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Abstract: It has been found that siderite (FeCO,) could directly hydrolyze microcystin -LR (MC-LR) under anae-
robic conditions in previous studies. However, oxygen (0O,) could not be completely avoided during application
process. Therefore, it is urgent to study the effect of dissolved oxygen content (DOC) on the degradation efficiency
of MC-LR by siderite. The results showed that the degradation rate of MC-LR under O, conditions (DOC= 1. 62~
21.87 mg/L) is higher than that under anaerobic conditions (k,=0.030 16 mg- L''- h™'), and its degradation rate
increased with the increase of O, content. When the volume of O, added was 1.0 mL (DOC= 21. 87 mg/L), sider-
ite showed the highest degradation rate of MC-LR (0.083 34 mg- L™"- h™'), which was 2. 76 times higher than that
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without O,. According to humic acid (HA) additions and radical capture experiments, it indicated that siderite

could directly activate O, to produce superoxide radical (- O;), facilitating the oxidation of MC-LR. However, the
addition of HA inhibits the selective hydrolysis of MC-LR by FeCO,. Finally, the LC-ESI/MS analysis of MC-LR
degradation intermediates showed that under aerobic conditions, the hydrolysis sites of MC-LR occurred in

Mdha—D-Ala and Adda—L-Arg peptides. Bond, under the oxidation of (- O,) produced by the activation of O, by

Fe" on the FeCO, surface, the hydrolyzed product continues to undergo hydroxylation and decarboxylation reac-

tions, and is finally converted into small molecular aldehydes.
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T e FE R microcystins (MCs ) J& 7E KK & &

U5 W AR ) —Fh AR E KRR, H
NS A MCs 197K 2 FEOMRNESS SZ 5001 5 B
KT ¥6E (Harada et al. , 2019; Hirooka et al. , 1999;
Pestana et al. , 2020; He et al. , 2020) ., fih %5 7%
F-LR(MC-LR) /& MCs 73 A fie ) 8 P fi o 1) —
28, A T AU E HAR R K b de v 2% i A1
M 1 pg/L, Hop 45 ILIET 1, WK 2006 4F T 5,
FEIE W) (I F, 20155 ZRAA R 5E, 2016) | HE
(Shan et al. , 2019) , =W DX 00 J 0 (52 R0k
4, 2018) MHH & TR F /K R s AR Rl 2205 & T A )RR
JEEH R e e TR MCs T5 58, el R0 5 BR KT K
H) MCs A2 SR o Y [R) T,

Md ha

Adeda

OH
D-Medsp

1 MCs W5 FE5 1A

Fig. 1 The molecular structure diagram of MCs

KR W) s —Fh AP RO GHEAL R CRE 5 45
2001) o RIRT Wt Ak 7K i A8 o 7 5 1 i Ak
YERIE MCs [RGB ALK i Wi 2, T R R%
A B VE (Fang et al. , 2018) . B IS ( Fang
et al. , 2018) RIAETCEIGHLT , Z280 (FeCO, )
iFF1H HCOS i Bronsted BRAELVEH , fd MC-LR fY

U R —— IR A R K Al TR BB TR 55 T
£:30°C 48 h A fff MC-LR (10 mg/L) [ B fift 5634 5]
36. 7% {HIZ IR TE TR R N AT, IF B
N ASCRARR A DK B SEBRoK A BE AR IR R B T
7K Ak BT 2K 2 R IF AR & ((Andreea et al.
2020; Gu et al. , 2020; Yi et al. , 2020), wrZIHJC
SRR it PRSI T AR, A AT EOR
I, AR AR, XFLTC AR, A&
IR T A B A R (R ER A, 2004) , [H I,
A SCH FEIE O, % Z2 80 B Al MC-LR 11 B3 [s) £ 32
YEM,

KR LT WAE O, FA7E T HE b 3 42 = XF
YY) RBRACRE, AL E 20 e 0, Bt RE
A A AL, IR RS A S 0, kK4
VERIF=AE 3 H 3L ( - OH), AT SEEUNT 2R 1 (4 15
RUREAR (R AARAE, 2019) o A A 0 W) e A SE 0
BT DA KRR - OH, BENSAT R R i 29 2
HIA NS YY) (Zhu et al. , 2019; Van et al. , 2019;
Thiam et al. , 2020) , HEjCIF AR L0 -6
PREMEACIR R AE O, A ALVE T R A HLE K 4L
A (Zhang et al., 2017; Ahmadreza et al., 2018;
Chen et al. , 2020) . SR, ZZE0 WG AL O, 4=
AL HY BB A 7 TR AR A S8R A R A 1) A i
T,

A SR X TR TC AR AR AR R 22
B0 MC-LR IR R, FFiAT 1T 0, i A
TN 78R (humic acid, HA) DA K& B i 40 3k 5256 55
BT, WIS A AR AR R h O, X 22 Bk MC-
LR W TTHR, Ak, MEHE4T T MC-LR [ b ] 7= 4
AW, DA G e A A, RST80T ey
AL T Ff# MC-LR FYHLER
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ZEEATRE T RS IR 4 H ST O 9T T 4 R
MC-LR FRUERE i A A (1 mg/Jfi) (MC-LR 75 & =
95%, W3k A O F i BHECA R A 7)), ITA 4 mL
{03 2% W A B 2 250 mg/L, —20°C kYGRS
FE TR WA~ U S0 (humic acid, HA) W 3E T F br
JEFE TR ) 43 (THSS) , H B LG 38 {6 3 4
AR K R R I P K, AR R o B4t

FH X Pt 4 (XRF, EDX-7000, H
A S MRZE R U R, R X SR AT Y
(XRD, Rigaku 22 #]) X228 o 10 AR 25 4 24 T
M1, LA Cuka(A=1.540 5 A) NEFLIR, 570 H
20°=5°~ 90°, A H K 8°/min, i X HFLOL
HL T fEi (XPS, ESCALAB 250Xi, Thermo Fisher) 4}
BTFE S 2R T A 22 18055

HF I 2 MC-LR & 5 /9 /5 80 A 3 2
(€2695, Waters ) Bt & A& PRI K #5 ( Waters 2695
HPLC) , 43740 F . Waters C18 A j54E (4. 6 mmx
250 mm, KifE 10 pm) , FishtH MeOH :0.05% TFA
=60:40, FHH 0.8 mL/min, HMIRELA 35°C, L4
KA 238 nm, MC-LR #H I6HFE] 8.2 min,

FKHIXPA ZR A= A (B ILHLHE
J7) R ORH (o 1% - B S B FH A ( AmozonSL+
1200, 3% [# Agilent ), #] H] LC-ESI/MS 43 #r ¥ %f
MC-LR FEff R 8 =Wyt 47 0 B, 3 564 B
TR NH B E B R (ESL), E/SEm N 15.0
Psi, BHE I OHBIEN 138.6 V, THHEN
8.00 L/min, THEREEN 350°C, B FIAChIE
B, BIEREN 3.7 kV; WEEE RN
350°C, B FIRIRE N 120C, B TRERE N 1.0V, 4t
fLEE R 40 V, FFVERN m/2=200~1 150, Jisl
A H R (pH=2. 6) FILZ i A0 BE DR, A6 B 18
H0~20% N (10 min), 2RJ5 30 E] 35% (10
min) .60% (15 min) F1 80% (10 min) ,

HAAU(HQ30D, &[G Ay ) FH 170 5 5 rh i
fift L B i

2 SEEGTRAR

2.1 MC-LR P& L6
TE 2 mlL (BT A (0B 58 06 (5 ) g ) Heon

A 1 mL 2.0 mg/L MC -LR ¥, 2R HA 30 mg )
RIRZER W H A, BT 25CHEA KPR
N, JCREI R AR 3 min 0 35 SE B,
AEA A TR AT T, 1 m®
R, BRSSO, L, SCHE AL 5
P o B g ek A v ] B e ] B BRORE 300 pl F 1.5 mlL
BE.OE T, 15000 r/min B0 20 min, B EERGHFT
HPLC 4341, W AN [R] S5 B B i) MC-LR ¥ (mg/
L), SRR A1) (2) 207 HA MC-LR #RE A7
RN R Tk (TR, 311S,/S, —t B
fif 2,

1=(8,-S,)/8,%x100% = (1-S,/S,) x100% (1)

S,/Sy=1-(ko/Sy)t (2)

Hob, m WM (%) | ko MR B (TR
Bi) (mg « L7' - h™'), S, IS, ¥ 76 0 Fl ¢ B 2] 1
MC-LR ¥JZ (mg/L)
2.2 0, 2ENEBERNEMN

FE RS b AR e A AR R 9 R
HA240.25.0.50.0.75 F1 1 mL O,, %8 12 h Bt—
A, B, BV W E MC-LR Mk, B 50
mL ELDA, IIA 25 mL 5 RO /K (/KiR 15°C) , %
B, A S h, HEBRK AR, FHES S 2512
$0.6.25.12.5,18. 75 fl 25 mL Y 0,, ¥ 10
min, Ff VA 7K i B AR
2.3 BHERBRKRIR

1E RS ER S AR 4 A 5. 0 mmol/L 1) 57
WEE(IPA) YER - OH #4857 0. 4 mmol/L 1Y K it
(BQ)MEN - O, gk, &% 6 h HL—IAE, B,
g W MC-LR F9¥REE
2.4 B (HA) X Z KT P& MC-LR B9 00

FE bR S5 ik B rpoin A — 2 5 1 HA (20. 0
mg/L) , [AIR% 12 h BORE, B0, 2 FiE W MC-LR
MR

3 4RSI

3.1 EHTHYERLE

PR AT XRD 445 B LA 2,
P2 AT, FE 320 .52, 8O H BRAHR (AT S0, K5
kRt PDF & (JCPDS 29-0696) #E4T%) L, #i & H
S =J5 I FeCO, HUATETI

K X B TE I (XRF) X9 ¥ #4770
RPN Rz, 2280 h EZITE N Fe(57.583%)
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F1Si (20. 645%) , & A D) AL(6. 534%) Mg
(4.787%) . Mn (4. 093%) . Ca(3.401%) F1 K
(2.379%) Mtk B S (0. 477%) . Cu (0. 061%) .
Zn(0.024%) Ir(0.010% ) F1 Sr(0.008% ) .
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Fig. 2 XRD pattern of siderite
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Syt — B BAIE XRD Fl XRF 1945 8, O35k
WHET T X SHE0C T RETE (XPS) &3k &1, 45
WoRZEER B XPS ik, 0, C,
Fe, .Si,, .Si,, Ca,, Ay, FFEWELL K Mgy, FI Mnjy,
e I ([ 3) , JhH, 0.C BfESR5R, Fe Si
FRR, Mg Mn {559, Ca Al {5585,
HIfJCHAM T i e e, SRR Al FE e, H
F 4> A FeCO, F1 Si0, , 5 XRD Z3Hr4h F—3,
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Fig. 3 XPS spectrum of siderite

3.2 ZEERH EILFERE MC-LR o317
3.2.1 ZEERETFEM# MC-LR 3 J)2%

] 4 BEEPA 1EA EACER IR X MC-LR
IR IE LR Bl Ty 22, R 2280071, JEiR

A%, MC-LR #8A & A- R ff (B 4a 4b) . FEC
AAMETF 60 h 2245 % MC-LR Y 8 N 100%
(Bl 4c); MAEEA O, 5, 2280 7E 36 h J5 st refs
MC-LR F#fise4s (I 4d) , 360 0, fE7EREA S b i
PEZEH B MC-LR . 1 TR0 0 58 UE B 22 4kt
MC-LR R R fift i 72 £ 22 0 K i VE FH ( Fang et al.
2018) , XHELULH O, FREk & RE L M 22 2k X MC-LR
7K A28

T 4 T T " T T v T T
Lok 4
08t 4
0.6+ -
o8
S
Wy
04t 4
02t ' 1
\H A— B HT /4
0F e -
1 1 1 1 1 1 1

0 6 12 24 36 48 60
t/'h

K4 R T 240 % MC-LR B8l ) 2 i 2%
Fig. 4 The degradation kinetic curves of MC-LR by

siderite under different conditions

3.2.2 AF O, & X228 B MC-LR A5
J T BAIE O, X2 BRT A MC-LR & & 1 5%
W), AT AN A RS AR LR 2280 X% MC-LR B
R T2 S0, % MC-LR 19 3h g 24 il 2k (&
Sa) ATLAKRBEL, 0, & Xt MC-LR [ fift 3R 5% i) i
=, IMAAREAEFL (0. 00.,0.25.0.50.0.75 F1 1. 00
mL) [ O,, W h i & 50008 1. 62,10. 97,
18.47 21.30 F121. 87 mg/L( HIEEALIE) , B
[ K5 A 5 17 Bk, 5350120 0. 030 16,0. 038 16,
0.0525.0.056 F10.083 34 mg - L' - h™', £/
24 h B IA R RRFL 0, XF MC-LR 1) F% fif 2R WL %]
Sh, LA HFfE 7 3N, MC-LR AYREfig R
TN 34% 45% 66% 78% FIl 100% , i — 15 #]
Kt 0, FATERENNHEZE X MC-LR HYFEf#
3.2.3  H MR
CAMR BRI WEREETE L O, AR A h 3k
(JABEE, 2017) , A THESEZEER TG 1L O, F= AL R4
H RS 235 L N (IPA) 2 - OH il 4R 5] |
PR (BQ) 2N« O34l AR AT T4l RS2 80, 50 4w
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a —a—0mLO,, k=0.03016 mg-L" h"' b
L0 —8-0.25 mLO,.k=003816 mg- L '
I —— 0.5 mLO,, k,=0,0525 mg- L b { 100 F
08 ~¥-0.75 mLO,, k,=0.0560 mg- L™ b}
41 mLO,. ky=0.08334 mg L Il | sl 28%
=06k =
“ y
2 ;: 60
\5_.'
04 H 45%
40 + "
0.2
20 +
ok
L L L Il [i] |
0 12 /h 24 36 OmL  025mL 0.75 mL I mL
) O, A
5 RS AR AT MC-LR B 12 M2k (a) Fil 24 b RFEAARAFIER AT MC-LR BIFEAEER (b)

Fig. 5 The degradation kinetic curves of MC-LR by siderite under different oxygen content conditions(a) and degradation rate
of MC-LR at 24 h under different dissolved oxygen content(b)

1 1 1 1 1 1 1
0 6 12 18 24 30 36

K6 A AL

Fig. 6 Free radical capture experiment

giRLE 6, HE 6 (TLIEW, EHEAELKMET, 54
I R A AH e (E6b) |, S ATPAJS | X 22 Bk 0™
AR figt R (TR 6c) e B B2 A BQ &,
MC-LR FRE MR 2 2 T — 2 FE B A4l (& 6a) ,
VLA JER KRR P R AT HA A %
(+0,), -0, &M MC-LR Ry £ [ i3k,
3.2.4 AN HA X R80T FES# MC-LR #5210
TR E AR R RN AT, PR TR
SRATHILITT LN IS 8 R A7 AE S5 148 T 2888 X% MC-LR %)
REfHDR I E SO0 2 R, 76 = Tk 5 A e
(HA, 20.0 mg/L) fFAE5&F T, JCBT HA (A
X} MC-LR P& R MA K (E 7a.7b) o BTHADFSE
EUESEERE ST, H FeCO, R CO; M F
AT B R AL E R T, BT R ) HCOS 5

MC-LR BYBERZH: [ C =0 F1 NH—nTJE s 3R R B &
Y, MC-LR B 8%, KT HA 9 T4
(Fang et al. , 2018) . SRMISLIRLE LK, SN HA
SRR SR 2 % MC-LR # F& i 3 %R 2 3 7 1
BADHI(E 7e 7d), ULBATE O, B4 A I BEAEAE AR
T, 2Bk KT COY X MC-LR 432 3 3% T
o, UL TEA A 5T MC-LR B 8 B I 2
Tt (AR e, DL R 2R R, 5 A
TRZA L, TERASSM T 2280 S B M /K i 1l g
SRR R AR KM MC-LR 55 500 )7 v .

1.0+

0.8

0.6

L 1 1 1 1 1
0 12 24 P 36 48 60
n

Bl 7 M HA 0T 22807 % MC-LR FEf# 3l 7124 i 2k
Fig. 7 The degradation kinetic curves of MC-LR by
siderite plus HA

3.3 MC-LR EfEF=¥ 41

FEZERT .0, Fl MC-LR R & HP A7 7E 2 IR Ak K
i R AR A PO R R A i A, A T RIE R O, TRk
W"/MC-LR %8 1k B fie b BT R 210 19 sk, R A LC-



182 A

i W

A
= % Gk

41 3

ESI/MS M X B fife v 1] 7= e A7 1 $2 BOR 437,
SERRE AT SEAR B XF MC-LR B 12 h IR 7= 1y 1)
BT RIEILE 8, & 8 AT L, LT R =4 i 1
A B EEAERLE 28 ~45 min, ZEB5 B KR
VL1 22 = )RR - A= ), BRI LR 1,

20 Ml

1.5 JU"
0.5 i \

] — e S

0 10 20 30 40 50
t/min

Pl 8 SR PRIZEBRATFE AR MC-LR SSEAE i 4 8 B
W (TIC) (i 12 h)
Fig. 8 Total ion flow diagram (TIC) of siderite/MC-LR/0,

reaction samples (reaction for 12 h)

*® 1 |WEEST FERE MC-LR 312 d E =8
IEE R 10°
Table 1 Peak area of intermediate products in
siderite/MC-LR /0O, degradation process

Part A Part B Part C Part D

PR BB ] (2 /min) 29.5 28.7 43.5 36
it (m/2) 996. 2 1014 594 384.5
0h 159.6 0 0 0.22
6 h 111.3 0.29 3.79 9.68
12 h 3.93 0 2.90 10. 11
24 h 2.47 0 1.77 10. 57

A—MC-LR; B*C49H76N10013§ C*C29H43N30m?D*Cszstom

M Z A M, MC-LR m/z 996. 2( Part A) fifi% S )i
] i 35 AR, 72 ) m/z 1 014 (Part B) 52
MC-LR K¥4>FH Mdha—D-Ala fkEE K f153], H
P2 fE Adda—L-Arg IREEAL & AEK RIS, H Adda
LA E AL HE e 4-5 5 6-7 BE Rt — 2 A AL 1S
m/z 594(Part C) , kS A LR A /N TS (m/ 2
384.5, Part D), EZEMIEAILE 9, Kk, A
AT, 2P R A MC-LR 15 % A4 K i I
N, 7K f# 7 506 5 & 4 7E Mdha—D-Ala Al
Adda—L-Arg B IKEE, IFTE - O, WA ALVER T akst
RHEFRFA KR N, B N T 4G
F 5 Bali T AR W AR L, K i A
AN (Fang et al. , 2018) , XA RESE A HEAER
5%, SRR COY e B K A 057 25 32 B,
[, SLEAYE A A& T H 0, M3 A LrEH e
5 MC-LR BB/ fif % A= B [RIAE T, X /2 MC-LR

ok e A it v 1 A

3.4 ZEHRWIEMNL 0, 7 FHEME MC-LR HLEITiE
H ARSI, SRR A AR R EE W 3

- 05 Wyl HA G R T B 2R A 3R T 1Y)

W Fe REELIETNAL O, A6, HIM RN . Fe'

+0,— Fe''+ - 07, + 0;+H'— HO, - ,2 HO, -

H,0,( LM A, 2020)

_>02 +

HO,

CHy Ny, CoMly Ry,
5

miz 54 miz 594
Part € Pari €

Cpllz N0y
L miz 3845
i Fart D

K9 ZEERT A AR RXT MC-LR () EZEMRR
Fig. 9 Main degradation pathways of siderite/MC-LR

in the presence of O,

XRD FRAESE R IZE R 1) 22 2 =
J7 #h A FeCO,, 5 TRA SN HL, 22800 BB ST
LA, ST MC-LR =20 B A%, 36 h B} MC-LR
Feff ik 5] 100% , HILREME0ORE 0, & a3
3G, SR, AR E &R HA AR
B 3 R 2540 X MC-LR B %, 3 7] & il
T HA W IHHE T R4 454 3 050 R0 o 5 a
Iy, KRIZEEE A AT, FeCO, il Fe'
54k 0, 72E - 03, JFhRlMEAAEHIfE Mdha—D-Ala
JHRCEHE & A KA, ki SR RNy TR
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i REHE HAR) RaiX HAA FBRRE BT BIE FAY FAM BARK
R EEE FARA HRMAE wind gird FEMkK WA TR FRTF HRL
WEAAE FIX EHFL LBE c8kd RER RER L& FRA FEAX FuoE
Fheg MR FARE Rwiz RF—M BEE XA AR 3 I ML HRrA
X B x| x| X FpH o EHK NEE HKRF EFRNE BIE F OE LG
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