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Abstract: A technique combining ultrasonic-assisted Fenton oxidation for the degradation of tri(2-chloroethyl) phosphate (TCEP)
was developed. The Box-Behnken response surface method was used to optimize the reaction parameters. The degradation pathways
and ecological toxicity changes of TCEP were investigated using density functional theory (DFT) -calculations, liquid
chromatography-mass spectrometry (LC-MS) analysis, and toxicity software (T.E.S.T.). The results indicated that under optimal
conditions (initial pH = 3, ultrasonic power of 360W, and oxidant dosage of 400mg/L), the ultrasonic-Fenton system was capable of
effectively degrading TCEP, achieving a degradation rate of 85.8%. Reactive species in the system, such as hydroxyl radicals,
preferentially attacked the reaction sites in the TCEP molecules with lower Laplace bond order (LBO) values (weaker chemical
bonds), higher negative surface electrostatic potential (ESP) values (higher electron density), and lower reaction energy barriers
(easier reaction occurrence), such as the P-O bond cleavage energy barrier of 126.56kJ/mol and the dechlorination reaction energy
barrier of 150.79kJ/mol. LC-MS analysis confirmed that the primary degradation pathways of TCEP involved P-O bond cleavage and
dechlorination. Toxicity assessment showed that TCEP itself exhibited high bioaccumulation potential and mutagenicity.
Hydroxylated intermediates generated during the initial degradation phase exhibited significantly increased toxicity, with the oral
LDsy in rats reaching the “toxic” level defined by T.E.S.T. (LDsy<50mg/kg), and potential developmental toxicity. However, toxicity
was significantly reduced after complete mineralization. The predictive modeling approach provided convenient and effective
theoretical support for the degradation pathways and ecological toxicity evaluation of TCEP.
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Table 1 Gradient elution procedure

5 7] (min) A HHEEH(%) B ML 1(%)
0 97 3
2 97 3
12 15 85
17 15 85
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Table 2 Experimental factors and levels

AKF - AYIGpHAE B ESIIEW)  CHEMAFENNE(mg/L)
-1 3 120 200
0 4.5 240 300
1 6 360 400

R 3 KRR E

Table 3 Experimental design and response values

AR B AFIH N TCEP F#fi#2

piiBun EYEEEESc avame/d IV by sl K E A =R 1NN
(H12 4 W50 A R B HIE AD):

Y =54.92-9.784+6.03B + 4.86C —5.854B + @
2.844C -3.31BC +5.37B* +4.01C*

TZENHIER 4, BB F A 47.94(P<
0.0001), 7 FAB AR 1 T F500 1 KT 99.99% EAZ 7K,
TR 3 (1. W BB R Ol 0.9840, 15 A5 7R T
I 25 5L 55 52 B 25 B A5 L 1R — 3k R AU I (P=
0.7253>0.05) A~ {2 3, Ui B A A B 2 15 Iz o & 2R 2 e
BN AT DU mi AR TN F RS B8 AT, X
TCEP [ A 6 11 5 M P2 1 K 21/ (1 R 25 HE Ak ik
JAB.C.H P 41,AB.C {5504 i 2 (P<0.001),
A HIG AB IR 2 3 (P<0.001). AC. BC 3%
M) 5 25 (P<0.05), Ll 73 AL B Fl C 2 [HA HAEH
(1) 53 M B .

RS A pHE A
W) C(mg/L) (%)
1 4.5 240 300 56.05
2 3.0 240 400 71.35
3 6.0 240 200 41.79
4 4.5 120 200 50.46
5 3.0 240 200 68.02
6 4.5 240 300 55.90
7 4.5 240 300 55.86
8 4.5 120 400 67.49
9 4.5 360 200 67.73
10 6.0 360 300 52.37
11 6.0 240 400 56.48
12 3.0 360 300 82.64
13 4.5 240 300 50.92
14 4.5 240 300 55.88
15 6 120 300 50.59
16 3 120 300 57.47
17 4.5 360 400 71.53

R4 WEHERERBFES
Table 4 Variance analysis of response surface quadratic
model
7 7K SFOARL HEE B FE P
TR 1661.41 9 18460 47.94 <0.0001 W3
A-¥I4 pHAE  765.38 1 76538 198.76 <0.0001
B-iEE T 291.13 1 291.13  75.60 <0.0001
C-HEAL AN 188.67 1 188.67 48.99  0.0002
AB 136.77 1 136.77 3552 0.0006
AC 32.26 1 3226 838  0.0232
BC 43.76 1 4376 1136  0.0119
A2 0.9560 1 09560 0.2483 0.6336
B2 121.37 1 12137 3152 0.0008
2 67.76 1 67.76  17.60  0.0041
hk 7 26.96 7 3.85
AL I 6.91 3 230 04599 0.7253 AEE
a7 20.04 4 5.01
MRS 1688.37 16
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Fig.3 The 3D response surface plots
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%5 TCEP AE{I=A)LBO &
Table 5 LBO values for different loci of TCEP

i LBO 4 i
1P-20  0.734271 | 6C-16H
1P-30  0.421613 | 7C-8Cl
1P-40  0.434327 | 7C-17H
1P-50  0.422678 | 7C-18H
30-9C  0.183493 | 9C-10C

LBO 4 i

0.846562 | 10C-22H
0.348922 | 12C-13C
0.843360 | 12C-23H  0.844402
0.844876 | 12C-24H  0.843779
1.035946 | 13C-14Cl1  0.363237
40-6C  0.166257 | 9C-19H  0.852823 | 13C-25H 0.843194
50-12C  0.177910 | 9C-20H  0.838150 | 13C-26H 0.844796
6C-7C  1.046319 | 10C-11Cl 0.356058
6C-15H  0.853302 | 10C-21H  0.844037

LBO ## %%
0.840869
1.055949
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7 TCEP 7} 11 CFF
Fig.7 CFF of TCEP molecules

# 6 TCEP AEMimHE) CFF
Table 6 CFF at different loci of TCEP

Atom  p(N)  p(NtHD)  p(N-1)  f f b
1(P)  0.5429 03521  0.6451  0.1022  0.1908  0.1465
2(0) -0.4793 -0.5722 -0.1655 03137  0.0929  0.2033
3(0)  -0.1935 -0.2747 -0.1377 0.0558 0.0812  0.0685
40) -0.1860 -0.2524 -0.1266 0.0594  0.0663  0.0629
5(0)  -0.1677 -0.2881 -0.1015 0.0662 0.1204  0.0933
6(C)  0.0483 00177 0.0753 0.0269 0.0307  0.0288
7(C) 00066 -0.0014 0.0172 0.0107 0.0080  0.0093
8(Cl) -0.1231 -0.1414 -0.0814 0.0417 0.0183  0.0300
9(C)  0.0465 0.0028 0.0710  0.0245  0.0437  0.0341
10(C)  0.0080 0.0010 0.0169 0.0089 0.0070  0.0079
11(Cl) -0.1233 -0.1541 -0.1065 0.0168 0.0308  0.0238
12(C)  0.0479 -0.0001 0.0781 0.0301  0.0481  0.0391
13(C)  0.0126 -0.0023 0.0211 00084 0.0150 0.0117
14(Cl) -0.1203 -0.1565 -0.0610 0.0593  0.0361  0.0477
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Fig.8 Transition—State Theory—-Based TCEP Reaction Energy Barriers
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Fig.10 Calculation of the biological toxicity of TCEP and all possible intermediates formed during its degradation process
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