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Degradation effects and mechanisms on acetamiprid in aqueous solution
induced by glow discharge plasma

DONG Lulu LIU Xinru LI Yingyan QIAO Yiying LONG Haitao PU Lumei
(College of Science, Gansu Agricultural University, Lanzhou 730000, China)

ABSTRACT Acetamiprid (ACE) is a chloropyridine neonicotinoid broad-spectrum insecticide and its residues
show acute and reproductive toxicity to humans. This paper studied on the degradation effect and mechanism of

ACE in aqueous solution induced by glow discharge plasma (GDP). Firstly, the effects of discharge voltage, pH,
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initial concentration, temperature and Fe** on the degradation efficiency were investigated. Secondly, the physical
and chemical properties of the solution and the changes of active substances during the degradation of ACE by GDP
were determined. The degradation products of ACE were analyzed and identified by liquid chromatography-mass
spectrometry and according which the possible degradation pathways were proposed. Finally, the toxicity of ACE
degradation intermediates was evaluated by small carp survival experiments. The results showed that the degradation
efficiency increased with the increase of voltage and temperature, the extension of time and the catalysis of Fe** and
decreased with the increase of initial concentration, while both acidic and alkaline environments could improve the
degradation efficiency of ACE. During the degradation of ACE by GDP, the pH of the solution decreased, the
oxidation-reduction potential and conductivity increased, the concentration of active substances increased and the
toxicity of degradation intermediate products decreased significantly. The results of mass spectrometry showed that
the degradation pathway was mainly that the active substance attacked the ACE molecule to open the pyridine ring
and break the side chain to produce intermediate products such as small molecular organic acids, and finally

degraded into CO, and H,O. This paper provides a theoretical basis for the practical application of GDP effective

degradation of ACE.
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mE B Pk (Acetamiprid, ACE) 4& H AR ik k&
FET 1996 SFFF R B —FRR B JB o T A HLE S
7, tb¥xRX N CHCIN, HXHTHEAN
222.68 g/mol, H AL 25 UKl 1 fior. ACE{ERR
PR R R, TEREIREE T 5 K AEKAE, B
BRI N 3~11 8 . ACE B TR &
M2 RGHRIL BRI Z AR, 51K B R4
RERE DMLY B A DL R IE 5 A iR o 4% 5 4l BELT
SRR R AT, B RS IR R
BIEERBAER . BIHAEH PR BRI, X
AR E RARR, BeA RTINS b
g, Ry EL . R AR LM EE H EH ™, ACE
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Fig.1 The structural formula of acetamiprid

H ACE [ DR, PIHE @R FRO0K. -
AR AR FIALAGET AL 35 M T2 B A B2
KR RAEM A Z 771 . HEBEE ACE fA4E
A FH BB AEIG N, ACE 2l i A& 24 4 7 R K HE
T AR TH i 24 J A R A i A L S A B B N
WA S TR M R K AR R R K& . i T ACE
Iy RN RKIEMREE R PR R E SR B I

A A, X B BROK IR F1 (1) ACE V5 et
HEEE, JREREE BWEEA M R ACEX &
WL . KA. LR MERH —E 1 FEAE
™, MaZE Y R I, ML RBEASH
0.19~1 637 pg/L ACE I/ JsiHh 154 d J5, ACE A1Y
TE RO AR N KR B, B S S A )
T RE R, HatFEaBRm . HEMTE
PREGKRE, AR A7 RS, HFRERE
[ HETEAL IR . IX 25 ACE A K 8 &
IR NZRITEN G, X208 ) LB S5 gy SRR A
BEfEH, AL, JEFER, ACE TR F]ZE 1Y
Z M Bk, WS MR R R BR K ACE 1)
TiEEA A+ EER R .

KT KA HACE b7, ERNINEA
KEWFTL, WRERPHE. fIEZ%E. S FentoniZ: M,
SASEATEM A . Luss ™ Rk, &
YR TR B A K R 1 ACE,  f K 22 BR RN 85.7%
Zheng &5 " R FCUE, 58 RO S RT B AR 2R K
T ACE R, FRfkaEtk. w=FZ ™ FIH R EA
HACE BN K, [ 30 min Ji5 i 22 1T A 87%
DL Eo b dh,  — 28 A4 Wy 4k Can i 45 iy 18 40 R
Brucella intermedium PDBI13" | Pigmentiphaga sp.
D-2"%Y Ochrobactrum sp. D-12""")#B 2. 4% FI T B¢ i@
ACE. {HIX S8 77 103 W 5 LI N — 5 B BB 77
B RE . DG B R IR ) R, X RES
R TG R 2 e S . AR R R %2
WAEYE A S R BR ], (RIR . WA A
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R FHEMATRE, H S — 14 5w PRI AN RE
SR, AR ENE W R R Y Bl
& th— s ROA R B K A& ACE I 75 — M E
PNEOE TR

T 6 i HL 55 B 1 4 (Glow discharge plasma,
GDP) & — Mg M i AL 2 AR, fE [k
HEPERR B AR ARG T8O X 7 i AL
B 2 fE F A2 -OH % H 2 A1 O, 0,. H,0,.
NO, FINO, S 3FEM I ™ S AR KA 2
BT K R EE 2 KA A LG G
R HEE R, HAr AR, %
RIS, BRAETT B DL AR (IR fR . BRMG QAE B R
F1 GDP 4b B E[ 5% TV R /KB L 55 16, i (a3 AT 54
$97.8%; ZEMA 5 = A GDP £ BR3E R
B R, HREWIEH] 92.89%. XL FEEH
GDP & 4IL ) «OH 1k B A7 HLi5 Ge iy & A= A A A F i
T AL BRI, B RN B WL /N
T, HEARCO,MH,0 5 LFHE N+ . 4R,
HIF GDP F# fi# ACE FRIF 7t LA B L P A = P i A 12,
1oy A WL AR AE o

ARICHFGE T GDP BRI HIf ACE, %%
TR RS pH HIGHIKIE . IRJE . Fe AL BRI
)% ACE B M RCR OS2 . I5E T R i A v
pH. % b ik Ji HE 47 (Oxidation-reduction potential ,
ORP). HL 5 * (Electrical conductivity , EC) Fl 3§ P4
Yoot 1) A2 A ol i v 2y A 0B BBk X (High
performance
spectrometry , LC-MS) X} ACE F# fift 7= ) 13- 47 43 At %6
5, R T ACE W REMI MM ite . tbAh, Eid i
ARG VR 1 R R AR R, DA
N GDP e R &3 gt I /K v ) ACE 5 B 1) SE s B
F IR AR AR o

1 MR5RZE

liquid chromatography-mass

1.1 #R5RE

IE IR AR A S (AL E 97%) , i 32 TR AL R
A RAT; ZIECEREa), IR &FERMRTF
R IR AR HER(Eikal), KidRH# ik 2
RAERAF ;. TARBER, [E 2455 F1b %R
ARAF; WMERTE, RETIEMHZE T AR
A#; pH, 0.5 mol/L H,SO, Al NaOH ¥ ¥k K i
e

1.2 UHEE5E&F

DH1722-6 %4 & [k FLA AL, AL st R4
) s DS-101S S GUEIR AR e as, T
Xl TR AR THMEA A s pHS-3C BT IR
it Bl ANAGEET s BRI SR W XA
VR B 28] s Agilent 1260 Series = 20 AH
W& {% (High performance liquid chromatography,
HPLO) , 3£ [ 2 #E16 A Al s Agilent QTOF 1290-
6546 5173 HEA WU A (LC-MS) , £ 2 HE G A
o

1.3  ACEH&FI&

ACE brifEfil %3 : 1ERIFREL 0.102 7 g ACE 5
e, RS/ e 2100 mL, HIKEH
1000 mg/L, T-20 °C{RAF-

ACE Fr#EWRFN AR : K b 14 it 25 Y IR
N2 g/L /KRBTSO RE, EAE T4 °C& .

14 GDPPEfZACE

GDP ¢ 8 CH Hi]) i i e B AR R Y 4
SRR P, Hodr, PN EAR 0.5 mm 22
RAEHE T ARE, R FEMABR, HIHRA
B2 10 mm [FIEREE, [FIBIR N ACER W . [N 25
B I 7 15 1k 2% 96 B T UK I8 LR RR S B AR 2 1 2
SJRNR R E

1 1 5 B 50 mL ACE ¥ ¥k T GDP J b 2% 7,
TEEWR A T H AT M b3, i
T HLE HL R AN O VIRHT S K E 660 V, BEFE 20 Vid
SEHLUE, 2l i R 2.

43 I AE TR FELR (520 V560 V AT 600 V). pH
(3.7 A1 11> « ACE ¥ ¥ (5 mg/L. 10 mg/L F1
20 mg/L) .« 5 B (20 °C .40 °C Al 60 °C ) Al i 1k, 7
FeSO, 114 T 4L ¥ ACE ¥, &5 min BUFE J5 H
0.22 pm i JE AR JE 5 4T HPLC 0B, DAIRFL %
IR 3556 ACE P& i 22 (1) 52

1.5 ACERERNZE

f#i Fl HPLC Il 5 ACE, [X GDP b 2 i 72 A %
WpH 2 R AEARAL, R ahAE B Atk 5 0.1% H
FR /K F T LAGE FE pH R g AU, B RAL IR sh A
Beth, sCEl 7 ACE 5 HAWY €475, {8 ACE
F UG LR B e A) R ZE 4 I 7E£0. 1 min AN o 43T 2%
0y A3t A A Ultimate XB-C18 S2AH K (4.6 mmx
250 mm, 5 um), iR 30 °C; s N 0.1% H
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TR /KIS AN 2, =60:40CV/V) , 73 9 1 mL/min; £
T 25 8 28 ARG I 4% 5 P KN 245 nm; 3 FEAR RN

10 pL.

2 o A B 2 AR A1 e T AR T SRR BE L IR AR (D
SRR .

ﬂ:(co_ct)/coxloo% (1

e A e I 2 AR 2805 s C RGBS, mg/L s
CoN I FE S T ACE ¥R FE , mg/Lo

1.6 GDPAIEFFEH ACE B iRAEBLF MR

1.6.1 ACE %% pH.ORP A= EC #4902

pH 5 ORP {# [f] pHS-3C B FR B 11l % ; i § R
(EC)#i Fl DDS-11A $05% FiL 5 SR A0 %€ .
1.6.2 ACE %% ¥ *OH.H,0,.0,.NO,.NO, ##NO,”
R B 2

S P 0, DA SRR PR, «OH
Gy 3 BUE AR, 5 ACE ¥ 7= A2 1) «OH ] 4221
EEA M s 275 Long 61 1) 7 1%, R ER 28 L €23k
€ H,O, W 5 s 276 T g5 i PO 7 v, R P e 0 — il
FREN 3 e C FER I 32 O IR B s 5% e = 7 W 7
%, K FA % L 17 (Griess) IR & NO, WK s % %
ANEECS () 7 9, K FH Iy — R R O V2 M S NO, ik
2

L7 BRSO

f# F LC-MS 43 #T GDP £ 600 V.pH=3, { 1L 5l
N FeSO, %6+ F AL P 40 min J5 10 mg/L ACE &7
3 2 . {0 3% K= Jy Waters UPLC BEH C18 4
(2.1 mmx50 mm, 1.7 pm) s s AH A 0.1% H /K%
WA 2, W 0.3 mL/min, #EFE 8 2 pL, KR
35 °C, A WIS ] A 8 min. JHEIE 261 : AR & B 1
8 (Electron spray ionization, ESD , % & N 1E & T
AR X, 93578 Bl m/z N 50~1 200 amu, 4 FL HL K -
40 V, SRR 29 318 °C.

1.8  ACE[M#=¥E 1T

I T H R N Bk i T 5 B R [R1RE 75 2
NGB (2~4 cm) o BELL 5 R HEAT 3 Yk ST A S
56 . 7R A 600 V 2514 R A GDP 4 #E Y]

& ¥ FE A 250 mg/L ACE ¥ i, 55 % 30 min HUFf
40 mL Jf I 2508 /K BB 22 500 mL , N /M £8 5 2
5 R GDP 4 (1) ACE 4Lt I8, 5% 1 h A %2,
3% 24 h N L AET R,

1.9  HIEAIE

BT s ¥ 2= /b A 3. {8 ] Excel 2019 %
T B0 DAV 5 3 (B A0 b 1 3% 22 (+SED , il i Origin
Pro 2024 {E &, i# 1 SPSS 27.0 B AEHEAT BRI K %
73 HT CANOVA) , 37 p<0.05 i f# il Duncan's £ 5
R 6 AT 525 1 AT o

2 HER5VHE

2.1 GDP A4S STEE R [E4FHEZ

7E GDP & A bR v, 7K A v 37 B H 1 T v AR Ak
A E 2 %o . AR RE A 5 v 4 BB 7E AB
B, BN 0~200 V, Bt A5 HL T iy, FLLIZ T3
LR R R AT, AR 3 405 Wi U e A [ B A 5% 2
TE FE AR BT = A T R & /NS, & T r K ik
T o B S FR 45 T /0 45 200~420 V1 BC [ B, B3 9
BN B 12 IR N BH B 2R i H 9 7R A R A RN 5 3K
Ja 8 X3 BT 78V, P AR T KRR,
FHH AR R A B R N £,
SECR B SRR 7E CD B, LR A 420~500 V,
FL Y7 I L (1 386 0 T 1 PR K, b YA e /N B ) R )
HLH A 500V, I S H R S i BT DAV 4% 38 1 4
19 28 S , 75 PH AR 2 i IR B B G, S AR 4y
TIUE MR s £ DEBY B, LR AT 500~660 V, HLI
B 5 B 17 3 00 53X — B B S B TR B, HLRR
JE T8 4 - 4 2R A DR v PR R R FEURE T 1T {8 PR IR Y
Ko MHE N 520 V, 78 PR A ui e i AR e, HL
55T 22 18] TV e T 46 85 44 X 38, (Rt , AR S0 ik
#5520 VAEAWIGE HUE , IR IR AR AE T 2 35~
45 mA.

200 B
7\
i
150 ¥ i E
< _J ! »
E b h yt
=100 { IENES /
[ {;’ 7\;\0 I
S / R, ;’/"
/ 13, i
© 50 f i o
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2 GDP [#fif ACE ¥ W) L i~ FE I 2
Fig.2 Current-voltage curve under ACE solution
degraded by GDP
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22 FEEEEX GDPFERE ACE BEMF

7E AT HL R R 5 10 mg/L ACE % ViR % fi % b
GDP 4b B B[] 177 A2 1 1) &5 R Wi & 3 fir s o 7 520~
600 V, [F A2t A5 H IS g oK. Hor, 2
JE N 520 V I, 42 40 min 4t PR 5, ACE [ iR N
59.43%, 1M} 24 H & T+ 1 2 560 V A11600 V I, F&fif
B2 64.66% F1 87.89% . 3X A& K] W i ri i A
rhAl LU AR KB O, HLO,« »OH %5 3 2 Ak 3% 14
Ji, FEAEBE R A LR SR T ACE VAW . TRk
FEL R 2 5| RS 9 A A ()37 5 BT, B E T R
FEABE R B, 5 EKS T RN Z I, A F
T 48 5 SR AR SRR RIE YR, S B 5 ACE
53 T 10 I SRR 38 K, B3R ACE R 4544, B R 1 %
fifR 2 B TR g RS T R R SRR I T A
— 35, BB A HUR 36 0, = A s MR T B G
ACE ) i 22 B 1 K

100

—— 520V
—— 560V
—— 600V

» (=2} [o]
[=] =] [=]

Degradation efficiency / %

(28]
o

0 5 10 15 20 25 30 35 40
Treatment time / min

3 HEN GDP FEf# ACE P figf = [ 520 R 60 L I 26 RO
Fig.3 Effect of voltages on the degradation efficiency of
ACE by GDP (color online)

2.3 ACE &% pH Xt GDP [ 2 ACE S R &
|

FEATE pH F 5 10 mg/L ACE ¥4 Wi % /% £ i GDP
Ak B TR 1 AR Ak 1 45 R an B 4 BT . 240106 pH oM
3.7.11 i}, ACE £ GDP 4b # 40 min Ji5 [ F% i % 43
A 89.62%- 85.49% A1 88.50%. 31X Fh L G 1) J& [A]
A& COBRMESRAT A F - OH 55 TP Rl (1 25 il
R (2)~(3)), H GDP #EH A= 11 O, ik 2 FlE iR
W H,O, R A ok B4 A e 3 A O™ . it 4b , 7
FRIEZAF T, GDP = A= F 35 420 5 1O, S8 AL LA
LA R, AL S SRR L (OB S 1F 5 43 d vl fig
JE T pH T 5 20 R A B A K R . R, TR
PRI 2% A 38 R T PR AR R B 42 v

e, TH—<H 2

H + H,0, »H,0 + *OH 3)

100
——pH=3

—o—pH=7
—o— pH= 11

B (o2} @
o o (=]

Degradation efficiency / %

[}
o

0 5 10 15 20 25 30 35 40
Treatment time / min

4 146 pHXS GDP [#fi# ACE [ fift 3 (¥ 5
R LI 288 D)
Fig.4 Effect of initial pH on the degradation efficiency of
ACE by GDP (color online)

2.4  ACE 1387K & 3T P R R 1O 520

HEARFRWILEHRE T , ACE 15 W 4 /iR % GDP At
R (R AR A A 45 SR AN 5 B o B A Bl VD 4
WP TF R B PR . M WIERIRE A S mg/L i, &b
2 40 min J5 [ F¥ fif % 83.99%, 1Ml ¥k E Tt = &
10 mg/L 5 20 mg/L B , B fif 28 43 0 B AIK 22 79.59%
A1 66.01%. X A K N ACE ¥ ¥ 5 AR, 2 1%
ff1«OH 5 2 ) N, 4 ACEWRK E T & Ja », 5 B W
% «OH [N, T & & H i PR i neOH I U 2
B, PR, 75 B GDP Ak B K ) 4R i 2 5
[f)+OH 5 ACE [ %", 14t , ACE B4 i i
K FLSXF VL PR A fide 26 AF A /)N, BB ACE 3 T 5 H
P 35 S5 N7 T 75 10 R TR = Pl 3 4 2 RS . B
(1) ACE WIUGR 5 == AR BE Z [ rh B] =), TR £
[11«OH , M1 it — 0 [k 7 «OH 5 ACE 7 T1EH 1)
GRS

100

—o—5 mg.Lf'\
——10 mg-L™

R gol—=—20mgL™

>

o

c

S 60

e

7}

s

= 40

w©

el

o

g

g 20

075 10 15 20 25 a0
Treatment time / min
5 IR LR GDP [# A% ACE B2 ) 51
R LI 28 O
Fig.5 Effect of initial concentration on the degradation
efficiency of ACE by GDP (color online)
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2.5 REXGDPMEfE ACE M EREN

MEXT ACE B2 sz m i 6 frs . 4553
KW, miRA R T ACE BIBEff . iR JE 4 20 °CHY,
AbFE 40 min J5 R AE RN 89.49% , Bl & iR FE T = &2
40 °C 5 60 °C I, B fift 2 73 5l 7t 155 22 93.83% HH
90.53%. XK iR A F T ACE W7 fif , HIg
#8551, ACE 53 P I A IO B R K {3
R B R T I, S48 GDP A TS R 2 TR A
HAEHME K, 5 ACE 4 1 #H HAE AN , 3 B0 g
R

100

——20°C
——40°C
|——60°C

B o] o]
(=] [=] [=]

Degradation efficiency / %

N
[=]

0 5 10 15 20 25 30 35 40
Treatment time / min

& 6 RN GDP F#fift ACE B fiff 2 (152 CRZ B WL R 25 i)
Fig.6 Effect of temperature on the degradation efficiency of
ACE by GDP (color online)

2.6 Fe”X} GDP[#fi# ACE By L {ER

P 7 % B, Fe’ ff GDP [4fift ACE [ fif 36 I 35 3
. 2 GDP ALPE 5 min J5 , Bf il 2R 51k 68.83%, /&
XfHE ) 516 % o IX a2 KN Fe" i 5 GDP 7= A4 1)
H,0, & A4 54l (Fenton) J M. 7= A2 K 17 «OH , H 41
1 HLAL Ik 2.80 V, BEAS PR AL 43 i /K T I ACE
Oy, 1 B AR R, Fer i 4k I FE fn 20 (4) ~

()R .
Fe’ +H,0, — Fe’" + «OH + OH" €))
Fe’” +H,0, — HO, +Fe* +H" (5)
HO,+H,0, — *OH +O,+,0 (6

—o— FeSO, 1
—— CK /i/f/-}/;/i

100

o]
o

2]
o

'S
[=)
s

Degradation efficiency / %

]
o

0 5 10 15 20 25 30 35 40
Treatment time / min

7 Fe A X GDP FEf# ACE PR 2 1) 52
CRZ P LI 268 )
Fig.7 Effect of Fe’' catalysis on the degradation efficiency of
ACE by GDP (color online)

2.6 PEEEHHE

2% 1~5 FIEI 8 7 W, , In(C/C,) 5 Ab BRI [R] ) 25
PER REW], ACE IR FE MR T & PR — Hzh 71
R (R>0.9) , {H Fe i 4k N A A0 58 R AR,
790.863 2. ItAh, ACE P il i 2 5 (o) 52 T3 L
JE pH HIUG IR FE VIR FE AR 52 . 7E AN R
JE T s kgov™ksovksnoy s TEATF PH N 5 Ky ke Ky
TEARNTHRE S 5 ks> Ko mgn g mgr s TEAS IR E T
kyy ok g s TE FEMEUAE T 5 kesorhon s X5
3~7 RN 45 3. GDP ALFE TR = A () «OH 7]
PR Ja B R R D A, JB T AR O, 1K
R 55 /1 Joft BH R4 780 R AR IR 55 5 AR B K 2
RS RA — S

R 1 AABRET 43 HFERSH

Table 1 First-order kinetic model parameters under different voltages

Mk /V EYEp HRRBR B 3 % 55 Bk / min™' Dagrada-
Voltage Regression equation Correlation coefficient R tion rate constant

520 y=-0.022 9 x + 0.042 01 0.994 9 0.022 9

560 y=-0.026 4 x + 0.033 73 0.997 6 0.026 4

600 y=-0.052 8 x + 0.075 22 0.9950 0.052 8
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& 2 AHpH T4 /RS

Table 2  First-order kinetic model parameters at different pH

pH Bl 55 2 HRAE R P&t 2 H 4 & / min”™
Regression equation Correlation coefficient R’ Dagradation rate constant

3 y=-0.056 1 x +0.005 94 0.999 7 0.056 1

7 y=-0.047 8 x + 0.056 11 0.994 9 0.047 8

11 y=-0.056 3 x + 0.044 55 0.998 1 0.056 3

R 3 AEIRET & RS

Table 3 First-order kinetic model parameters at different concentrations

WE / (mg L™ =175 72 HRAHR W fpf ok 22 4k / min”!
Concentration Regression equation Correlation coefficient R*  Dagradation rate constant
5 y=-0.043 4 x +0.001 66 0.9812 0.043 4
10 y=-0.040 0 x + 0.102 42 0.984 7 0.040 0
20 y=-0.026 7 x + 0.026 71 0.995 8 0.026 7

R 4 FARABET—HSHEERESH

Table 4 First-order kinetic model parameters at different temperatures

IR/ °C EVE Yy MREZHR B fifp e 5 4 K / min™
Temperature Regression equation Correlation coefficient R° Dagradation rate constant
20 y=-0.056 1 x +0.022 99 0.999 0 0.056 1
40 y=-0.069 4 x +0.020 74 0.999 5 0.069 4
60 y=-0.057 9 x + 0.020 84 0.9992 0.0579

R 5 Fe' BUT HINEERESH

Table 5 Parameters of the kinetic model under Fe** catalysis

AL / (100 mg L™ [ =77 HRAMR B fi ek 2 5 K ke / min™
Catalyst Regression equation Correlation coefficient R*  Dagradation rate constant
CK y=-0.0413 x + 0.042 26 0.9917 0.0413
FeSO, y=-0.070 0 x — 0.450 15 0.863 2 0.070 0

2.7 GDPM##ACE ZREZHRREBENLEMR

2.7.1 ACE %% % pH.ORP #= EC

PH 2 187 2 R R 5 55 1 — A B R AR .
ME 9 T4, pH [ GDP Ab B[] frt %iE K 1y PR AR
Ja %18 LJt. 1E0~5 min PN, ACE VR pH M 7.02
PO PEICE 4.55; Bl 5 FRAGE ALY, 7£ 10 min b
P 2B A 4,42, 2 52218 B, 7E 40 min B,
pHIX 5.19. 2 Hr HLJE A, Bl 5 A BB ] 1) ZE 4
— J7 K 5 F A 2 2= 7= A2 K= W R PE 4 5 1,0,
HO (K (D~ F, [FIf 255 H /™= A= ¥ RNS ¥ il
Tk o £ 4 HNO, FITHNO, 284 5 (2(9)~(10)),
XL RS FEE W pH FBE P 5 —J71H, +OH
SRV ER R B ACE 4 1, AR BRI T SR RN 2% B
TE IR 86 B O 2 7= A K = R AL v ) = ) R
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Fig.8 Degradation kinetics of ACE under different conditions (color online): (a) discharge voltage; (b) initial pH; (c) initial
concentration; (d) temperature; (e) Fe*
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Fig.9 The pH (a), ORP (b ), and EC ( ¢ ) of the solution
during the degradation of ACE by GDP (Different letters
indicate significant differences (p < 0.05))
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Fig.10 Concentration of *OH (a), H,0, (b), and O, (c) during
ACE degradation by GDP (Different letters indicate significant
differences (p < 0.05))
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K AT 15 2B 1 4y 55 & [M+H] 5 [M+Nal",
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Fig.12 Chromatogram of ACE solution degraded by GDP at
different time
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Fig.11 Concentration of NO, (a) and NO,™ (b) in solution during ACE degradation by GDP (Different letters indicate significant
differences (p < 0.05))
# 6 GDPEMRACE KM= ME R
Table 6 Information on the degradation products of ACE by GDP degradation
Yt REENA R /min > TR JF AT L m/z 7T gkt
Products Retention tiome Mass Mass-to charge ratio Molecular formula Structural formula
ACE 3.879 222 223.074 3 C,H,CIN, ~ NJ\\N’CN
I
e N
C, 3.392 238 239.069 5 C,H,CIN,O OH 1
i N N X,,-CN
o
C, 3.396 143 144.002 6 CH,CINO ﬁCHzOH
c” N
C, 2.337 156 179.036 9 C,H,CIN, | X TH
o N
C, 3.838 127 128.007 6 CHCIN | N
e N
C, 0.620 197 198.097 8 C,H,,CIN, )NC
O
o N
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CHO COOH cooH
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Fig.13 The possible degradation pathways of ACE after GDP degradation
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CO, -H,0 % 8/ )T

R 7 AFIALHES AT MR KSR T A
Table 7 Mortality rate of small carp at different
treatment time

LSRN ) / min g/ R TETIE %
Tratment time Dead fish number Mortality rate
0 5 100
30 3 60
60 2 40
90 0
120 0 0
3 g

GDP fie A 2% P fige e Bk , i L HL s pHL R BE
T BE 35 J2 5200 ACE PR 22 (1) B B DR 38, T il L e
JE S pH FRRIRE e iR E Y TR &R
ACE FEERUR s Fe ME AR AT i 2 32 = PR Al 2
B fif 5 5035 93.92%.  GDP [ fi# ACE [¥1— 213 11 %
R A H R BRI KT 0.85,

GDP =1 2% b i ACE 3= 229 K] T GDP /= 4= 1)
ROS («OH. O, 1 H,0,) f1 RNS (NO, 1 NO, ) & K &
TE TR A B ACE 73 F, T AL L L, EC
FITORP#E . -+ LC-MS /¥, $#2 H T GDP [%fi#
ACE J5 1) 11 Ff F2EErp [R] =4, K840 A v 8] 72 47)
247 «OH Tk B0{f L 1k g B T 24 R0 (0 %5 7 22, 454k
RNANNG TR, B Ja Wit — P S 42 i CO, H,0
NG FORITET B O AL B o ek A £ A T S IE
T B A v [R] P2 ) E M S B I T B A

GDP = 24 F& it /K 7 v ACE (i F v, 25 1F iR
AT, TG 75 U8 Ak 22 B P ) B A 1, B AR A0
J&, TG RS G, 78 B K A B AT ) I (1) R FH HiT
5t GDP HJ1E N ACE 5% B 11 22 4% vy 258 B8 ik 1) — b
BT AR R R N R R S T R )
o

HETREN FTEBEAFAMERRIHZ S
HATA, REBXKERESHHRBXES;
WEd. $%%. FLA. LGRS TZRME;
AHBRAGEEHERATA, TERFDX
FEMES, FRHET. BXHRLET. F
RS, FA R H B BT X
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