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Abstract Halogen-containing flame retardants are extensively used in the production of various
electronic products, which will inevitably be discharged into surface water, causing cumulative
pollution, and threatening the safety of the aquatic environment for their persistent stability and

biological toxicity. Thus, it is urgent to explore effective degradation and detoxification methods. In
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this study, the Gaussian and ECOSAR models were employed to predict the performance of three
typical halogen-containing flame retardants including TCBPA (tetrachlorobisphenol A), TBBPA
(tetrabromobisphenol A), and DBDPE (decabromodiphenylethane) in ultraviolet excited
hypochlorous acid (UV/CI) systems for evaluating their photocatalytic oxidation degradation
pathways and products toxicity. The results showed that the chlorine-containing radicals (RCS) and
hydroxyl radicals (-OH) in the UV/CI system were prone to attack the sites with lower bond energy
and higher Fukui index on the molecular structure of the flame retardant, which promoted the
degradation of flame retardants through the cleavage of C—CIl Bonds, C—Br bonds, C—C bonds,
etc. Meanwhile, the ECOSAR model was used to evaluate the acute toxicity LCs;-96 h of the
degradation products, which were all lower than 100 mg-L', and proved the effectiveness of
halogen-containing flame retardants in the UV/CI process and reduced their environmental hazards.
Therefore, the combined analysis method of Gaussian calculation and ECOSAR model conveniently
predicted the degradation path and product toxicity characteristics of flame retardants, and provided
new insights into further revealing the mechanism of photocatalytic oxidation degradation of
halogen-containing flame retardants in UV/CI system.

Keywords  Gaussian, Fukui index, ECOSAR, halogen-containing flame retardants,

ultraviolet/hypochlorous acid, biological toxicity.
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1 MRS )7 (Materials and methods)

1.1 BEREMTHE

i 1t GaussViews.0 #4) £ 75 (<1 BRI 45 4 40 4544 5, 168 JLAT Ak 5 3R sh 3R 43 M7 (Opt+Freq) , LA
WY R EEIE (DFT) R3Eall, i B3LYP Jrik, SE4UKF 5 E M 6-31G (2df, 2p), BEE 100 MB HY3T
BAEAEZS B FH T RAF input SCEF, IF input SCEEFE Gaussian 09W 3144 HR T, K516 21 1K 58 (maxcycle )
BB N 200, LUBG LR T 25 J ) HERR 1 . Gaussian 0OW T8 58 W, B 5 <1 B 77 4% 2H 43 45 K 1Y) out 3C
PR EE RS A SR (D) AT, B Al 5 T 24 A A B8 8 40 1 40 T e 1 2 AU BRI AR Ak 5 9 1
Sy FRE R, B A Ak 2 B A e .
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BT R B0 (DFT) sl i Multiwfn F2 77 7153 1 3& & 5 BR#A R A9 Fukui $5 %1 Fukui 18 80245
T F R A H R A AR AT 51 S ) 20— Hh A0 F 2 B8 PR RS A6 2 27, RE RS HR AL o A AR B Bk 2
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ECOSAR B4 Bl A A Al 7K A 75 1 B d A R WO R e 2 —, OF FL3E 3K ECOSAR #4- A4) Tl (i
5 LIRS AT HAE, IESE T BECOSAR R AF 14l 5 4 K A7 20 [ IR ] ECOSAR Version 2.0
(2000-2016 U.S. Environmental Protection Agency ) 4K {4 fE 1% T 7 xi BELIZR 751 e i = %o (0 28 0 23 1, 38
Tk BE PR B A W T FUI 1% BELIA 590 S FL R = v A S A8 KT

2 5 5316 (Results and discussion)

2.1 BHERF & AL or s Re o BT

Gaussian 09 X BH A 71 25 7 55 BE R AT B 45 R 3% 1 fros, 7T LLR L 7E TCBPA 45 14 i, 4
C5—Cl13, C8—CI15 f) 4 fE &% /Iy, ¥ & 256.0496 kJ-mol ™, 4 fE % #2 IF A & A C1 —Cl14,
C10—Cl16, BATHIEEAER N 261.7385 kI mol ™!, 3X 4 /5 A% # GEAT HAB A AR, BAS Z 8 A Iy
T 0 P2 AR B L B A& S 7. E TBBPA £5#4 R, C9—C10, C9—C11 45+ i RE e /N P4, HL
WS R BERE B2, 0 1) oh 272.2355 kI-mol ™, 272.6038 kJ-mol ™", [Rl 133X 6 4™ 5 by 24 BT o5 A RE R AR A T
HsE /)N, B 5 Wi, 76 DBDPE 4544, H/NEERERY C1—C2 {U°h 258.8407 kJ-mol ', AL Z N
W%, 7E UV/CHA R a2 3 RCS (TG PR A B 2E) . -OH 4§ A M A iy 8oy i Pl gtk fe K.
2.2 Fukui $8 55053 A1 T 00 A2 ST 467 pi1

Fukui F8 55 A~ BUE RE WS R AL TG A7 2532 2] [t SETC (e ) B B, -0 BB B R R B R 25 &) 2
FNEAME B i BT, R, ST 1 51 Fukui $5 %1, X BE TN BT AR 7 A VEE AR M I AAASE.
W3 AT e 2 T L& R, fE TBBPA &5 44 w1, {v 45 Bri8(f-=10.1164 ), Br20(f-=0.0889 ), Br21(f- =
0.0814 )1 f-18 By, 5450 SRR IR 07 2 FE AR W) & FF TCBPA 4544 (38 3) i, 45 ClI3 (f- =
0.0685) . Cl14 (f-=10.0765) . C115 (f-=0.0685) . C116 (f-=0.0765) [ f~H5 KR ® T4, B, 76 UV/CL {4
i, LR IUA SR 4 5 32 B RCS 5 -OH Wy iy, 538 1 8 fe 1153 B 0l 9 o7 o B A — 3. 78
DBDPE 25#) (3 4 ), HAA Fe i 09 A48 800 A7 158 Bro (£ =0.0909 ), Br10 (2 =0.0841) , Brl2 (f- =
0.1009) . Br21 (£ =0.1009) . Br23 (f-=0.0841) . Br24 (- =0.0908), 5 Gaussian 315 ! i) DBDPE %% #4
) B RE AR A 2 AU &, SN T R it A b B 25 ) o AR M L
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Table 1 Different point bond energy distribution of each flame retardant

7 15 #iE/(kJ-mol )
Sites Bond energy

DY R A 5C-13Cl 256.0496
8C-15CI 256.0496
1C-14Cl 261.7385
10C-16C1 261.7385
19C-21C 273.4115
19C-20C 273.4115
s 3C-19C 329.8949
on 12C-19C 329.8952
170-26H 364.9065
180-27H 364.9082
20C-30H 450.0166
20C-28H 450.0167
21C-33H 450.0167
21C-31H 450.0168
20C-29H 450.0169
et o 21C-32H 450.0169
H28 6C-170 454.1277
2C-22H 496.3993
11C-25H 496.3993
4C-23H 500.8255
7C-24H 500.9393
9C-180 527.4504
PUTE AR A 9C-11C 272.2355
9C-10C 272.6038
9C-12C 331.2436
6C-9C 331.2438
14C-21Br 343.9736
4C-18Br 345.0387
8C-19Br 351.9484
16C-20Br 352.7075
10-22H 366.4833
il : 20-23H 366.8199
'\ cu y - 4 11C-29H 449.7797
11C-30H 449.7797
2 11C-31H 449.7797
10C-26H 449.9446
10C-27H 449.9446
AL 10C-28H 449.9446
15C-10 461.6979
3C-20 461.9418
17C-33H 494.5618
5C-24H 4952022
7C-25H 498.5851

13C-32H 499.4345
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FRZIR Ok 1c-2C 258.8407

6C-11Br 318.5690

17C-22Br 318.5690

7C-10Br 320.1635

s Br20 Bl 16C-23Br 320.1635

5C-12Br 321.4881

\\\ 1o 18C-21Br 321.4881

= ot 5 4C-13Br 321.5290

‘ 19C-20Br 321.5290

d D s lCV7 8C-9Br 322.8489

Hh cis T\t 15C-24Br 322.8489

° 1C-25H 407.1854

Br24 Br23 2C-27H 407.1854

Bri0 2C-28H 407.1854

1C-26H 407.1857

1C-14C 433.1090

2C-3C 433.1090

R2 DUBXUH A K] s Fukui 7644
Table 2 Fukui index at different points of tetrabromobisphenol A
BT b .
Atom Serial number ) 9 v 7m0 - Jr

Br 18 —0.0369 —0.1557 0.0795 0.1164 0.1188
Br 20 —0.0259 —0.1863 0.063 0.0889 0.1604
Br 21 —0.0338 —0.1413 0.0476 0.0814 0.1075
Br 19 —0.0224 —0.1674 0.0479 0.0703 0.145
(6] 1 —0.1869 -0.2114 —0.1251 0.0618 0.0246
(6] 2 —0.1872 —0.2116 —0.1254 0.0618 0.0244
C 3 0.0682 0.0499 0.1125 0.0442 0.0183
C 15 0.0682 0.0493 0.1119 0.0437 0.019
C 6 0.0004 —0.0094 0.0379 0.0375 0.0098
C 12 0.0006 —0.0096 0.0374 0.0367 0.0102
C 4 —0.0079 —0.0364 0.0246 0.0325 0.0285
C 16 —0.0147 —0.054 0.0127 0.0274 0.0392
C 7 —0.0447 —0.065 -0.0179 0.0268 0.0203
C 17 —0.0489 —0.0692 —0.026 0.023 0.0202
C 14 —0.0055 —0.0297 0.0124 0.0179 0.0242
C 5 —0.0457 —-0.067 —0.0287 0.017 0.0213
C 13 —0.0417 —0.065 —-0.026 0.0157 0.0233
C 8 —0.0115 —0.0451 0.0039 0.0154 0.0336
C 10 —0.0826 —0.0885 —0.0728 0.0098 0.0059
C 11 —0.0833 —0.0887 —0.0735 0.0097 0.0054
C 9 0.0304 0.0271 0.0333 0.0029 0.0033
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Table 3 Fukui index at different points of tetrachlorobisphenol A

Jir FF5 : :
Atom Serial number 1m0 7 (w0 7m0 /- Al
Cl 14 —0.0648 —0.2085 0.0118 0.0765 0.1437
Cl 16 —0.0648 —0.2084 0.0118 0.0765 0.1436
Cl 13 —0.0652 —0.1624 0.0033 0.0685 0.0972
Cl 15 —0.0652 —0.1623 0.0033 0.0685 0.0971
(6] 18 —0.1842 —0.2135 —0.1166 0.0676 0.0294
(¢} 17 —0.1842 —0.2135 —0.1166 0.0676 0.0293
C 9 0.0695 0.0423 0.1167 0.0472 0.0273
C 6 0.0695 0.0423 0.1167 0.0472 0.0272
C 3 0.0015 —0.0144 0.0426 0.0411 0.0159
C 12 0.0015 —0.0145 0.0426 0.0411 0.0159
C 1 0.0086 —0.0291 0.0407 0.0321 0.0377
C 10 0.0086 —0.0291 0.0407 0.0321 0.0377
C 2 —0.0481 —0.072 —0.0222 0.026 0.0239
C 11 —0.0481 —-0.0719 —0.0222 0.026 0.0238
C 5 0.0195 —0.0063 0.0413 0.0219 0.0258
C 8 0.0195 —0.0063 0.0413 0.0219 0.0258
C 7 —0.0421 —0.0598 —0.0225 0.0195 0.0177
C 4 —0.0421 —0.0597 —0.0226 0.0195 0.0176
C 20 —0.0828 —0.0884 —0.0723 0.0106 0.0055
C 21 —0.0828 —0.0884 —0.0723 0.0106 0.0055
C 19 0.0306 0.026 0.0339 0.0033 0.0046

F4 TRTHECLEAIR SAL Fukui 55
Table 4 Fukui index of decabromodiphenylethane at different points

J5EF T . .

Atom Serial number g q (n+1) g (N-1) Vi St
Br 12 —0.0037 —0.0893 0.0972 0.1009 0.0856
Br 21 —0.0037 —0.0893 0.0972 0.1009 0.0856
Br 9 0.0079 —0.0547 0.0987 0.0909 0.0626
Br 24 0.0079 —0.0547 0.0987 0.0908 0.0626
Br 10 —0.0042 —0.0874 0.0798 0.0841 0.0831
Br 23 —0.0042 —0.0874 0.0799 0.0841 0.0831
Br 13 0.0122 —0.0545 0.0741 0.0619 0.0667
Br 20 0.0122 —0.0545 0.0741 0.0619 0.0666
Br 11 —0.0016 —0.1035 0.0537 0.0554 0.1018
Br 22 —0.0016 —0.1035 0.0537 0.0554 0.1018

5 —0.0054 —0.0219 0.0204 0.0258 0.0165
18 —0.0054 —0.0219 0.0204 0.0258 0.0165

C
C
C 8 0.004 —0.0086 0.0265 0.0225 0.0127
C 15 0.004 —0.0086 0.0265 0.0225 0.0127
C

7 —0.0052 —0.0212 0.0131 0.0184 0.016
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Atom Serial number 1m0 (v 7m0 - al
C 16 —0.0052 —0.0212 0.0131 0.0184 0.016
C 4 0.0037 —0.0099 0.0219 0.0182 0.0136
C 19 0.0037 —0.0099 0.0219 0.0182 0.0136
C 6 —0.0037 —0.022 0.0036 0.0072 0.0183
C 17 —0.0037 —0.022 0.0036 0.0072 0.0183
C 3 0.0059 —0.0017 0.0109 0.0049 0.0076
C 14 0.0059 —0.0017 0.0108 0.0049 0.0076
C 1 —0.056 —0.0611 —0.0541 0.0019 0.0051
C 2 —0.056 —0.0611 —0.0542 0.0019 0.0051

2.3 L UV/CHRZR T 0 B ™ 4 s A7 Y0

#£ UV/CL{K Z 1, RCS 5-OH X} TCBPA R fifde 3= 2 EH, i T C5—Cl113, C8—CI15 By HE
I, RCS 5 -OH B Bt X A7 a5, o7 05 Bl 2 9 -OH B, B2 [ i i F— 25 3847, TCBPA I Ay
dE— 2 Wi S, BEAR AR N 1(A) FirzR, TN B e 7= 9 5 Wan 4657 (1) SC B0 F 5% U 15— 2. TBBPA 45
Fyrh, 8 CO—C11 M REfe/D, BIILTE UV/CLIA R iy RCS 5 -OH i Hi K244 B1. B4 Pi#k4r, B4 i
1 -OH M S ALAE F 7= A TS M T 0E— A5 e A Sy, B A A i A2 A &) 1(B) FIf/R . 60 58, B =4
Y5 Guo S0P SIS IR 4510 FEA — B, TR BGIE T SOV AR R ) RCS F1-OH 2 XA REFAIC, RIS PR
e P S HEAT Moy OB AR R RCS 5 -OH X YRR i iy C1—C2 #E AT X0, i 7 & ik | ALk,
{#i DBDPE 7 [ ff i B b = AE — R AV F# 8 L WA 5 BRI, W& 1(C) Frzs. Bl B i 7= ) 5
Chen 251~ S IO BIF 57 (1) i B AR P 0 A — B0 IR, ELA IR R S5 e o A4 B o s TG PR T i, A
Pl X 33— SV A P S 7 1 R, B R S ) b AT

COH,0 —

OH
]-» COy+H,0

HO.
OH

15 14 15 14 [¢]

1 B7

B4 B5
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Brl1 site

—

Brll site

D2

L+ CO,+H,0

DI1
B 1 UV/CLAZ T IS A(TCBPA)(A) . PO XS A(TBBPA)(B) 1R — % 2. %% (DBDPE)(C) F&fi# i 42 /3 Bt

Fig.1 Degradation path analysis of TCBPA(A), TBBPA(B) and DBDPE(C) under UV/CI system

24 4% BU AT 025 537
R

JI ECOSAR HAF XS AEALL 4 14925 BELASA R (0 e it = W0 EAT 1 BEAE AR S5 20 B (11 2), T AR

H £ 2EFE TCBPA BT 96 h JA B LCso by 0.06 mg-L™", BLAT 4 5 By 251k, SR il i UV/CLHA R
B S AL 1 T, TCBPA F% £ 7= 4 i) 5 P AH 4 F TCBPA A< B B g T %, JuH & ™% C6 1Y
LCso 4 4230 mg'L™". 4N[& 2(B) fif 75, 125 7F TBBPA ¥ 1 96 h J5 119 LCsy t35 0.023 mg'L™, B7s
TBBPA (1) Bt 7= ) 1 Pk Bl B () 32 A 0047, B T 35 M RRAIG, 74 B3, B6. B7 1Y LCso 23514
3.28x10%, 2.43 x 10°, 1.68 x 10° mg-L™', #iAF] T L E K.

% [FE3 0.01 ES
Toxic Fish ok ERREA w. Fish
s . A
0.1F DS ERA NS TBBPA RN
TCBPA  wh s A% N
s ‘\\\\:\\ —Cl1 ~ 1 Toxic o ‘\\i\ B
2 r N [—C2 L ) B
] 5 —c g R — B3
= qof - —C4 X - 7 %Harmful \ Ba
S \ —C5 2 r . Iy
(=3 : )
5 % Harmful \‘\ e c'é 2 =
S toof ) S 1000 A o
J62#Not harmful \ | v
1000 i 100008 J#Not harmful
k 100000 0
10000
1078 =
C Lameagmeps,
b RREERZE & g
10 DBDPE, M, [ioh
107 | ﬁﬁ \I\‘\\:\\\\‘\
—~ 5| Toxic TN —Dl1
I 10 R —m
g 107 PR —D3
=Rl R —— D+
= b —Ds
g 102 F T D6
SERTIR . —D7
- “:\ —D8
T " —D9
;
10 -~ |—DI0
™ £ %Harmful ‘\. DI
F6FENot harmful

2 PO A(TCBPA)(A), FOIR AL A(TBBPA)(B) Fi+8 — 7K Z%¢ (DBDPE)(C) 7E UV/CL K Z T B fift 7= 4 (i 2 4k
Fig.2 TCBPA(A), TBBPA(B) and DBDPE(C) reduce the toxicity of the despolyte in UV/CI systems
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FEE 2(C) Hr, %t T DBDPE K i, fa287E HIE W 1 96 h i LCsy 4 2.8 x 10 mg L™, BRI 2 KT
TCBPA 5 TBPA, {H fiz 243 i:b UV/CLAA 5 755 50 (1) B % , DBDPE [ fiff 7 4 1) 2 Pkt 3% A2 BE K, D11 Y
LCso ik 8 T 124 mg-L ", 3 1 XF 45 55 11 BELIR 500 %) % g 7= 4 2 M4 00, D B UV/CL IR & A 7= A )
RCS 5-OH Hifi T B RBR AR A A0 o, Wi AT R A DRIIL, UV/CT A 200 B o BELAA 700 EL A oo 2 1) ok i
R, TR) B AR A 7 4 ) B PR A P A kR

3 %512 (Conclusion)

(1) 3% W58 38 #F Gaussian 09 # A1 Mutiwfn F2 /3 %F 3 Fl #7119 5 1< BH A 51 (TCBPA. TBBPA.,
DBDPE) At Fukui #5888 AT, SE I3 13 FLAE S BT 45 fh S A A T S 348, 0 1S 45 B At s 42
=Y.

(2) ECOSAR # A4 2 F-Aili B fife 7= 40 7K A 35 1 3800 49 A 280 AT 5 0 T 5L i i 92 38 8 ECOSAR
Version 2.0 (2000-2016 U.S. Environmental Protection Agency ) 8 {4 X & i FHIR 7 18 3 vt r= Wy b 4 7 B 7
5553 HT, A5 H BELR R0 e At 7= 0 1) P 240K BELJA R0 B0 R 1) DA 45 21, 08 Bl 3k UV/CL IR R R fie 5
REAR 5 1] A 55 AR AE 1 R B f 5

(3) 45 R PR AR 15 342k ok ELASR 51 14 B8 ft S 420 AR B 2 T S i 52 4 1 0 S 6 0 T, L3 o AR s 36
I 1) 5 i ANA RS SR IF 5 S AR (87 (58 A 001 A2 v, S BN 8 i BELAER ) B b el A 5 T P LTS
YR fif WL AN = 1 B P R T

2 % K (References)

1] Ruki, s2ak, S5 L, 2. v R PRIE b pa AR R B9 75 Qe BLAR S s gt g D], BRIR4E 75, 2017, 36(11) : 2408-2423.
ZHU B Q, SHI W, HU G J et al. The pollution status and research progress on halogenated flame retardants in China marine
environment [J]. Environmental Chemistry, 2017, 36( 11): 2408-2423(in Chinese).

(2] HZ,BPET, R, 5. B8R R R R PR TS Qe SRR R (1], RBE 4k, 2021, 40(1): 83-101.

TONG Y, CHENG Y X, WU G Y, et al. Current research progress on environmental pollution of novel brominated flame retardant [J].
Environmental Chemistry, 2021, 40(1): 83-101(in Chinese).

[3] LIUWT,PANYF, YANG L, et al. Developmental toxicity of TCBPA on the nervous and cardiovascular systems of zebrafish (Danio
rerio): A combination of transcriptomic and metabolomics [J]. Journal of Environmental Sciences, 2023, 127: 197-209.

[4] WANGST,LIWL,CHEN Y Y, et al. Toxicity evaluation of decabromodiphenyl ethane (DBDPE) to Pleurotus ostreatus: Oxidative
stress, morphology and transcriptomics [J]. Journal of Hazardous Materials, 2022, 431: 128625.

[5] YAOYR,YINL, HE C, et al. Removal kinetics and mechanisms of tetrabromobisphenol A (TBBPA) by HA-n-FeS colloids in the
absence and presence of oxygen [J]. Journal of Environmental Management, 2022, 311: 114885.

L6 REGSCBRAFE, SRAN R, 25 IR 2 SRR 0 3R 3575 M2 W S kg (0], FRBEAHY, 2012, 25(5): 62-67.

ZHU J W, GENG C Z, ZHANG L Z, et al. Progress on environmental toxicology of brominated flame retardants [J]. Environmental
Science and Technology, 2012, 25(5): 62-67(in Chinese) .

(7] @EME, BRE), KL, % BB E L i R e AL AT oe ke (1], REERF 205, 2021, 34(2): 479-490.

GAO Y J, XIE C J, YU H, et al. Research progress on migration and transformation of brominated flame retardants in soil [J].
Research of Environmental Sciences, 2021, 34(2): 479-490(in Chinese) .

(8] thRaibk, Lo, MR, 5. BLAATIDT 20 5 0k J R 1) JURE 2% (0], B4R, 2022, 36(10): 235-243.

XU J L, WANG T, KANG C H, et al. Research and applications of flame retardants: A review and thoughts [J]. Materials Reports,
2022, 36(10): 235-243(in Chinese).

(9] T3 #E¥, Zr3E, % MRS 2R BHARTR DU R X B AR H IR 28 2 e 75 e IR I 2 B2 R T e (00, A 8 B4 402, 2020,
15(6): 24-42.

WANG S, LU Z, LI F, et al. A review of pollution status and toxicological researches of typical brominated flame retardants
tetrabromobisphenol A (TBBPA) and decabromodiphenyl ethane (DBDPE) [J]. Asian Journal of Ecotoxicology, 2020, 15( 6) : 24-
42(in Chinese).

[10] s fdm, EM i, SE0T, 5. 4Fh 280 L3 rp R R CBe eI (1], BREARL = 540K, 2021, 44(10): 66-74.

GAO J N, WANG S T, QI H, et al. Photodegradation of decabromodiphenyl ethane in four different soils [J]. Environmental Science &
Technology, 2021, 44(10): 66-74(in Chinese).

C11] ZEifga. ) MIrli s K T o 2R BEHASR) R s 8 3 4 JR AT (DD ) T 9 K2, 2015,

LI H Y. Study of HFRs and heavy metals in municipal sewage treatment plant in Guangzhou[D]. Guangzhou: Guangzhou University,
2015(in Chinese).

[12] WANG J, CHEN S J, NIE X, et al. Photolytic degradation of decabromodiphenyl ethane (DBDPE) [J]. Chemosphere, 2012, 89(7) :
844-849.

(131 JEoRAE, Bk, kit A, 5. K L Y50 2 BELJR ) A R 15 00 2 7 1 (00 AL T, 2020, 49(8): 2116-2121.

FAN R G, WEI L, ZHANG Z W, et al. Degradation and determination method of typical bromine flame retardant in water [J]. Applied
Chemical Industry, 2020, 49(8): 2116-2121(in Chinese).


https://doi.org/http://dx.doi.org/10.7524/j.issn.0254-6108.2017032702
https://doi.org/http://dx.doi.org/10.7524/j.issn.0254-6108.2017032702
https://doi.org/http://dx.doi.org/10.7524/j.issn.0254-6108.2020042501
https://doi.org/http://dx.doi.org/10.7524/j.issn.0254-6108.2020042501
https://doi.org/10.1016/j.jes.2022.04.022
https://doi.org/10.1016/j.jhazmat.2022.128625
https://doi.org/10.1016/j.jenvman.2022.114885
https://doi.org/10.1016/j.chemosphere.2012.05.006

P AAF: JET Gaussian, ECOSAR 57 i 58 S0/ SR 1% 2 I ik 25 ot BELIA R )7 By 3200 5

13 FEMETEAL 91
[14] XUEFSE, #2440, ok EF, 4. 560 Z BELIA SR DU 00U AR 35 Pk R B R P oR E e (D). 4k T 3R FR, 2017, 37(2): 145-151.

[15]

[16]

[17]

(18]
[19]
[20]
[21]
[22]
[23]

[24]

[25]

[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]

LIU S W, YANG X T, ZHANG C X, et al. Research progresses on ecotoxicology and degradation technology of tetrachlorobisphenol-a
as chlorine flame retardant [J]. Environmental Protection of Chemical Industry, 2017, 37(2): 145-151(in Chinese).

NG T, PNV, R, 2. R AL R EBR K TR AR LR AR et g (7). Tl ok Ab B, 2022, 42(2) - 19-26.

SUN J N, SUN S H, SONG N, et al. Research progress of advanced oxidation technology to remove brominated flame retardants from
water [J]. Industrial Water Treatment, 2022, 42(2): 19-26(in Chinese).

SRR B TOUA 2 P AL HOR B AR K P LB i AU 215 Y B E (D). 1 AR K24, 2014,

GUO Y G. Photochemical advanced oxidation processes-based degradation of typical halogenated organic phenolic pollutants in
water[D]. Shanghai: Donghua University, 2014(in Chinese).

S, R, SRNLT, S BELAAS) IO VR U AR IR SR SR A R (0], FRBE A2, 2016, 35(9) 1 1776-1784.

ZHANG J, YAN J N, GUO Y N, et al. Anaerobic and aecrobic biodegradation of flame retardant tetrabromobisphenol A [J].
Environmental Chemistry, 2016, 35(9): 1776-1784(in Chinese).

DONG H Y, QIANG Z M, HU J, et al. Degradation of chloramphenicol by UV/chlorine treatment: Kinetics, mechanism and enhanced
formation of halonitromethanes [J]. Water Research, 2017, 121: 178-185.

PANM W, WU Z H, TANG CY, et al. Emerging investigators series: Comparative study of naproxen degradation by the UV/chlorine
and the UV/H,0, advanced oxidation processes [J]. Environmental Science: Water Research & Technology, 2018, 4(9): 1219-1230.
YEOM Y, HAN J R, ZHANG X R, et al. A review on the degradation efficiency, DBP formation, and toxicity variation in the
UV/chlorine treatment of micropollutants [J]. Chemical Engineering Journal, 2021, 424: 130053.

HUA Z C, LI D, WU Z H, et al. DBP formation and toxicity alteration during UV/chlorine treatment of wastewater and the effects of
ammonia and bromide [J]. Water Research, 2021, 188: 116549.

ZHOU Y J, CHENG F Y, HE D Y, et al. Effect of UV/chlorine treatment on photophysical and photochemical properties of dissolved
organic matter [J]. Water Research, 2021, 192: 116857.

FEHE, PR, T30, 45 . QSARBIA N iy O A 2 W) ot Ak A PRI 5 FHXURS TU I [0 BRI AL 22 AF 5T, 2009, 22(7) : 817-822.
CHENG Y, CHEN H M, YU W L, et al. Eco-environmental toxicity risk prediction for substances of very high concern with QSAR
approach [J]. Research of Environmental Sciences, 2009, 22(7): 817-822(in Chinese).

YIN R, BLATCHLEY E R 3rd, SHANG C. UV photolysis of mono- and dichloramine using UV-LEDs as radiation sources:
Photodecay rates and radical concentrations [J]. Environmental Science & Technology, 2020, 54(13): 8420-8429.

DEMIRCIOGLU Z, ALBAYRAK KASTAS ¢, BUYUKGUNGOR O, et al. The spectroscopic (FT-IR, UV-vis), Fukui function, NLO,
NBO, NPA and tautomerism effect analysis of (E)-2-[(2-hydroxy-6-methoxybenzylidene)amino]benzonitrile [J]. Spectrochimica Acta
Part A:Molecular and Biomolecular Spectroscopy, 2015, 139: 539-548.

LU T, CHEN F W, et al. Multiwfn: A multifunctional wavefunction analyzer [J]. Journal of Computational Chemistry, 2012, 33(5):
580-592.

GEERLINGS P, de PROFT F, LANGENAEKER W, et al. Conceptual density functional theory [J]. Chemical Reviews, 2003, 103(5):
1793-1874.

ZACHARIAS A O, VARGHESE A, AKSHAYA K B, et al. DFT, spectroscopic studies, NBO, NLO and Fukui functional analysis of 1-
(1-(2, 4-difluorophenyl)-2-(1H-1, 2, 4-triazol-1-yl)ethylidene) thiosemicarbazide [J]. Journal of Molecular Structure, 2018, 1158: 1-13.
BELFIELD S J, ENOCH S J, FIRMAN J W, et al. Determination of “fitness-for-purpose” of quantitative structure-
activity relationship (QSAR) models to predict (eco-) toxicological endpoints for regulatory use [J]. Regulatory
Toxicology and Pharmacology, 2021, 123: 104956.

WANG J J, QIN J Z, LIU B J, et al. Reaction mechanisms and toxicity evolution of Sulfamethoxazole degradation by CoFe-N doped C
as Electro-Fenton cathode [J]. Separation and Purification Technology, 2022, 298: 121655.

LI Z Y, WANG F, ZHANG Y M, et al. Activation of peroxymonosulfate by CuFe,04-CoFe,0, composite catalyst for efficient
bisphenol a degradation: Synthesis, catalytic mechanism and products toxicity assessment [J]. Chemical Engineering Journal, 2021,
423:130093.

FAN Y J, YANG J, CAI K C, et al. Mechanism of 9, 10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide degradation in UV light-
emitting diodes lamp driven sodium sulfite activation process [J]. Process Safety and Environmental Protection, 2022, 165: 704-715.
HEGER S, BRENDT J, HOLLERT H, et al. Green toxicological investigation for biofuel candidates [J]. Science of the Total
Environment, 2021, 764: 142902.

MA C, LIU X G, WU X H, et al. Kinetics, mechanisms and toxicity of the degradation of imidaclothiz in soil and water [J]. Journal of
Hazardous Materials, 2021, 403: 124033.

ZHU Y X, ZHENG Y Q, JIAO B, et al. Photodegradation of enestroburin in water by simulated sunlight irradiation: Kinetics,
isomerization, transformation products identification and toxicity assessment [J]. Science of the Total Environment, 2022, 849: 157725.
LIUW,LIYY, LIU F Y, et al. Visible-light-driven photocatalytic degradation of diclofenac by carbon quantum dots modified porous
g-C3N4: Mechanisms, degradation pathway and DFT calculation [J]. Water Research, 2019, 151: 8-19.

WAN D, WANG H Y, POZDNYAKOV I P, et al. Formation and enhanced photodegradation of chlorinated derivatives of bisphenol A
in wastewater treatment plant effluent [J]. Water Research, 2020, 184: 116002.

GUO Y G, ZHOU J, LOU X Y, et al. Enhanced degradation of Tetrabromobisphenol A in water by a UV/base/persulfate system:
Kinetics and intermediates [J]. Chemical Engineering Journal, 2014, 254: 538-544.

CHEN J, XU X X, PAN X X, et al. Mechanism insights into the oxidative degradation of decabromodiphenyl ethane by potassium
permanganate in acidic conditions [J]. Chemical Engineering Journal, 2018, 332: 267-276.

LI C G, ZUO J L, LIANG S J, et al. Photodegradation of decabromodiphenyl ethane (DBDPE) adsorbed on silica gel in aqueous
solution: Kinetics, products, and theoretical calculations [J]. Chemical Engineering Journal, 2019, 375: 121918.


https://doi.org/http://dx.doi.org/10.7524/j.issn.0254-6108.2016.09.2016013001
https://doi.org/http://dx.doi.org/10.7524/j.issn.0254-6108.2016.09.2016013001
https://doi.org/10.1016/j.watres.2017.05.030
https://doi.org/10.1016/j.cej.2021.130053
https://doi.org/10.1016/j.watres.2020.116549
https://doi.org/10.1016/j.watres.2021.116857
https://doi.org/10.13198/j.res.2009.07.67.chengy.010
https://doi.org/10.13198/j.res.2009.07.67.chengy.010
https://doi.org/10.1016/j.saa.2014.11.078
https://doi.org/10.1016/j.saa.2014.11.078
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1021/cr990029p
https://doi.org/10.1016/j.molstruc.2018.01.002
https://doi.org/10.1016/j.yrtph.2021.104956
https://doi.org/10.1016/j.yrtph.2021.104956
https://doi.org/10.1016/j.seppur.2022.121655
https://doi.org/10.1016/j.cej.2021.130093
https://doi.org/10.1016/j.psep.2022.07.064
https://doi.org/10.1016/j.scitotenv.2020.142902
https://doi.org/10.1016/j.scitotenv.2020.142902
https://doi.org/10.1016/j.jhazmat.2020.124033
https://doi.org/10.1016/j.jhazmat.2020.124033
https://doi.org/10.1016/j.scitotenv.2022.157725
https://doi.org/10.1016/j.watres.2018.11.084
https://doi.org/10.1016/j.watres.2020.116002
https://doi.org/10.1016/j.cej.2014.05.143
https://doi.org/10.1016/j.cej.2017.09.071
https://doi.org/10.1016/j.cej.2019.121918

	1 材料与方法（Materials and methods）
	1.1 键能的计算
	1.2 Fukui指数的计算
	1.3 采用ECOSAR模型对降解产物毒性的预测

	2 结果与讨论（Results and discussion）
	2.1 阻燃剂各组分键能分析
	2.2 Fukui指数分析预测化学键断裂位点
	2.3 模拟UV/Cl体系下的降解产物路径预测
	2.4 各阻燃剂预测降解产物的毒性分析

	3 结论（Conclusion）
	参考文献

