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Numerical study on the Degradation of Environmental Toxins Induced by
Cold Atmospheric Plasmas
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(School of Electrical Engineering, Shandong University, Jinan 250014, China)

Abstract: With the continuous development of society and the escalating human demands, the issue of environmental
toxic pollution (including organic pollutants such as antibiotics, pharmaceuticals, and mycotoxins) has become increas-
ingly prominent, posing significant challenges to public health and economic development. It is a crucial concern in the
construction of a “Healthy China”. Cold atmospheric plasma (CAP), as an emerging non-thermal treatment technology,
offers a new avenue for environmental toxin removal. CAP efficiently, environmentally, and non-selectively interacts with
environmental toxins by generating a plethora of reactive species, demonstrating promising degradation effects. However,
the underlying mechanisms of the interactions between various reactive species in CAP and environmental toxins remain
elusive, hindering the further development and industrial application of plasma technology. This paper focuses on reactive
oxygen species (ROS), which play a pivotal role in the process of environmental toxin treatment using CAP. Based on re-
active molecular dynamics simulations, this paper explores and summarizes the interactions between ROS and key active
(toxic) sites of various toxins at the atomic level. By simulating the interactions of four ROS (oxygen atoms, hydroxyl
radicals, hydrogen peroxide, and ozone) with tetracycline antibiotics, cephalosporin antibiotics, carbamazepine drugs, as
well as emetic toxin and aflatoxin B1, the mechanisms through which ROS disrupt key active sites via dehydrogenation,
addition reactions, oxidation reactions, bond-breaking reactions, and ring-opening reactions are revealed. The simulation
results are validated by experimental data, further analyzing the degradation patterns of various active sites and the re-
sulting products. The common reactions and general rules that may occur in the degradation of environmental toxins
induced by CAP are expounded in this paper, which makes it possible to predict the degradation processes and degrada-
tion products of the interactions of CAP and other similar environmental toxins, providing a theoretical basis for the
degradation of environmental toxins by CAP, thus the industrial development of degradation of environmental toxins by
CAP can be effectively promoted.
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Fig.4 Degradation of functional groups in tetracycline: amide group, dimethylamino group, benzene ring, tertiary alcohol,

methyl group
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Fig.5 Degradation of functional groups in oxytetracycline, chlortetracycline, and demeclocycline
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Fig.6 Schematic representation of the characteristic molecular

architecture of cephalosporin antibiotics
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Fig.7 Degradation of functional groups in cefixime: carboxyl group, carboxymethoxyimino group, aminothiazole ring,

B-lactam ring, vinyl group
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Fig.9 Neural network architecture for predicting the oxidative

modification of cefixime
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Fig.10 Predicted versus actual probabilities for the four basic reactions in cefixime degradation
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Fig.11 Degradation of functional groups in carbamazepine: amide group, benzene ring, seven-membered heterocyclic ring, and

five-membered heterocyclic ring formation
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Fig.12 Degradation of toxic sites in deoxynivalenol
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S A KT PR, ZEN [ 35 R E Y s 3 4]
K Cl i 5B 2R 4 605, OTs 2
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 A(OTA)HI B(OTB)f& F e K677, — 35 Z5 A AHALL,
ZIET OTB W R & H &4 C5 A AR T HUR
SURFUSL, OTs MR BN TR &SR8
T 245 T 2, I 2 S B 7K i 0 B PR AR L B 175791,
PAT N EHHHER, HEMMEMEE"E,
TGRSR B RKIREY, PAT BA 5% B R S
PE, rEE S AV IS I & EGE S A
R R A5 A DNA #3458, HaErE R e
R MR, WM. SRS, SRR
AFPES2], PAT 251 32 SR T P R R A 4 e 4
), IR T A i 2k 5 R M PR IG5 DDA D80,
ZEN N T8 PR 1) 4 A o 240 46 2R s S Al 2
FERFEEME IR . Forp TR AL B 32 A TR PR AN
C13=0 RRHEAL, MilEE 2 N BEIR 52 5y K AR b
(A, SEREELL C—C HEdk [E Wik (C12—C13 Al
C13—Cl4) 8 & 21 il 7 ik BE V% - 78 ROS 1EH]
T, C17—O0 Wi SE NI, M C17 A
RIBT S5 RERS 5 C16 5 C21 FE ALK 14(al));
W 2 7 [ERE AR AR C19—O0 b, C19 AAIAT 5
REINEL O J5 T (LI 14(a2)). 1T ZEN MR E 14
JERINERSE M, FIIR EE A C JRTREMS R A3
S, W1 ClO A s RAFEARN G, 4 FHHET
HAFFE— RV PO, B ZATERHE C19=0
XUEREAS Ay F g (LI 14(a3)). FealHh, 78 HaO00 IOfE
AT, C19=0 W kLl it JF 2 R R IE R 2L, 18
T EAHR G5 ) S 0UBE 43 AT IR U fe ] 2% )y C1—OH
HAR NI 14(ad)). AT C1—OH HFFAE T
FUE T RIS, B Bk Eg4E4h, C1—OH it
SR AEEA AL C1=0 X8t H-F3 C6. C5. C4.
C19 By FEHE, RANEERIEMYPE R (FFES
LK 14(ad)); C6 hrkA: OH HE S B B5U28 K 3h 45
¥y, C1—OH i E 5 AN A O J5 1 5 C1 XU
K] 14(a5)); C5—OH &5 ALl O i+ 5 gt
1) C19=0 JE R, T EAEFEH C1=0 XM
eI 14(a6)). ZEE 0T OV 45 FAeE RN
FEPBEAN C1 AL S PR SR 45 0 1 IR S AH EL RS
OTB = ZEF AL 212 57 & %, ROS fEH T4k
SN EERLENERIR L, [FRE IR AR IE IS
Ji 2 PR RERAY . NERER I K A AE C3—O2
B, AR C3 REfs 54K C4 B C11 AL BB (AL
B 14(b1))o PR FRIE R iR s B FH 3 Y 431 i Ak
H0x 2 TG ASIR: C4 MiE)E BT EHSE
BB AR AL, AT AL C1=0 #5745 )y s

(WL 14(b2)); IS EAERFA IR BIALSIRe 8 B %
WL, SR T HEA, C8—OH HAHAMN
NERFECLE 14(b3)). ROS i FEfl PR kB AIZR A &
%33 OTB S5ita7A8ib. b i i 32 LR AR TR
CI3—NI12 |, S5 OTB BFAGE ) 2L M 5553 -

N12 AHFIAL UG RE S C11 T RORU IR J57 ik
B BUEHEINE O JRF IR N=0 XUi#; C13 fi[[]
FERe 5 C14 AU B B ES N O JEF: IX P 6
G35 BN HASSZ MR (53 7% B2 B 14(b4) (b5)). E
H0: £ R C13 fi7 533 C25=0 Wit J5 (A fl
C25 AT VB (LI 14(b6)), 1% 25 F7E miidk FE Ha 02
ST Bl C13=C25 XU ke, #RIEM & K
CO2, C13 fi siERAL (WL 14(b7)). FrA ROS
AT EL C13 ALk mivk, BI C13—C25 Wit 5 k4
FERRMI Cl4 A7 SR C13=C14 X, PAT #
YRR SN AR R RE A R IA 1, LR AR T Uk
DUIETEIR N o VAR B IRAL S AE 06 fitq
] C—O I, C5 F C7 i SMTFERME S5
C7—O6 Wik, RIS, RIS C5ikReiEsS
C4 TEHRBE(HLIE 14(cl)). £ H202 73 TAEH T
C7—06 Wi 5 AMiFl O JE-FREnm H P
C5—OH( WL 14(c2)). CT—OH FERIEAL N 5

C5 i 33 C5—O06 W, C5 AMFIN fUmA O
JR I R FE (L 14(c3)); Bk C5 A5 C4 Tk
R T C5—O06 Ik, C5 ik 1> O J5F (I
Kl 14(c4)); & C4—06 R TLT N EEER,

C5=C4 XEEFT I, C5 HEIEAL(LIE 14(c5)). WEEI
(TP N BEFREE 02 JE 47 1) C—O #: C1—O02 I
B5, CL N O Ji+, fEhdg C3=C4 RUERIFTIT,
C3 5 02 JERBAFE (ALK 14(c6)), C4=C5 XUt
H-SHCRYEREIFIR, CT—O06 KA W, Wigtat C7
7E OH fEA N INpk O J5 T I s HE (LI 14(c7));

£ HoOx/EHI R C7 Be 5 C8 e 5 e s 6 7%,

[FI C3. C5 F1 C7 £ sSUBT IR B Re A 2 5 (L
Kl 14(c8)). C3—O02 Wit th 2T AU 14(c6)f
Y, B C3 AN OH H B4 H C5 A7 sl OH
H HH 5= S8 B A S I X . C3—O02 Wi
W FECE AR, fRBEE C7—C8 ik, C7
RARA, C8 5 C3 BRI 14(c9)). 1E
BCHEA B, C1—C9 Wit 58k C1 ik T i CO2 43 ¥
C5—06 (Mgt — B mEl PAT (1 B fE (WK
14(c10)). H2O2 73 FMURE 89 S AL . B8 PAT .
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Fig.14 Degradation of toxic sites in other lactone ring-containing mycotoxins
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Table 3 Types of degradation reactions for major reactive

functional groups and toxic sites of environmental toxins
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