0.0 0.0 10 mL Hex 0.0 0.0 5 mL EtAc 3.1 0.0
15 mL EtAc 37.6 0.0 15 mL Hex 0.0 0.0 5 mL EtAc 92.0 24.6
15 mL EtAc 62. 1 98.3 15 mL EtAc 29.0 0.3 5 mL EtAc 3.4 68.0
15 mL EtAc 0.3 1.7 15 mL EtAc 71.0 97.2 5 mL EtAc 1.5 4.2
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Fig. 2 Chlorine isotope ratios of OPEs under different TCEP concentrations(A ) ,

residence time(B) and ion source voltages(C)

mean values are shown as red horizontal lines, while the purple and yellow error bars represent the standard deviations of repeated measurements

for TCEP and TCEP-D1», respectively
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Fig. 3 Changes in concentrations of the substrate and products, and mass balance(A), carbon and chlorine isotope enrichment

factors of TCEP(B) during the process of converting anaerobic microbial strain 8E-mediated into TCEP
VLEZSRFRY], AWETSENL R AT BOR 0T UA RS TCEP Sl E WAL Fena e . SR 103K HufE
Ak, AR EIA N A A E S BN T EEE, O TCEP RUAEY LS R AT S0 T A3 F B
SR, R Tk O SRR L3 A L S W R bR i, TC R A I 50 P A ) s [ 37 3R B A% 1 2
PRFRHEREE, BrLATCIEE T AN SRR R LR /N E AT, A —RERR R BRI 7 AT 8 B H

3 & it

AWEGEIENL T B X TCEP 89 SR BRA SRS E R AR T 07 ik o Hedr, BRIRIAZ 3R 04T 07 14 2l
ALK HTAC B AR, PR 7 BRI B mICR A, S I BOH TCEP B SRS GC-IRMS 7>
Frietlt ¥ 2% . M GC-gMSAREAS . TR SEEL 7 TCEP WS LR 404, 4 TCEP i B2 ¥ il 78
5 mg/L. FERABFEIEA S0 ms, & FURHE R 300 VI, RIARAMEME I . or PR i AR R 2 R i
R LB E 25 5 . WIE, BB ¥ B H T TCEP W AT AE WAL, R BULE TCEP P4 E:
i R P AR R IR AL 010, R C—ClIEEM IR T e R b Ry IR P IR . 25 b, AR
W5 T ) AR R R AT ik, A fRE Cl-OPEs ZERAE Wt A R b ) 2 B LERR AL 745 i
BORTF B ARSI FRE% 07 150 T A 2RI SRR Sl b, FFE— PR R HAE A o7
FeAbimte (WK . o) B



842 SR AR (http://www.fxesxb.com) o453

Sk

[1] Greaves A K, Letcher R J. Bull. Environ. Contam. Toxicol., 2017, 98(1): 2-7.

(2] Blum A, Behl M, Birnbaum LS, Diamond M L, Phillips A, Singla V, Sipes N S, Stapleton H M, Venier M. Anal.
Bioanal. Chem., 2019, 6(11): 638-649.

[3] Maddela N R, Venkateswarlu K, Megharaj M. Environ. Sci.: Proc., 2020, 22(9): 1809-1827.

[4] Tian DD, YuYH, YuY Y, LuLZ, Tong D F, Zhang W X, Zhang X Y, Shi W, Liu G X. Environ. Sci. Technol.,
2023, 57(24): 9043-9054.

[5] Zhu X F, Deng S F, Fang Y, Yang S, Zhong Y, Li D, Wang H L, WuJ H, Peng P A. Environ. Sci. Technol.,
2022, 56(3): 1951-1962.

[6] Zhou X Y, LiangY, Ren G F, Zheng KW, WuY, Zeng XY, Zhong Y, YuZ Q, PengP A. Environ. Sci. Technol.,
2020, 54(9): 5489-5497.

(7] Liang Y, Zhou XY, WuY D, WuY, GaoST, Zeng XY, YuZQ. Water Res., 2022, 218: 118464.

[8] Elsner M, Zwank L., Hunkeler D, Schwarzenbach R P. Environ. Sci. Technol., 2005, 39(18): 6896-6916.

[9] Chen G, Shouakar-Stash O, Phillips E, Justicia—Leon S D, Gilevska T, Sherwood L B, Mack E E, Seger E S,
LoFfler F E. Environ. Sci. Technol., 2018, 52(15): 8607-8616.

[10] Hofstetter T B, Schwarzenbach R P, Bernasconi S M. Environ. Sci. Technol., 2008, 42(21): 7737-7743.

[11] AbeY, AravenaR, Zopfi J, Shouakar-Stash O, Cox E, Roberts J D, Hunkeler D. Environ. Sci. Technol., 2009, 43
(1): 101-107.

[12] Wiegert C, Mandalakis M, Knowles T, Polymenakou P N, Aeppli C, Machackova J, Holmstrand H, Evershed R P,
Pancost R D, Gustafsson O. Environ. Sci. Technol., 2013, 47(12): 6449-6456.

[13] Torrento C, PalauJ, Rodriguez—Fernandez D, Heckel B, Meyer A, Domenech C, Rosell M, Soler A, Elsner M,
Hunkeler D. Environ. Sci. Technol., 2017, 51(11): 6174-6184.

[14] LiuY Q, Kiimmel S, YaoJ, Nijenhuis I, Richnow H H. Water Res., 2020, 184: 116128.

[15] Zhang Y T, ZengY H, Huang C C, PanZ ], JiangY Y, LuQH, WangS Q, Tian Y K, Gao ST, Luo X J. Envi-
ron. Pollut., 2025, 368: 125826.

[16] Schmidt TC, Zwank L, Elsner M, Berg M, Meckenstock R U, Haderlein S B. Anal. Bioanal. Chem., 2004, 378(2):
283-300.

[17] Elsner M, Jochmann M A, Hofstetter T B, Hunkeler D, Bernstein A, Schmidt T C, Schimmelmann A. Anal. Bioanal.
Chem., 2012, 403(9): 2471-2491.

[18] Blessing M, Jochmann M A, Schmidt T C. Anal. Bioanal. Chem., 2008, 390(2): 591-603.

[19] Wu L P, Chladkova B, Lechtenfeld O J, Lian S, Schindelka J, Herrmann H, Richnow H H. Seci. Total Environ.,
2018, 615: 20-28.

[20] Xiong J K, GuoY, ChenSY, WangZC, LiGY, GelmanF, Wen M C, Gao Y P, AnT C. J. Environ. Chem. Eng.,
2025, 13(3): 116223.

[21] Cincinelli A, Pieri F, ZhangY, Seed M, Jones K C. Environ. Pollut., 2012, 169: 112-127.

[22] Bernstein A, Shouakar—Stash O, Ebert K, Laskov C, Hunkeler D, Jeannottat S, Sakaguchi—Soder K, Laaks J, Jo-
chmann M A, Cretnik S, JagerJ, Haderlein SB, SchmidtT C, Aravena R, Elsner M. Anal. Chem., 2011, 83(20):
7624-7634.

[23] Van Acker M R M D, Shahar A, Young E D, Coleman M L. Anal. Chem., 2006, 78( 13): 4663-4667.

[24] Renpenning J, Horst A, Schmidt M, Gehre M. J. Anal. At. Spectrom., 2018, 33(2): 314-321.

[25] Sakaguchi—Soder K, Jager J, Grund H, Matthiius F, Schiith C. Rapid Commun. Mass Spectrom., 2007, 21(18) :
3077-3084.

[26] JinB, LaskovC, Rolle M, Haderlein S B. Environ. Sci. Technol., 2011, 45(12): 5279-5286.

[27] Aeppli C, Holmstrand H, Andersson P, Gustafsson O. Anal. Chem., 2010, 82( 1): 420-426.

[28] Heckel B, Rodriguez—Fernandez D, Torrento C, Meyer A, PalauJ, Domenech C, Rosell M, Soler A, Hunkeler D,
Elsner M. Anal. Chem., 2017, 89(6): 3411-3420.

[29] Huang C C, Tian Y K, ZengY H, RenZ H, Luo X J, Mai B X. J. Chromatogr. A, 2020, 1634: 461715.

[30] PonsinV, Torrento C, Lihl C, Elsner M, Hunkeler D. Anal. Chem., 2019, 91(22): 14290-14298.

[31] Tokumura M, Miyake Y, Wang Q, Nakayama H, Amagai T, Ogo S, Kume K, Kobayashi T, Takasu S, Ogawa K.
J. Environ. Sci., 2018, 53(5): 475-481.

[32] ZhaDP, LiY, Yang C M, Yao C. Environ. Monit. Assess., 2018, 190(4): 222.

[33] Huang CC, HongZ Y, JunL X, HeRZ, Hong LQ, KuanTY, Tao GS, Quan W S, Stuart H, Xian M B. Water
Res., 2020, 182: 115977.

[34] Werner R A, Brand W A. Rapid Commun. Mass Spectrom., 2001, 15(7): 501-519.

[35] Fialkov A B, Steiner U, Lehotay S J, Amirav A. Int. J. Mass Spectrom., 2007, 260(1): 31-48.

[36] LiulJ, WeiL Q, Zhang D, Tang L, Liu Y Q, Jing L Q, LiuJ D, Yang S T. Sci. Total Environ., 2022, 846:
157462.

(whEREE. T %)



