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Quantitative structure-activity relationship between single electron
oxidation structure and reaction activity of organic ppollutants
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Abstract The single-electron oxidation reaction is a kind of weak oxidation reaction process in
nature, but the single-electron oxidation reaction activity of different organic pollutants has
significant differences, and experimental screening requires a lot of time and cost. The reaction rate
constant of organic pollutants in the oxidation system is an important parameter to measure its single-

electron reaction activity. Therefore, this article first summarizes the reaction kinetic rate constants of
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24 organic pollutants in the manganese oxide system through the literature system, and calculates the
electronic structure characteristic parameters of different organic pollutants based on density
functional theory (DFT), and further uses nonlinear regression and multiple linear regression method
builds a quantitative structure-activity relationship (QSAR) model between the electronic structure
characteristics of different organic pollutants and the reaction rate constant of single-electron
oxidation, finally the leave-one-out method was used to internally verify the model; and the single-
electron oxidation reaction rate constants of organic pollutants were supplemented by experiments to
verify the predictive ability of the QSAR model. The optimal QSAR model constructed and screened
based on 91 sets of manganese oxide quasi-first and second-stage kinetic reaction systems all show a
good degree of fit (R? =0.845,R3 =0.928), and 18 sets of experimental data Internal and external
verification confirmed its stability (O, = 0.801, O}, = 0.990) and good predictive ability (R’

extl —
0.813, R, = 0.852). The research results also found that the mutual influence between two different
factors on organic matter whether using single electron oxidation reaction of manganese oxide is
more outstanding; Among them, organic additive amount of Coygqnic, active functional group number
N, energy gap value Eg,p on whether using single electron of manganese oxide oxidation reaction
influence is greater.

Keywords quantitative structure-activity relationship, single-electron oxidation, electronic

structure characteristics of organics, reaction kinetics..
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2 5B 59718 (Results and discussion)
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FACEL ST, B LG U R A WE— s 127 I . e R e I KMnO,, S AL B i — S 4%
A fE— R ah 1 oE A, L — 20 S0 R H Rk (s7) Fifi KMInOy ¥ FE A 385 00 52 2R M3 . g 3% 4 20
% MnO, 7T DLl 3 44k KMnO, 84k Bt B 2 Ak A5 10, 1% R DA E— P sh 1 2%, L TR 4
(k) Bfi# MnO, ¥ & (30—180 wmol-L™") Ay 35 il 52 4 P48 . 52 1y 3418 AL AR & R B BL A : T 28405
W B T MnO, K1, 5 R GO IE BRI 48 G4, RIMKE Y KA LT 58, SR AT b
S L, B A B S VT A B A BB A . Lin 55158 1A IS A (5-MnO, ) X &7 B8
(BPS, 11 4-BP. 2,4-DBP #il 2,4,6-TBP) i) A fb % AL 5295 2 I, BE G SO A R4 T, R A 38 258 0040 i
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BPS il iz 8 A AR A AR TR S 1 Eh 2, IR 4] OH-PBDEs FYE A n] BEJE: i IR A2 1 1h 2 1)
AR R Y . WO ME— S I A1 BRI 3L 84 2, FFRE IS AR T3 1 RTS8 H MinO, Ak 1H] o8
Tl TRy R Ty TR 2,6 S 6 B A A ML K, pH=6.8, 100 pmol-L™ A HLY)
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T ALY S B )2 B

Table 1 The data of organic micropollutant reaction kinetics

FANES %53 EELIREE LY SN HRH AL Cimm/ o S0k
Order of reaction Organic pollutants &/min'5{k,/(L-g" min™") pH (umol-L™") Cia /(pmol-L™) References
2,4- LAy
(24DCP) 0.0095 —0.109 4—9 6 0 [13]
2(’42:5;5?? 0.036—0.39 45—85 7.94 0 [14]
4-1% 75 (4BP) 0.122—1.51 45 7.94 0 [14]
2’(42’2'6%%?} 0.77 4.5 7.94 0 [14]
—G4(TCS) 0.0035 —2.957 5 5 0—600 [15,17]
(P
A(TCBPA) 0.535—0.977 8 1 0—10 [15]
M — B2 (E2) 0.000271 —0.056 5 4 0 [16]
24 (2CP) 0.804—1.884 7 160 0 [18]
35 (3CP) 0.06—0.156 7 160 0 [18]
P 4i(fﬁ;;c@; ) 0.294—0.76 7 160 0 [18]
(246TCP) 1.128—2.226 7 80 0 [18]
Hffﬁi%m 0.066—0.9774 10 40—120 0 [19]
XUHA(BPA) 0.00215—0.015 6.8 50—200 0 [20]
LB 0.0123—0.322 5 400 0 [21]
1] FH Py 0.00061—0.0022 6.8 50—200 0 ABIF
XA 0.186—0.359 6.8 50—200 0 ABIFY
[ S 0.00244—0.0163 6.8 50—200 0 ASHHFFY
() 2R =y 0.0104—0.0218 6.8 50—200 0 KBS
K15 (BP) 0.00741—0.00991 6.8 50—200 0 ABIFY
2,6/ (26DCP) 0.0131—0.0313 6.8 50—200 0 AL
Xof H 1 0.00207—0.603 6.8 50—200 0 ABIFY
USRI A 368—1055 8 0.3 0 [3]
ERFR(MET) 4.6 7 1020 0 [15]
ZH %R (HIS) 1.8 7 10120 0 [15]
25 (2CP) 16.2 7 160 0 [18]
3% (3CP) 0.86 7 160 0 [18]
453 (4CP) 42 7 160 0 [18]
— s
zéigj‘:fﬁ; 19 7 80 0 [18]
—BBLL S5 - 0.774 5 400 0 [21]
2,4-— AW 0.5 7 20 0 [22]
it e nae 6.81—44.17 4—10 120 0 [23]
T e S e 0.28—105.14 4—10 120 0 [23]
o 0.0831 6.8 100 0 AHI5E
XA 0.222 6.8 100 0 ABFE
Jia) 2 1y 3.278 6.8 100 0 AMH5E
2,6 5 3.326 6.8 100 0 ARBFSE

TE: A HE— PR R SR FEL (min™) , kg SRR HEHE(L-g " min ).

Note:k is the first order reaction rate constant (min ), k, is the second order reaction rate constant(L-g'min").
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pH {4 T+ 155 Je 18 fin i J A, 78 pH=8 BRI 2 K, TCBPA K pKa (7.5/8.5) B . i A0S 898 & 3R, finA
HA 7] LU KMnO, E fLF#f# TCBPA &2 2. H it #2532 pH s M K, Btk 440 T B S o] s e Ak F
ik B, 72 AL TS B 5 F T I, SR HA K R ACE S5 TCBPA AT 13275 44 40y 4 1% £
WA — 20 A BORE 3 25 2, TR OISR TR 15 ARSI A BN [ B MinO, 48U 1] R —
M PR L 2,6 SRy L uF P I AE B AT LAY, pH=6.8, 100 pmol- L A LA B 25 F T AT 4%
PR AR FE RT3 1.

25 LRIk, 559 AL O S 1 B T AT A Rl B AN ERE B R SRR AR, AR A Bl A LR
B AR E B RAR 2 TR, e i e v R A SO TR S B T HE— sl U o ROV AR, H 5 4%
FI AR5 08 0 3 71 2% IR R . PR, A ISR AR 96 A (6] 3 7 2 A5 0 ST T 24 RS G i)
QSAR 5 HL. 7354 70 20 [ B i 3 K S 14 20 5296 B 1 v — 20U 3 8 QS AR REAY Il 4
IR s OB 21 2R N AR RS 4 2 SRR S TN A QS AR AR I 2R AR 4.
2.2 ALY S RO TR

W STk P s B S T R IRDS G AT DFT ML TS5 RRIE S B THERL, T g 2191 T3 2 .

®2 AFRAITGRY RS
Table 2 Quantitative parameters of different organic micropollutants

SRALFERL ERESCE s

E, E, E, E, eV eV eV
LY B3LYP HOMO LUMO GAP
ABL /eV wdebye /eV /eV /eV  Electrophilicity Nucleophilicity Chemical
index index potential
17p- M — i
B(ii) = -850.89 2.64 -5.68 -0.37 -5.30 0.42 3.44 -2.76 2
R -1992.77 3.625 -6.323 -1.093 -5.230 0.76 2.80 -3.61 2
(TCS) . : : : : . . .
PISUERA 0.62 1.878 6.373 1.001 372 0.6 2.82 3.41 2
(TCBPA) ) .87 37 . 5.37 67 ) .
2.4-— 38 122 1.162 4 4 4 22 1 1
(24DCP) —1226.69 .16 -6.497 -0.948 —5.549 0.73 27 -3.8
475
(4BP) -2878.6291  3.201 -6.255 -0.708 ~5.547 0.594 2.610 -3.474 1
2,4- %
(2.4DBP) —5449.752 0.899 -6.495 -1.037 —-5.458 3.613 2.423 -6.047 1
246- =008 20.871 1 24 1.32 4 2 2.1 4.131 1
(246TBP) -8020.87 939 -6.9 -1.329 -5.59 0.93 .190 —-4.13
itk e gg e —1459.455 9.501 —6.171 —1.407 —4.765 0.773 3.084 —3.570 2
i i A e —1215.094 12.109 -6.154 -1.334 —4.820 0.781 2.846 -3.625 2
PP =R e
(APAP) —515.547 4.058 -5.896 -0.591 -5.305 0.018 7.915 —0.454 2
(18] FF 7y —9437.082 1.628 -6.236 -0.380 -5.856 0.428 3.237 -2.952 1
Xof H gy —9437.055 2.158 -6.080 —-0.437 —5.643 0.415 3.357 -2.882 1
W A(BPA) ~731.748 2.700 -5.918 -0.468 —5.450 0.562 2.986 -3.193 2
263 (2CP) ~767.095 1.5493 -6.517 -0.6979 -5.819 0.614 2.403 -3.584 1
3B (3CP) ~767.098 4.498 —6.489 —0.687 -5.802 0.5654 2.7881 -3.3828 1
415 (4CP) ~767.099 3.257 -6.307 -0.699 -5.607 0.603 2.507 -3.532 1
26— B —1226.685 3.216 —6.664 -0.905 -5.759 0.5663 2.6137 -3.4064 1
(26DCP) : : : : : : : :
246 =4
-1686.271 2.054 -6.997 -1.153 —5.844 0.864 2.001 —4.112 1

(246TCP)
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*ﬁaéﬁﬁf‘ff“ﬁt%mﬁ S o AR A B 1) O 2R, T 1745 0 R A28 o ) 2 i 5 3, o DR
T ELA [ 20 Hr A 7 P4, e SR G R B H UL 0.5 RN, 0.5< | r| < 0.8 R BFEM K, 08 <|r|<
1 B 7R = BEAROC, | 7| < 0.5 BAH G AR, S T SR B 19 G, 38 8 S5 AT BB MR G, 0.05 B AR
g M FASEG 09 (P () JIWT I FLE. 2% P<0.05 i), AR B A 7746 BB A0 E; 2% P <0.01 B, A8 B B f77E
T3 AR G AE T A R R e % TR

3 3 M AR AT E— ﬁﬁﬂﬁ%ﬁ i 5 R R R OC R BR. AR R X2(w) .
X3(Egomo) « X4(ELumo) ~ X5(Egap) « X9(N) Xll(Cﬁm@) X12(Cya) 5 R A5 (Ink) 19 P H 551/ F
0.05 1 0.01, BEHAPI A A A8 2 5 AR A AR W AHSCOC R AT 43 BB A OCOC R Fr A, B4 X2, X3,
X4, X5, X9, X11 Fl X12 P44~ [ A48 1 5 PR AR 3 7 B

R 3 AR A AT SN A RO G R

Table 3 The relationship of quasi-first order reaction rate constant under oxidation conditions of manganese oxide

r
P

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12
X1 0.438 0.282 0.548 -0.211  —0.818 0.272 0.603 0.230 0.325 0.446 —0.095
X2 0 0.544 0.513 0.246 —0.567 0.604 0.700 0.653 0.300 0.337 0.198
X3 0.009 0 0.775 0.653 —0.368 0.751 0.711 0.807 0.294 0.095 0.023
X4 0 0 0 0.028 —-0.473 0.537 0.631 0.480 0.265 0.556 —0.285
X5 0.04 0.02 0 0.411 —-0.015 0.543 0.368 0.701 0.148 -0.516 0.377
X6 0 0 0.001 0 0.451 -0425 —-0.787 —-0.401 —0.325 —0.308 —0.013
X7 0.011 0 0 0 0 0 0.891 0.683 0.713 0.039 —0.08
X8 0 0 0 0 0.001 0 0 0.671 0.639 0.204 —0.059
X9 0.028 0 0 0 0 0 0 0 0.152 0.047 0.323
X10 0.003 0.006 0.007 0.013 0.111 0.003 0 0 0.104 0.059 —0.242
X11 0 0.002 0.217 0 0 0.005 0.373 0.045 0.348 0.314 —-0.219

X12 0.217 0.05 0.426 0.008 0.001 0.457 0.254 0.315 0.003 0.022 0.035
s X1:Egsyp: X2:1X3:Eomo: X4:Er umo: X5:Egap; X6:Electrophilicity index; X7:Nucleophilicity index;X8:Chemical potential; X9:N;
X10:pH; X11:Ceypras X12:Cya.

AR EACER AT G B R e PR R R MR G R BR . AR i X1 (Epspyp)
X2(p) . X5(Egap) « X9(N) . X10(pH) . X11(Cppy) 5 ZE £ Ink 19 P B3 51/NTF 0.05 F10.01, 156 B 9§ 4>
F 7z 5 AR AR ARG OC R A2 W ARG OC &R HL A S B AIAH LAY B2 ZRK b AH DG R B0 .

R4 FAER AR N R RO O R A

Table 4 The relationship of second order reaction rate constant under oxidation conditions of manganese oxide

r

F X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12
X1 0.325 0.048 0.351 -0.27 —0.753 0.1 0.667 -0.232 —0.222 0.579 —0.295
X2 0.076 0.569 —0.421 0.706 —0.174 0.434 0.186 0.345 —0.124 0.201 —-0.255
X3 0.418 0.004 0.095 0.530 —-0.204 0.850 0.396 0.535 —0.105 0.129 —-0.025
X4 0.059 0.029 0.341 -0.794  —0.238 0.211 0.371 -0.342  —0.169 0.283 —0.06
X5 0.118 0 0.007 0 0.079 0.34 —-0.074 0.619 0.079 —0.162 0.036
X6 0 0.226 0.188 0.149 0.367 -0.335 0955 —-0.249 0.006 —-0.207 —-0.07
X7 0.333 0.025 0 0.179 0.066 0.069 0.571 0.627 —0.112 0.153 0.056
X8 0 0.21 0.038 0.049 0.374 0 0.003 0.366 —0.034 0.212 0.099
X9 0.155 0.063 0.006 0.064 0.001 0.138 0.001 0.051 0.102 —0.222 0.288

X10 0.166 0.295 0.325 0.233 0.366 0.49 0.315 0.442 0.33 —0.383 0.202
X11 0.003 0.192 0.288 0.107 0.242 0.184 0.254 0.179 0.167 0.043 —0.325

X12 0.097 0.132 0.457 0.397 0.438 0.382 0.405 0.334 0.103 0.189 0.075
T X1:Egsyp; X2:15X3:Eomo: X4:Er umo: X5:Egap; X6:Electrophilicity index; X7:Nucleophilicity index;X8:Chemical potential; X9:N;
X10:pH;X11: Cyipyays X12:Cyya.
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manganese oxide condition
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