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OB PR TR S R AR T A T )N R X R SRS, A S - R HES] 1SS AR R AR (Cd)si R
IKREAET SR VER T 118 Cd I B AR . 25k xR IAL, 1.5 ~ 4.5 thm? JliHE Y 1SS JEBLR KR 800
PRI, H R RRARREK Cd & it 35.4% ~ 54.3%, FLFE Cd CRFEE 1SS PRI B A3E INTiss in; 1SS JHFERISHE 1 4F)5 , K
K Cd FraA AR 32.2% ~ 44.2%, HASK Cd S®E5 E—FEIXREEES; MEMEHERMT, 1SS JEMFRA ARk Cd
TRSEAREHEBIT S EZES, LUl 1SS HIEFIRDREE Cd BURM KA SiaE e, B IUKREAET SR ER R D, K
TEREK Cd &4 0.19 mg/kg, KT 0.2 mglkg BUFRFARME(GB 2762—2022); /KABFIFER 5 FHb 3BT 43 B -3 11.1 g/hm?
H199.5 g/hm? 1) Cd, FEFFESHEY Cd BEBRE S 3 5 #H2 18 Cd B Y 1.00% Fi18.96%, KF—A1E7 R KBS —Fhi5 g+ Cd )
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Immobilization and Reduction Remediation of Moderate and Light Cadmium Polluted Acidic

Paddy Soils

ZHOU Xin 2, YU Xian’an?, ZHANG Jinfu?, ZHOU Tong?", YANG Hongfei'", WU Longhua?

(1 School of Ecology and Environment, Anhui Normal University, Wuhu, Anhui 241002, China; 2 State Key Laboratory of Soil
and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 211135, China; 3 Nanjing City
Gaochun Arable Land Quality Protection Station, Nanjing 211300, China)

Abstract: In the moderate and light cadmium (Cd) polluted acidic paddy soils in the suburbs of Nanjing, two field experiments were
conducted to study the reduction effects of soil conditioner ISS on rice Cd accumulation and the rice-Sedum plumbizincicola rotation
on soil Cd, respectively. Compared with the control treatment, 1.5-4.5 t/hm? of ISS applications had no significant effect on rice
yield, but significantly reduced Cd concentration in brown rice by 35.4%-54.3%, and the reduction of Cd concentration in brown rice
increased with the increase of ISS application rate. One year after the application of ISS was stopped, Cd concentration in brown rice
was still significantly reduced by 32.2%-44.2%, and Cd concentration in brown rice was insignificantly different from that of the
previous year. There was also insignificant difference in Cd concentrations in brown rice between ISS and quicklime treatments
under the same application rate, which further demonstrated the long-term effect and stability of ISS conditioner on the reduction of
rice Cd accumulation. In the rotation system of rice and hyperaccumulator Sedum plumbizincicola, Cd concentration in brown rice
was 0.19 mg/kg which was lower than the limit standard of 0.2 mg/kg (GB 2762—2022). The total uptakes of Cd in the shoots of
rice and Sedum plumbizincicola were 11.1 g/hm? and 99.5 g/hm?, which accounted for 1.00% and 8.96% of the total Cd of soil,
respectively. Thus, the rotation of rice-Sedum plumbizincicola is a “phytoremediation coupled with agro-production” technology with
great potential for the reduction remediation of Cd polluted soil.

Key words: Cadmium; Paddy soil; Immobilization remediation; Phytoextraction; Safe utilization
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BEE 12 2 Pk & e, FR AR H 4 484 (Cd)
AR TG Y I H B A T AR T
ARSI Z 4, W TR TS kR, Hil,
Ak AL E AR IR B 2 H AR e 4 g 5 Ak |
A A ARG, A KA — P AT 2 R
PE 14 pH FERRIRE &8 A AR, 78 R
VEY) 4 JE W TR B, 3 R 36 4 398 T (e 0
AR BRI i A K 25 i 3R oo
RO TR FLBREERRAR . RUE MR | T P
RS A T ), R, — 2B SE A HLTCHL
M RRUET RO 2 A AR R AR A K, LA AR
A7 it FH 51 A T g ] s EL AT e o 4 ) Ak
BEROREL, ILAh, B KEER R R B a2
BRI, APt )S S A7 7E 13 Cd S E &8 A
[l ) (] -8 PRI, A AR S DT Ak
WRHE SRR S 1 EZE R bR o

B AR 4 A 0 R R B AR 1B B BORASTR] A
HUE S HARRAL AT SC TS Y + T 4 Jd i 1 H A
AT DA A b R AN E YR g A AR SRR
“HAEFEIIE R FARRE0, R B 5
RO EZ 47 T BN X SR il g i o, B
AR ALY Cd MIBUEE 12, i F H = e
i H Cd WEICRE 19 B KRB S R e SR, i G
FF g H S Rl ] B RS 3 Cd i, JFAR
SR Cd ¥ Y e R B A MR e, B
oM, K REREFF RS bR AR 28 Cd & sk R
FRREE, FIH Cd B R —RAEW AR WA N
SESRAL A4 Cd BRI SRR I A RGER DT,

BTFUL, AR R s TR R Cd T
Y R AR 98, T )N XOR G, BF9E T —F
T - R HR A R ORI Cd SR S ReRE, PR T
HBRA AR ATE, [RIEZE A B K KGR, 7
W T KRR SRR R Tl ek & 2k 5
T3 Cd IR S, UMW Cd 5y fE
IR T RS R E A E S kg
57 EAREE

1 HRE %

1.1 58 HER

T 6 FE A7 T 3 o Tl R X 5, e b I AR g
WA, AR FE K& 508 17.5°C M
1 692 mm, DIFE-—ZZsifg— el 3, Hir,
Btk /N R pH F14 Cd & #5008
5.52 F10.74 mg/kg, AEYIMIUE SR XG50 i) 1 45

pH F14: Cd & &0 50510k 4.63 Fi1 0.49 mg/kg, X4
X 44 Cd &I GB 15618—2018( + ¥Rk
it A% b - 49805 e KU A5 45 A (104 7)) [8Irp Cd
JRUIS: i 16 1

1.2 TERHEHEEIRR

- B R B R 43 59 5 R A A ORI — O AL R AL
1SS, Hrfr 1SS J&—Fl il T E B} 2 e e 5t - 3 5% e
B 05 B VTN ey s N T I = =
FJERERR . B0 i S RO . A R TR
225 YL R i 7h AR A 3k A b R G — R Ak A& 52 R
FEF, AT FAEXT B S 255 PEAL 1SS IR B A sl Ak
SRCR SRR R R BR300 i 1.5 3.0 F1 4.5 t/hm?
ATl il P Ao B T 8% A it ) - 8 37 550 1 o
AR RIS /NX ALK 20 m2(5 m >4 m), AEALFE 3
KEE, BEHLHED .

2021 4F 6 J 16 H , K A HEis 34 S 40 Tk
B/ IX A ESRTH G RIAHE S . 2021 4F 6 H 24 HAN
20224 6 H 22 H, 7 5IIF i /N X Ef— 2 es —
KRR (RS AR TAE . & Z BN, AR AR
Yo 5 A KRR IR /N XS it Jn - SR EE R, DA
PR A HLR A IS B 5 8k KRR AR R IR, TR RERR
B H L EHEK S H R EE T AR . fHOK R S R h
“FERE 467,

1.3 TERBEEEIRE

AHFFE BB K R A R A R = R VERY
PR GHEAT Cd Wi B, g MR 3 Bl
=667 m?), Hrp, /KFFT 2021 4 6 A 10 H EL#%Fh
M, R SR FKRIIR G ) 2021 4F 11 | 3—5 H
Fodk o WK B K RERS T AN AER™ 5 K34 M H TRI RSB
FI ARG A S5 K 1B Cd IOk SE BTG g 4
B Cd s AE A o KA B4 HH R) 45 B4 it 5 224 b i AL
FR—B, R KRR S S 2% (B =
KORGS5 R ) B—45
14 HmRXESHWNE

2021 4F 10 F 20 H 12022 4£ 10 A 29 H, 43 5IJF
JREEAAE S N X B KRR AT 0 ~ 20 cm +-
SERE S PR ERAE , [RIHHI A 2021 4F B i K R
R/NX AR 5 FURFEE, RAF 1 MEARES . 2021
AF 10 H 21 HIF Rl i 2 0 X A K R RS #F L R4
A SFEAE S R [RRAE AR, [R] R s 7K RS AT A A A
P o ARYRZOK AR SRR RS, AT B A A
FREK P, 20224 5 A 14 H, JFREEBE IR
X BT 5 T 338 (0 ~ 20 em)BE 5L R [FLRAE, [RIA
DU e PR 5 K7 o IR0 LR 6 A RBE, B
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SKREE A BB L RARE

HYIRE S B TR e R, B TR AT 4t
TIRNRES LBV R K . BEK | FEFF SR
S HAE N AU RS, IR AE, Frl. TR
ATt 10 HA100 Hiffif5, 43 pH. 4xht Cd #1
ARG Cd & il . -+ EREYIRE R = PR A
THfIR g, o IR RAT 5 mL HNOs + 5 mL
HCI TR A TRIFATIN R, AHYFE SR 6 mL HNOs +
2 mL H20: IR A& MR R0, 347 2408 Cd R
0.01 mol/L CaCl, #4741, +iklth 1: 105 +-3%
pH A I, KR 10 25, HIEARYIH
R A B R B Cd R FH L B A S5 1
1R i 3% {% (ICP-MS, Optima 8000, Perkin Elmer,
Waltham, MA)IRE . FE it o Ak 7 v ok S pn e
Z: L) o (S AU ) HEA T o A B e A, e
BT R34 S g i
1.5 HFEAEBESSEITHH

KM Excel 2021 i ab ¥ 5 H1E ; SR
SPSS 22.0 AT 2250 M M2 E L (LSD %),
K2 S P<0.05, AR HdE RAEIES A,
WA TR B4 5 ST 53T -

2 HBREHWN

2.1 HUEEIKEEEMERRSENT T
2021 4, AS[wl it FH 2 i A A B RS2 e A ) 1SS
XK FE 0 BB PR (6 1), 2021 4EAT 2022 48,
X B AR UK AR OK Cd & 1435124 0.14 ~ 0.23 mg/kg F11
0.14 ~ 0.21 mg/kg, “F3{E¥IH 0.18 mg/kg, & K{H
=T GB 2762—2022 { &b X E M & HiE
Yu R ) FRUE(0.2 mglkg)t®l, HxfMEAHIL, 1.5,
3.0 1 4.5 t/hm? A=A RACFE T K FEREK Cd & @AE
2021 4E I T % 44.0% . 68.6% Fl 72.4%, 2022 4F
B3 T 40.1% .41.9% F1158.3%;1.5.3.0 #1 4.5 t/hm?
) 1SS BRI EE N K FEREK Cd & iE7E 2021 4F i
FRI% 35.4%. 44.6% Fl 54.3%, 7& 2022 @ E T
[% 32.2%. 40.9% #1 44.2%. Bl 38525 it F
FIREIN, K&K Cd & RRFLE PGS, HELLmaE
Bk Cd kRO, B AR [a] 8 B b B RS K
Cd & EM FRRAE 2022 4748 2021 4Fm{I%, {H 2022
AR 2021 AERYREK Cd 2 &0 #1227 (BR 3.0 thm?
A AR ER), Ui - BB 1 AR5 REAE Cd
15 4R AR e e B AR 1B S SCR L FEAH AL 1Y)
s A5, 1SS BRI A p K Cd 5k
A RKAL BRI I 22 7, dE— 2D Ui 1SS PR

AIREK % Cd RCRBONERE

F 1 TEHFEF RS KFE~ 2K Cd
SENFE
Table 1 Effects of conditioner application rates on rice yield and
cadmium concentration

ARER e R (Uhm?)
(t’hm?) 2021 4

KK Cd it (mg/kg)
2021 4 2022 4
payiist 0 8.43 +0.65a 0.181+0.050 Aa 0.184 +0.029 Aa
AR 15 873%1.49a 0.1010.027 Ab 0.110 +0.031 Abc
30 8.10%0.83a 0.057+0.014 Bc 0.107 £0.022 Abc
45  839+152a 0.050=0.018 Ac 0.077 +0.037 Ac
ISS 15  854%2.02a 0.117+0.012Ab 0.1250.030 Ab
30  7.77+1.66a 0.100%0.012 Ab 0.109 +0.012 Abc
45  8.17+1.39a 0.083 +£0.015 Abc0.103 +0.002 Abc
e FIFARFEY NG FREFR R AN R AL 3R] 25 5 5 2 (P<0.05),
[FIFTARE KRG FREFRAEK Cd S 7E 2021 451 2022 47 [H] T 4
B 25 5 2% (P<0.05); KA,

2.2 $ikiEEXTTIE pH MANSIESENZIN

5%t AL TR Fo &S, 1.5, 3.0 A1 4.5 t/hm? A 7 K it
P 7 145 pH, Hid 2021 4F 1 42 5 1 0.83,
1.05 1 1.25 A~HAfip, 2022 4F i ##m 1 0.70, 0.61
M 1.04 S, 2021 4F 3 pH BT BB FRIK T
AR Cd fhE, 1 2022 4E{X 4.5 t/hm? A= 47 JK Ak B
AL A RS Cd S, 1SS JABE AL EE XS +
HE pH RS2 EL /N, AN 2021 4E 4.5 t/hhm? f4 1SS 4bFH
+- 88 pH B R R T 0.75 A, (AR
A Cd Fit B R 3 TR 2022 4F, X 4.5 t/hhm?
(1) 1SS WAL 1A 20 Cd SR E M.
)it FH B 45 F A A AR PR £ 358 pH &35 1= T 1SS
JHEEF AL PR 13 pH, (H A Cd SREER
ANBE, 52021 4EMLL, 2022 4E 1.5 tthm?2 F1 3.0 thm?
PR A + G 3508 Cd St B LT, X
4.5 thm? LbHRY A RES Cd SRR EEER .
2.3 KRBT ERBIEXTEWE KRR EH

i

mE 1 s, KA R KR IERGEPREAM
IKAEAEFT = 843 5 6.24 t/hm? F1 6.93 t/hm?, /K F& T
T B TR 5K 1.40 thm? (77 . AR#EK
T gL Al “FakE 46" A 81.5% MUBEAKRRD, 575
FIZKFE SRR BREK = 5 R 5.09 thm?, KR RE K AN
FEAF Cd &40 %4 0.19 mg/kg 1 1.46 mg/kg, P
Bk Cd ST GB 2762—2022 (& 224 FE % bn
e BT YRR ) BIBRUE(0.2 molkg), 5K
Feidh 38 Cd AL, RS oRH EFRRY Cd R
fie J1 % (70.8 mg/kg) . AR5 Cd EEEHE, o
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BITHAAF R RRER | AKASRS AT FIREET 5K 1 Cd

WA 0.96., 10.1 1 99.5 g/hm?,

&2 TREIFEFEAEXN IR pH MBYS Cd S ENFI
Table 2 Effects of conditioner application on soil pH and available cadmium concentration

fbeg it P + 4 pH AR Cd &8 (mglkg)
(t/hm?) 2021 4¢ 2022 4¢ 2021 4 2022 4F
i g 0 5.64 +0.17 Ac 5.55 +0.30 Ac 0.079 +0.022 Aa 0.094 +0.026 Aa
AR 15 6.47 £0.33 Ab 6.25 +0.33 Aab 0.018 +0.008 Bb 0.071 £0.020 Aabc
3.0 6.69 +0.24 Aab 6.16 +0.33 Aab 0.014 +0.007 Bb 0.070 £0.005 Aabc
45 6.89 +0.11 Aa 6.60 +0.14 Ba 0.014 +0.008 Ab 0.051 +0.038 Abc
ISS 15 5.76 +£0.22 Ac 5.65 +0.26 Ac 0.030 +0.020 Bb 0.090 +0.029 Aab
3.0 5.87 +0.14 Ac 5.84 +0.18 Abc 0.020 +0.012 Bb 0.082 +0.017 Aabc
45 6.39 +0.20 Ab 5.93 +0.25 Abc 0.022 +0.021 Ab 0.045 +0.027 Ac
10- 120 - 100 ¢
90} 98
601 ~ %
= 12T
z b S 10}
= g2 gl
iz} = =
A ] = 6
1t 3 4t
c 2t
i Z Z 0 ) ; ) 0 ) 7 %
fam KFEREFF R bilip S KAEREFE R hilid IKFERSFT PR
FEAD FEih P

(B AR TR /NG ZEBE 3R Ab BR8] 7778 (2. 35 25 5+ (P<0.05))
B 1 #IERGHKEMET TR EEBEKF Cd KUK

Fig. 1 Uptakes of cadmium in shoots of rice and Sedum plumbizicicola under rotation system

24 KBE-HTSRREINTIFERIEENE
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BTG 14 Cd & h 0.49 mg/kg, 55—
TR R0 R RIBGRE , 4 Cd & &40 5k
% 0.48 mg/kg A1 0.39 mg/kg(&l 2A), BI/KAE—FE0 5
Kigtefs, T34 Cd SRR 20.0%, HiokfEs
M SR E LS Cd SRR R 3.09%
116.9%, MR T 384 Cd & i FBE 1385
(2 250 t/hm?), HESFHHZE LI Cd iR 1
110 g/hm?, iR R KRS AL SR M R Y
Cd Wi 4314 11.1 g/hm? #1995 g/hm?(/& 1), i
PSR M BB Cd W - Cd SRR LU,
BEERG T I Cd AR WS SRR N
9.96%, HHUKFEFMIEY FRZFEMY Cd TIHRE
SRR 1.00% F1 8.96%(%] 2B).

3 Tt

3.1 RIEHELENELEE
AR E TR Cd 15 3 R BB 1Y
BB, BA AR AR BB AR

SRR AT 32 B )z SRR, ARBESE RS [t
AR AN 1SS PR 2 A v I pH BRI, 5
ERRL A Cd F, MR T REK Cd %
., MKV RIERTE Cd 15 L+ |, 1SS B
X RE K R RE AT B3 BRE Cd 3%, X5 14 pH Tt
R FEAIR Cd AR AR SC R, Ak, FEARTRD 2%
PEF, AA K 1SS BRI AL A REK Cd S EER
FEAREE, v LASEWT 1SS T8 B 5 & —Fh ] DL sl A
154 AR Cd WA A TR RS = A o E— A0 &
PR, FHED G S E R 1SS 3R A4 + 35 pH (KT 2E
AORALER, (B3R A Cd SR 54 A KB R
TS, Wik, SAKEEES IR 5 pH BRIEK
i Cd WK iR R AR 22, 18 pH AT IEAS R 1SS
JE BRI TS Y -4 KRG Cd Ml i ME—ig R, 7E
TLIRIRMEREE Cd 15 gy Pk 3 |, kB 1SS
P FEAS tb 35 2 AR A SRR 0 25 8 T A5 mT R AR e oK
Cd Wi, 355 9 38500 v 8 14 4 RS B I 1 VA
KA REE— 2 BRI 8 Cd A RCE RV ML AR
K1 BRI RS, 1SS PR B P E A AYRE
P 45 0 2% A AT Sl o 5 A U PR BEIOK R X Cd 1Y
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Fig. 2 Changes in soil total cadmium concentrations(A)and cadmium phytoextraction efficiency(B)under rotation of rice and Sedum
plumbizicicola

iz, gh— KRS Cd 242, B BRI R,
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L ER R 45t S B A A (R R R AR e P A T, B
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Cd ZR B, AR KRS T 25 2 R B V5 ek H 4
e Cd W E Rtz —, (% BRI .
K . NEARLSE 5 Cd AR, REAT R AR Y 1 45

Cd W RAERE SR Prdniess2, Jk, FEFFE
AR5 22 5 A 8 H AR A, DL Ak L
+3 Cd W EIEE R .

4 R A R ARG S AR S — T LU 1k
1YY Cd MIBUE R W1 ik inig R
FAM, AW, BB SR T |-
# Cd Wit ik 99.5 g/hm?, H: Cd kR b 4%
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W HUE 52 200% . 58 i e R R B B e VR U A
o, @R RS RIEY AR AR 3% Cd &
W R, AR S R - A AR PR S 2 b
RS RFCERS, KRR R RKRE L4 )E, T3
4 Cd MBS RTHY 0.49 mg/kg F£ % 0.39 mg/kg, +
45 Cd SZPRIEMT A 20.0%, B35 T 9.96% AU
Y Cd WU 0%, X R 5 B2 HHORME AR
BRAME B ERLRMEL TBNHL . &
& @ KAV i A S AR SO G0, R K R -
P S RACVER) 4 Cd WBUB B, (RARTERE
52 14EJE 384 Cd(0.39 ma/kg)/iiE T 0.3 mglkg
) 4% HH b 1895 L XU i e B (pH< 7.5, GB 15618
—2018)181 P, R KRR R R AR — R
HPHRE Cd iR A “hAr=BaE” HRE
2, H S IR b - 30 PR o o 20 ] 3 A 22 4 1
KA RIS, INTHRFEITREIE B E .

4 g
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