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E SR ISR W T S A B 7E 3 MC-RR(10~400 pg- L") 7R H - 3 (KRS - R ZLERR A ) vl 1% W2 B 3l 2 AR 2 4
fiE, FFIRT A S R BT S B9 5 25 53R MC-RR 7 H 3 v AW X T 4 b PNIRB0SF- , WER 3l 0 ~# 34 & 0 — 903 01 5%
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Sorption of microcystin-RR in agricultural soils
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Abstract: Sorption characteristics of microcystin (MC-RR) in agricultural soils ( paddy soil, latosolic red soil, and salted paddy soil) were investigated
using batch sorption experiments. Furthermore, the effects of soil physicochemical properties on the MC-RR sorption were also studied in the present study.
Results showed that the sorption of MC-RR in the soils reached equilibrium within 4 h. The sorption kinetics of MC-RR followed the pseudo-second-order
kinetic models with R*>0.994 and they were controlled by the liquid film diffusions. The MC-RR sorption isotherms followed the Langmuir models well
with R?>0.827 under different temperature ( 15,25,35 °C). The MC-RR sorption in paddy soil was a spontaneous, exothermic, and physical sorption
process, and the sorption decreased as the temperature rises. However, the MC-RR sorption in latosolic red soil and salted paddy soil were spontaneous,
endothermic, and chemical sorption processes, and the sorption increased with temperature. Soil clay contents and organic matters played a predominant
role in MC-RR sorption process, with the promotion effect and inhibition effect, respectively. Therefore, MC-RR was easily sorbed by latosolic red soil
(with lower organic matter) and salted paddy soil (with higher clay content) , while it was hardly sorbed by paddy soil (with higher organic matter).
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1 5| (Introduction)

IR BT B FR A Y i WK AR Y 1
KR R & R W R, b, MRS R
( Microcystins, MCs) 73 fif)  BitEfH K ( Hernandez
et al., 2009 ; Gurbuz et al., 2009 ; Dorr et al., 2010;
Xu et al., 2010) , J& NI FFEE A5 75 ( Dawson
et al., 1998 ;Lee et al., 1998 ; Wirsing et al., 1998).
VR, F TR HI9A K R P 258 i 4Gt MCs, 7%
AE A A EZE LT pg- L' (Cook et al., 2004;
Zhang et al., 2006) . {H15 4 & &, MCs 7] 38 3o ¥
TBE Vi YL S AR A 1 A A T 38 1 A 6 B /K A0
IR R T8 S T 1t ] 0 A P 38 v 2438 3 A Y MCs, 77
HIREA g - kg™ (Chen et al., 2012; &S &4,
2015). 52 5k 2 AR EA I AT,
MCs KR &, JEA T35 5 SR AE W R R
HETSZ M A AR A, I3 5 B W B JaU A S (B
(Li et al., 2014) . BREE AT A & B, B A B gR
S Kt MCs, L MC-RR #6 i fe 22, & B ik
36.4~2352.2 pg ke (VAT EIT) (Liet al., 2014).
SR, MEA & MCs IR R BIF 9 E 25 b T H
TEK IR P i 75 e AR 3 PR 2000 25 5 T, A7 56 &
B MCs PREE )8R BIFFE R B 55, JUH B = H:
TIEIREIAT A HIBEE.

W BT R PP S e A S T R A
A ROME R IREEAT O 1Y B SR, 0T W T G
P A= 25 A0 gt e XU B A B S (R A
2014) , fH HATH & MCs 30 BT A (1 F 5 34 Bt
VLR GE (Chen et al., 2006; B BE#45 2015). 5T
I AR SC DL ORI 5 B 3R MC-RR I BIFFEXS 42, 38
Ao W B AL PRS2 I HEAE AR 35 (KA 1
ZL SR 1) o B B 3l g 2 AR E R AR O

PRI - A S50 W B AT A B R, LA
MCs Az 25 XU P i B - HE AR 35 ¥ e 47 il 412 {3 5

2 ##El5 7% (Materials and methods)

2.1 FEI AR5 ME

21,1 L E AR B B RE R MC-RR (Algal
Science Inc., FEETE) /T84 1038.2, 70 TN
CyoHosN O, (B 1) 8l EE>95% i E>1 g- L7,
logK o fE 4 —1.09; L LN 48 3540, 1 5 26 [
Sigma; Sep-Pak Cq [& A Z& B4 (500 mg/6 mL,
Waters, £ [E ) ; HAR A5 2055 . S AL ih 4k
FRE Jg oy B4, W L T M A 2300 )5 SEEe FH K
rafiK.

COOH  Cr; O

HN N NH

O CH,

H
CHj; H
N

T ° ¢ 0
NH HN
“ﬁ
N
5
0 COOHO
NH
HN\(
HN
s NH
HNZ “NH,

1 MC-RR H{LZ51
Fig.1 Structure of MC-RR

BER I OKRE + R R t) o Rz
RIS RIZR M EHE(0~20 em) , Hrfr,
TRAE A RELHER F AR R Al K A ke JE b R I
KN D X R R . TR R KT R
e 60 BIfiJG T 4 C P17 . 3B fb v AR
P SCHR (& andh, 2000) J7 sk HEAT I GE , 45 18 T
#1.

F1 R HE T EEAER

Table 1  Physicochemical properties of the tested agricultural soils

. FERiINGive , W/ B/ -4
+ I H Wk ki ik
* P (g-kg™) P Pk ik (g-kg™) (g-kg™) (g-kg™)
KAEL 5.9 52.0 5.9% 44.8% 31.2% 1.0 19.5 1.5
PiAR: 6.2 12.0 28.0% 41.0% 30.0% 0.2 5.9 0.9
Ja H + 5.7 15.0 24.0% 29.2% 46.8% 0.6 22.7 1.2
2.1.2 fL#  API 4000Q-TRAP HRERPUMATFZetE R J2E) ; VERTEX70 {8 HL 5430 21 AR %A ( Bruker,

B BT X MC R W 55 B F U (ESI) ( Applied
Biosystems, 3¢ [F ) ; 1100 & #H {4 1% & 4t ( Agilent,

T ) 5 A R B O L (HC-3081R , ) 5 [ AR %€
Bk & (Visiprep™-DL, JE [ ) 3 $lodas fH i /K 7 A AR
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(KL512], 7).
22 LRIk
221 ML MRS OECD guideline 106 #4174t
S S5 (OECD, 2000) ,#F5% MC-RR 7 14
(AR 28 g 2 RN 24 R AE. PR IS 4 2.000 ¢
BT 50 mL BREE L, A 10 mL — &
JE Y MC-RR W, A 0.01 mol - L' 1Y CaCl, (°F
MRS TR ) F110.01 mol - L™ 4 NaN, (34l ik
Y1), HEATIEIE ((25+1) °C)$R¥% (200 remin™"), LA
8000 r+min~' B5.0> 10 min, BU_E 7, % H: MC-RR
WeRE . WFFT I} 3 7 22 R AR B, MC-RR 400 3 v B 5%
TEN 400 pg- L7 IR R 25 C LT 0.5.1.4.6,
8.12.16 24 h A I H W MC-RR ¥ B,
FEH W 6 RT3  MC-RR ¥ B 22354 4
MC-RR W B 5t B 58 T4 07 2 FRAE I, MC-RR ) 1R Vi
FE43 518 10 .25 .50 200 400 wg- L™, 457 0 a] Fy 24
h (HRAE 20 F1 24 AR5, 1 4R 5 1) 18] AT 3K 3] 4= 3 X MC-
RR A B ), 43 SIBIE 58 A TR B 45 44 F (15,
25 .35 °C) i3k + X MC-RR A9 W fh 45 0 28 ) |
KU AL PRI 3 AT
2.2.2 MC-RR 89l E 77 % B LIEGE C A A
BUNME R4 (FEHIFEN 1 mLomin™" ), ] 10 mL &
Sl 7K PERL/INVEE , F0 R, B2 TS, S mL iR
Ak B B R T IO /N I WA TR IR, DA R R 4
ZiET , HEEEHEEAE N 1 mL, i 0.22 pm 3§
B, F 4 C N ORAFRI. R APL 4000Q-TRAP HR Ik
DU 2 1 15 BB 3543000 5 MC-RR R, I 5 2ot
2 H H Agilent Eclipse Plus C18 #£ (150 mm X
2.1 mm,5 pm) A7 EGE B SRR N 5 pL. B
SPHTR A IE B H 4, 28 T )V K ( MRM) A1
K. ERZM T, MC-RR B4~ B B8] R 5.22 min. 2
s W S G i, B 6 A i (RD B I8 s R R
i TATRE BERIBRAE 25 FIFE TR 2R K ) MC-RR,
SEATRERRAER 2215 T 10% , K& 5 AR [BIsCE S 85%
~90%. 340 R FP MC-RR B4 H FR 1 (LOQ) 4 0.
25 pg- L7, B VRN 90% ~ 95% , W Bt %y
30% ~99%.
223 fartsiasnEa RH KBr R A
FoARG A (45 KBr BYTaE LE R 1.5:300) , &
BT BBl K 400 ~ 4000 em™', FHHEAr HEHR Ny 4
em” ' PEATE ST LA AT AR
2.3 HAEAT

I3 AR Excel2007 #4785 4811, Origing.0

BEAT IR 22 i ML 1015, SPSS16.0 #EAT AH 1k
I3

3 R 51718 (Results and discussion)

3.1 B HMEhhFHAR
3 Fpfitis 3% MC-RR (400 pg-L™',25 C)HY
W RMTE 4 h PR IR 311 R B ok AR 4 R A — )
B2 (R(1)) (R*>0.994) .
t/q,=1/(kyq.*) +t/q, (1)
K, o HIBEEFIE] (h), g, R ¢ B 20 0% B
(ngeg),q PRI (pg-g") b, 83 T
2F G o 38R K (min - g - g*1 ) R HEIL S sh fi 2
HRRLEZER B 2a ] 1,3 Fh L HEXT MC-RR W
BRFSF A 1 /N by s B 4 (1015 pg-g™") >AR4L
5(0.99 pg-g™ ) >KFEE(0.66 pg-g™).
itk — 5T MC-RR 7E 3 B 4 358 o 4 W% B
FIZEHLER, 43 51 R L BORE B Bo B (R(2)) K
Boyd J5 & (2(3) ) #ATHIEG 7317
q,=k,t"?+C (2)
B,= -0.4977-In(1-q,/q,) (3)
Xk, BB B R A (pg- g h ™) ,CH
W (pg-g™) B, N q/q.(SCHZILEI KT 0.85)
B BRI 2 2 (2) A T R S Pk LA 5, D ks
PR B 2 R B ) e — o R 4 il e R, AN
S DI E D R RORE N A G R 2 R I AR —
PGS (Lian et al., 2014) ;53R (3) MG RN
Sk HLA J S ASORL 7 1 e 2 W o Ay ke
TERE NG T DU R e O R i
P95 2 ( Lizethly et al., 2013) SUE 45 5HE B, MC-
RR £ 3 Ff -4 v (i 50K 9 97 07 B2 RN Boyd BRI
LA 23 Skt HOR i3 R A5 (B 2b, 2¢) ,
MC-RR 9 W B it A [7] B 94 K FoURE PN 47 ORI 3™
[ CUN SN EE S B S CRU SR i)
3.2 Rt HFFAR
ARRE T (15.25.35 °C) 3 A X} MC-RR
A A o 5 R R (] 3) 3995 /2 Langmuir 772 (3X0(4))
(R*>0.827) , %W MC-RR 7 3 P 3¢ v ity W b 3t
FERTBE R 55§ 2B (Shao et al., 2014).
q.= ¢, xC./ (/K + C,) (4)
X, €, % WP MC-RR (9 W B SF 77 ik B
(mg-L7") ,q, A KW (mg-g™") , K, b2 T
B R B (L-mg™" ) . 76 C A ARHT, AT d5e K e ot
WL REZ B (K g, wleg ™) PTA HHEXT
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a b.
1.2 121+
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/ INOAALD—L AN AN AADLLL—A
ND—0-0000—0—0 I
O o 00006 —0
= 08¢ =
e o i
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ooo
0.2 0.6
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0 (L L Il L ! s 1 " 1 L 1 L 1 1 | 1 1 1 1 1 1
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< | O etk
s @ -0 kgt
N
or 1 1 1 1 1 1 1 1 1 L 1
0 5 10 15 20 25
t/h

B2 MC-RR 7 3 F 358 i O OR Bl Bh o SR 4 AE (a0 - B B BT (] A9 28 TR R 2k b ASURE PR3 B R 8L 2K . Boyd T RRBBLA il Zk)
Fig.2  Sorption kinetics of MC-RR in the agricultral soils( a. sorption amounts with time b. the fitting curves based on the intraparticle diffusion model
c. the fitting curves based on the Boyd model)

00015~ a.

0.0012 |
0.0012 i
0.0009 |-
Tep 0.0009 e F
» £ 0.0006}
2 0.0006 2 L
0.0003 |-
0.0003
oL
0 L ]
1 1
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06
v yo] —1
Cd(mg-L Ce/(mg-L™")
0.0016 .
A
0.0012
® - ANy 7:1E=
£ 0.0008 | oF Yik: |
= I O kE5+
0.0004
0 -
1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08

Co(mg-L7h

3 MC-RR #£ 3 # +3#H Langmuir FEINGERLZ (a.15 C,b.25 C,c.35 C)
Fig.3 Langmuir sorption isotherm of MC-RR in the soils under different temperature(a.15 C,b.25 C, ¢.35 °C)
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MC-RR W fHEfE  iZ (AR K, B F T MC-RR 1
R (W et al., 2011) KKAE 10 5, FWFfF MC-RR
() K= ., (Bt I T o T80/ ) T X i 21498 Rk FH
HF I K- q,, 18 BE R TS S K 8 R R
A T MC-RR FE /KA - A AW BT, i i B i A
FITF MC-RR 7E 75 21 3 Fsk A mf 9 W B AR 4
Langmuir & IFH(5) L (6) L (7) A E AT
HHBEZE(A G) K25 (A H) RIFAE(AS).

AG=-RTInK, (5)
AG =AH-TAS (6)
InK, =—AHRT+AS/R (7)

P R RWEE R SR H L (8.314 Jomol k"), T Ry
YT (K) TS Rk 2 PR, ARRET 3
T - 30 MC-RR B9 AG /N T%, H AS ¥k
FZ 4878 MC-RR 75 3 Fli -3 v 4 02 B3 SRy ki 18 1)

H &R (Lei e al., 2013 ) . AR A2, K A 1 W B
MC-RR 9 AH B/ T2, T 2 21 38 A s i 4 0% B
MC-RR 1y AH A K T%, &KW MC-RR 7E/K#5 1 h
{14 W BT 3o 8 DA TSR S I T 7 oA 21 43 A RK A v )
W2 [ 5= 5 S W B8 R 1% ( Wu et al., 2011) , 3% 5l il B¢
T KA X MC-RR 1YW B} £ 7 a3 38 hin i A
i AR 203305 - X%F MC-RR B W% [ RE 7 Fifi Yk 5 44
T W, oK RS W MC-RR () AH 43
SHE/NT 40.00 kJ - mol ™", T 21 21 18 71 e FH - Wi of
MC-RR 9 AH 4535 KT 40.00 kJ-mol ™", FH] MC-
RR TE7K A - Hh iy W i Sy SRR D0 4 5 0 0 3
BRFIE R T MC-RR AE 2 2138 Ak FH A o i i e oh B
AE A1 A0 B AE F A 5 18 4k 27 W B 3 72 ( DiVincenzo
et al., 2001).

*2 Z=FhtiEsh MC-RR R D2 S

Table 2 Sorption thermodynamic parameters of MC-RR in three agricultural soils

1o S KL/_ qm/_ qum_/ . AG/_] AS/_] AH/_I
(mL-g™") (mg-g™") (uL-g™) (kJ-mol™") (Jomol™) (kJ-mol™")

15 3.98 0.0049 0.0194 0.991 -36.50 16.31

IKFE L 25 2.58 0.0055 0.0141 0.997 -36.69 16.42 -31.79
35 1.68 0.0038 0.0064 0.999 -36.82 16.31
15 187.00 0.0018 0.3341 0.827 -45.72 473.12

TRETHE 25 1135.25 0.0011 1.2147 0.917 -51.78 477.57 90.61
35 2151.25 0.0016 3.3344 0.976 -55.15 473.02
15 597.90 0.0014 0.8430 0.994 -48.51 362.98

Jak I 25 2272.67 0.0012 2.7958 0.971 -53.54 367.70 56.09
35 2697.45 0.0014 3.6685 0.998 -55.73 362.87

AT SN R 22 A LY 10% LA,

SRtk — A5 A B A A 4 1 SR R AR AT S
MC-RR AHEAE R, A58 1 3 A L 0% Fff MC-RR
(400 wg-L™",25 °C) MLAMEIGE (F 4) , 45 8 5%
B, B MC-RR )5 , AR 2021 61 1B rh bt ke 25 4k
Y —CH,AXS TR 46 1R 314 (2976 em™ ) Fl=CH,
SRS 4R S0 (2880 em ™) 4R | 17 Ak T - 21
HPIETE B th—CH, AN X B A 45 Hk 3l 0 (2976 em™)
5—NO, AR FR AR 2% (1530 em™ ) 1 308055
U B FE o MC-RR W] B85 AR 20 3 A H 4 op
MIERE A A W) B AL & W & A O, T8 Ak 2
W R (TR RE S, 2007) 5 AN [A] 402, W FfF MC-RR
Jei , KA 2051 1 I JC B 8 AR A 3k i — 25 Uk B
JKAE X MC-RR W B 3 2 Ay $HL [i

33 EEAVES>T R H(K,)

IR IR (K,,) SE O LI S
LY EESH( EHEREE, 2015) , HAE AT H 0
(8) T B, Fe BH - 598X 75 Ye 1y 1) e o s
R

K. =[q./(C.x[OM])]x1.724x1000  (8)
K K, A MUK 73 e R A (mL-¢™') , [ OM ]
HEVFR SR (g-g7"),1.724 HHIEA YRS HA
MU A 5% 3 2280, 1000 g A oAy s 4o 22 5

ANFEHR ST, AR 203 A B+ ffE MC-RR
) K (¥R TR0 K . Hd KR+ ke
R - 7E 15 C BB MC-RR (4 K, {8553 514
325~ 61114034 ~ 57580, 5768 ~ 202641 mlL-g ' 7E
2 5°C i, HFEMC-RRAGK,, {8 53 51 266 ~ 448 |
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40%1 I 2976
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L Rl -
100% E
JEH 4 +MC-RR
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g J M 1 +MC-RR FiH £ +MC-RR
2 60% ~_"]
§ L / /N e
= a0% /N
or 57:iER // A\
T EAN
\ i
20% 1 2976 1530
0 IR N T N TR NN SR N S | P
4000 3500 3000 2500 2000 1500 1000 500
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B4 =% ERH MC-RR 8L HRA S IE (o KFE L, b ARLIE e )l 1)
Fig.4 The FTIR spectra of the three agricultural soils with and without MC-RR (a. paddy soil ,b. latosolic red soil, c.salted paddy soil)

8160~ 113828 13343 ~ 174327 mL-g ' ; 7£ 35 C I},
HOW R MC-RR 4 K, 543 51 9 629 ~ 933 26274 ~
286837 8806 ~474618 mL-g™'. i1 T HFHk= MCs )
PEMTARIE , A SCHRHE (b 2% 4R 28 IR B8 22 2 AN i
HENY (GB31270.4—2014) 7% ¥FHr MC-RR 7E4% H
+- 3 R RE 1 2N K B (mL-g™") Y R/INEE
15 Y R R 4 S S SEG, B 5 R R (K, >
20000) , ¥ 5 W F AL (5000 <K, <20000) , A 25 0% ff
A (1000<K,, <5000) , BAMEMZ B (200<K,, <1000)
FIMERR B 7Y (K, <200). 7] UL, MC-RR 7 7% £1 € fl
Jak FE A Ay 5 W S TR ey, KR - Sy s R A
TG YLy,
3.4 3 NM X MC-RR R M 89 % 7
FHOCHE AT R AN AR BE (15,25 .35 °C) &A%
T, 3 Pl £ E MC-RR 19 K- q, R K, (LA 10,
50,200 pg- L7 R M) Sk - Rk & 2 B IR
FHOCOCZR S A AL & i 22 B 3 TR DG R
(FR3.4), BBk b, A LT IR
X MC-RRF) W B B 77 bR KR 4 2R i AR K
LR RS PR B 2 DT A A T
% fff MC-RR( Chen et al., 2006) , R, + 3Rk &

5 H W MC-RR B8 7 52 15 AH ¢ 6 F 4 ML
=, M T MC-RR MRS (1 g L), M=E K4
I ZH0AR (logK oy =—1.09) | 384 BT 2 A F)
TR [ IF, Wu 55 (2011) BIF5E A B, 24 3 5
DUBRIA YL & B/ T 8.0% ), Hi 5 MC-RR & 4=
T B AT R MC-RR AW Bt , ELA WL & &
v 0 A 4 FH i T Y RIS TR S R KT
8.0%I, Hi 5 MC-RR & A= JL W B, A AL 5 ek
15, MC-RR 119 08 B i 5. AR SC L3 - 384 BL T 7%
(1.2% ~5.2%) ¥J/NT 8.0% , MC-RR 7] 5 + 54 Hl
Jo 2 A e A W B, L B A ) Bt AT AL RS 22 5.
Ut , 3 L U MC-RR (9 RE T 2 17
FHK.

®3 K q, S8R HEBAERGBEXGE

Table 3 Correlations between K;-¢,, and soil physicochemical properties

AL Hiki
Ki:q,(15 C) -0.76 " 0.89"*
Kiq,(25 C) -0.78" 0.87**
Kiq,,(35 C) -0.99** 0.51

. " p<0.05," * p <0.01.
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x4 K, S THEBEAERMEXYE

Table 4  Correlations between K, and soil physicochemical properties

?j:f’i/ U Kk

10 -0.59 0.96**

K,.(15C) 50 -0.86" 0.79*

200 -0.87** 0.78*

10 -0.65 0.94 =

K,.(25 C) 50 -0.80** 0.85**
200 -0.98** 0.55
10 -0.99 0.23

K,.(35C) 50 -0.93 " 0.70*
200 -0.95** 0.07

. * p<0.05, “* p<0.01.

4 £5i2( Conclusions)

1) 3 Fhfe H +HEXF MC-RR B9 FHI7E 4 h Y
IR BNAF , W B Bl S IR S s 1 T R,
B O s e A

2) JKAE LR MC-RR =54 [ & ey 2
W B3t A ek T v AN AR L R A 5 ol 21 39 R ek
B MC-RR =20 [ & WA Al W B Fe i
JE T i I L

3) - HEHRfb M T i R e G MC-RR (1% W
RE, Kk 9 5 8 A, A ML 75 8 4K, MC-RR
W R RE 7 i . DX O, MC-RR 7678 HIL T 7 48 5 Y
KRS A E B 1 7E A BT s AR R LD
R B 5 114 Jak FH - v o W

EEEEEN .22 X(193—) , L, A TAET, \F L%
HHLE R 5 K =% A% 8 R, E-mail; edou6033 @
163.com.
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