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Mitigation of cadmium and arsenic in rice plant by soil application of steel slag and/or biochar with water
management

CAO Jian"***, CHEN Zhe®, WU Qing", WU Zhuo—hao’, DONG Han-ying™’, YAO Ai—jun"*, QIU Rong-liang™*!, WANG Shi-zhong™**, HE
Er-kai***, TANG Ye—-tao™*

(1.School of Geography and Planning, Sun Yat—Sen University, Guangzhou 510275, China; 2.School of Environmental Science and Engineer-
ing , Sun Yat—Sen University,Guangzhou 510275, China; 3.Guangdong Provincial Key Lab of Environmental Pollution Control and Remedia-
tion Technology, Guangzhou 510275, China; 4.The Joint Soil Remediation Research Center of Sun Yat—Sen University and Topcent Enviro
Group LTD, Dongguan 523000, China)

Abstract: Simultaneous mitigation of cadmium (Cd) and arsenic(As) in rice grain has been a great challenge, in contaminated paddy soil—
rice system. Here, a soil column experiment and a field experiment were conducted to investigate the optimal mitigation strategies on Cd and
As contaminated paddy soil by soil application of steel slag and/or biochar with water managements. Soil column experimental results
showed that continuous flooding (CF) decreased Cd but increased As concentrations in soil solutions. Soil application of steel slag(SS) sig-
nificantly increased soil pH but decreased soil Eh. Meanwhile, SS treatment reduced the Fe/Cd concentrations but increased Mn/As concen-
trations in soil solutions. The field trial data showed that there was a significant negative correlation (R=-0.838, P<0.05) between brown
rice Cd and brown rice As. The results indicate that aerobic condition could not reduce Cd accumulation in rice grain. However, soil applica-

tion of steel slag and biochar with continuous flooding condition (CF+SS+BC) had the best mitigation effect on both Cd and As concentra-
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tions (rice Cd reduced by 80% and rice As kept unchanged) in rice grain simultaneously. Hence it could be one of the effective strategies to

mitigate Cd and As accumulation in rice plant.

Keywords: steel slag; cadmium; arsenic ;rice ; water management ; mitigation
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Table 1 Physical and chemical properties of the tested soil and amendments (steel slag and biochar)

WiH pH TERfme ke H R B
Cd Fe Mn
R+ (FGT) 5.07 1.80 20 164.54 243.09 —
i (SS) 12.35 0.12 68 345.30 15 052.42 7.99
HW (BC) 7.26 0.73 10 240.09 532.40 17.44
GB 15618—1995 <6.5 0.30 — — —
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Figure 1 The soil column device
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Table 2 The experimental design for water management and

soil amendments
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Figure 2 The effect of water management and steel slag/biochar to soil pH \Eh
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Figure 3 The effect of water management and steel slag/biochar on

soil Eh in rice heading stage
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Figure 4 The effect of water management and steel slag/biochar on Cd/As /Fe/Mn/Fe**/SO% concentration in soil solution
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Figure 5 The effect of water management and steel slag/biochar

on rice yield

BEA, As TEIK 45 5 B MR B2 K/ N R B > > 25>
ki (F3), FETF .CF A CF+SS A+SS.CF+SS+BC Fll
A+SS+BC 7P b3 MR 25 I OREK H Cd AT As i
(R AF Sk 6 4, R OK Cd 5 AR Cd L I Cd 8 35 15 A ¢
(P<0.05) , 5 25 Cd & % & 3 1F M 5% (7=0.965, P<
0.01), BLAh KK CA IR 5 AR As 25 As K As B3
FH G (P<0.05) 5 KK As 5 A As e f 2 1 A0 OC (=
0.920, P<0.01) , 5 25 As & & 1E M 5% (r=0.851, P<
0.05) , ILAMiE K As I8 525 Cd I Cd S0 8 25 T A 56
X F(P<0.01),

IKAE BT K R Cd Al As 78 R[] 7K 434 BRI
TR R TR EROA BEAR(EG6) ., 5
IF Ab BT AR i KRG A EL L K RS S B A & 09 (42 A
HA 2 % AHT ) CF Ab B K A B Cd e BEREAIR T
65.6% , As W ESETIN T 25% , A RbF R Ffol (1) /K Rk K
CAMEEREAN T 263.3% , As /D T 50%

KRGS A IR SR T A BRARE T, it
it (CF+SS) R A i /K Fef At K Cd & 1 T B 45.2%, As
WA B A8 Ak, BRI A ) 5 I AE (CF+SS+BC) 1)

£3 ATBHRARRREE CAFAsBIRE (mg-kg™")

Table 3 Cd, As concentration in different organs of the mature rice(mg-kg™)

e Cd As
i £ it LGRS i £ it LR
IF 8.88+0.67cd 0.43+0.06b 0.12+0.05bc 0.09+0.010d  266.40+11.63b  4.50+0.90b 20.20+4.17a 0.50+0.023b
CF 7.93+0.24d 0.20+0.05¢ 0.05+0.02¢ 0.03+£0.005¢  268.70+26.43ab  12.84x1.46a 14.31+2.14ab  0.62+0.026a
A 12.50+0.26b 0.95+0.06a 0.33+0.06a 0.33+0.021b 174.76+9.42¢ 2.29+0.58d 14.11£3.16ab  0.25+0.033d
CF+SS 9.30+0.22¢ 0.15+0.03¢ 0.02+0.01¢ 0.02+0.003e  301.22+13.10a  11.59+0.96a 18.57+5.60a 0.62+0.049a
A+SS 16.69+1.11a 0.89+0.05a 0.17+0.05b 0.40+0.015a  183.69+24.28¢ 3.16+0.20¢ 17.72+2.83a 0.37+0.018¢
CF+SS+BC 8.05+0.76d 0.23+0.04¢ 0.02+0.01¢ 0.02+0.004e  274.60+29.12ab  13.34+1.90a 16.65+1.58a 0.50+0.022b
A+SS+BC 9.11+0.36¢ 0.87+0.12a 0.20+0.03b 0.26+0.028¢  103.30+16.84d  2.17+0.70d 11.71+2.25b 0.25+0.012d
T R FUAN R NG 7R A BR R 22 57 i 25 (P<0.05) .
R4 KBHAPEERECAFAsSEEXME
Table 4 The correlation of Cd, As concentration in different organs of the mature rice
fiEk Cd BEK As R Cd R As ZCd ZEAs iCd M As
fiik Cd 1 -0.838 0.855% -0.816%* 0.965%* -0.858* 0.838* -0.305
R As 1 -0.479 0.920%* —0.942%%* 0.851* —0.889%*%* 0.536
Hcd 1 -0.423 0.699 -0.588 0.542 0.104
i As 1 —0.903%** 0.804%* =0.777* 0.688
2 Cd 1 —0.9227%%* 0.917%* -0.420
ZE As 1 -0.871%* 0.200
- Cd 1 -0.434
I As 1

FE 7 A 0.05 7R GBI B ZEASE, 71 0.01 K- OO _EAR 2555 , n=T .
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Figure 6 Mitigation of water management and steel slag/biochar on brown rice Cd, As
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K G345 BTN 785 /4 100 il o 2 5% T 4 = 3 v
FITEASAR AL , TR 7E A HERRIE v 9 Vs A T D AR 25728
1k, X4 58 500 As I Cd 19 A= W A3 550k AT 7
PRSI0 BR] g 5G  R BE vk 1 B S AR L O
B, MR H AN TG FURASE, =M Ak
S A AR R R R R - S vk
HVER B2 2538, >4 3 Eh i — 2P RN, I ER 5 1
A[BES LA FeCO5. Fey(PO,), - 8H,0 SFUTIEAAAE , B LAk
WAL AW, U1 FeS Fl FeS, 25 ULIEATAE ; 244 A SAFAE
B, 386 R ) S Bk AR AR Dl = A ik L A Ak
%[17]0

Fe 7E L 58I EEAFAE PR  Fe? Fl Fe*
T AESZER (4.3 5) , LI Fe & R 7ERF4L
P KR S5 F T EL AR (R BROME WK S5 R, BLIF
AEFETR Fe i B Fe & 5t 19 L B L AR T 50% , IF 4k
R ET L, Fe* 35 M CF AL B, Fe? (55 5L Fe &
B H ) R 50% B4 T 50% , 5 R LA Fe?t
RF o MM K& YIR)E 4 FP b BE(TF+
SS.CF+SS IF+SS+BC Fl CF+SS+BC) T T35 W th 11
Fe? S AE 7 d A2 A7 BEAR B — N AH X R 2 7K
5 Fe 19 8 B AR X ARt 20 R %, L 7 9~

RS KGEBMME/EWIRITE Fe  Fe R BRI
Table 5 The effect of water management and steel slag/biochar on

the ratio of Fe**/total Fe in soil solution

st ]/ T Fe? 8 Fe H 43 L6 /%
d I¥F CF IF+SS CF+SS  IF+SS+BC CF+SS+BC
1 20.5 21.4 44.0 45.4 71.4 40.3
2 65.8 68.8 60.1 60.7 100 74.0
3 48.6 514 31.0 37.8 58.6 31.1
5 38.1 56.4 45.5 23.3 61.9 429
7 21.3 49.0 59.0 48.8 57.9 59.3
9 21.6 51.3 100 100 100 100
11 24.0 52.9 100 100 100 100
13 48.4 62.8 100 100 100 100
15 399 74.1 100 100 100 100
19 224 453 100 100 100 100
22 23.2 49.2 100 100 100 100
26 38.4 30.6 100 100 100 100
30 25.2 31.0 100 100 100 100
35 36.5 48.3 100 100 100 100
40 338 38.3 100 100 100 100

40 d BB B , 30 W rh Fe? AL T 5 Fe 5 it
WS T Y Fe £ 22 DU Fe, 04 £7 761, 24 - HEIR
AT K Fe L R WHE G, L3 pH ETHE]7.0~8.0
JEFE, Eh FFERI-300 mV PLR, IF+SS , CF+SS  TF+SS+
BC FIl CF+SS+BC 4 Ftih BE - HEZ T P 19 4 Fe Al Fe?
B3R, B AT DA A Fe ZERRIE DR SR 251 T X
WK, I BB I Fe A5 0] REBL A9 78 I BRHITIE 191,
B R SEAR S AR ITTTE BY FeS \FeCO, S5 VLTEY)
HAEIIG H, CF 4b PR Eh 46 &R 576 - 168.6~
-262 mV JE 1 pH W i 5.74 F+ 581 6.37, 75X P &%
T, LW Cd & A AR, As 19 5 SRl
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YRIEIRCX iy F37E5TH

i, PEAk - B SO TE CF AR FRZAF T B PR AR,
Al BESERONFE RS IR A IR BE T Cd 5 H,S S i A= m xE
BEPE CAS YT TE Y21, T As T RE 2 th T7E R A M5
TR R AR R AE R AR R As(V )
VAR 3 - W AR P VR PR A D
PEFHR A As (I )12,

SEFENEM K AR TF 2B N KA B 2
FERMTBEE T W 24 IF kb 3K 235 R B3 — %
MERF (22 dZ247) ,Eh TS 26.1 mV, -5
Fe Fll Mn % 5 MR, As (3 AR5 20 524 01 Cd g %
EFbo AERXA R, AT Fe  Mn 8 LI B4k
i A AL LE , RV R T R WP As(V ) IR
PR AE X BETTTE Y 12, T CdS D) g 48 A 7% i CdSO, 1
i 3] L3

s B U B AE 7K 5 W TR 6T Cd T As LA 1)
558, 1) PR o R 1824 s R T Y Ca BT R LV R T
B FEB M S5 1 I U E TE Y CaCO,, As 7] 5
X A CaCO;5 A 1T € B8 W BT 76 4K i v 1) 8k A e )
L2 X Cd A UTVEVE T, 22802 i T W pH 2
FEEIRTF 8 IHH T, Cd* 5 OHJE A Cd(OH), UL iE!,
A AT S B S A A B M K R () K SR A
TR AR AR e A L A T Y pH
FIEh, IF+SS . CF+SS . IF+SS+BC . CF+SS+BC iX 4 Fji 4k
FHAE AN 5256 3 18] pH 7E 7.00~8.00 22 1] , Eh 7£-300
mV LUF, Cd 76 585 & AR, 1 As 7E
BB . 24 pH /N T 8.00 B, Cd 7RV W Fh— B LA
CA>* 1 Cd (OH) FE AN, AT 1 it I 4N i 14 4 i 4 34
W Cd & AT IE 2 5 OH 45 & 4E B Cd(OH),
DLVE, T A AT REE ol R A F R AR T RE 1
CASTUTLIEWD , 73 SME W78 Kk BB 45 1 T /K R 1
K, Cd EZ SRR ER Y BLITTE Y 520, K Cd AT
REJE LA CACO, ITE S B AR UUYE Y o 38t Jin 0 32 Ak
PRBAT BEAR As O, RGN 7 HAE 3o
B, AT RERTE SR AR T, As (V) B8 J il 2
At As (I 1R
3.2 KO EIRFINIE/E PRI K IR Cd As B9340

FH 1] 7K 4345 B 23 ok A8 Cd I As 7 3R FR B rh iy
TE 25 35 W LA WA 305, 0 T 52 M K R e A TR A
RN [R) S5 7 2K R 2 T 3 2 K R
Wiz T Ta] P e 7K ARSI W K RN G SR HE IR 3 ek
S, 5 IR AR 3R B K FEAE B, CF Ak 30
KAy Cd e FEFEAE T 65.6%, As W ERS TN T 25%, A
AL BRFAR A K AR K CA YR BESE N T 263.3%, As e

WD T 50% , AT U K AE AR R 3 2 K RS T
(55~88 d) =z [a] /&= /KA Cd 1 As WUl S T 30

FH ) S BT 5T & 30, 55 CF AL BRAH HE , CF+SS b B
38 pH 1 5.01 $2 55 5 6.33, Eh 2846 A K, 7K Rk K
Cd & NP 45.2%, As T A B B8 k. BAR, H
JF) S 50 45 SRR KOG As IR B S B AL As AE A
B B AR A AN A — 2, X B R KRS — R RES
TEML R 0 W SR , 2 1 AN B R4 Eh (1)
YEF . CF+SS+BC 45 CF AL FIA e , B K Cd 5
FEAR T 41.9%, As & 5 N FE T 20%, Eh  pH 942 fL[F]
AN A AR [R) , PRI T L A 9 4 i 2 )
FAARRE K As BB IORECR

T 7R DG B A B IR 4 AU W =X 2B 7 I R
K, A A+SSFI A+SS+BC 3 Fl b B 5 2T #3230 il
KRR Cd, (75 3 A AL BEFR RS OK Cd & AR L &
Wb 24 FE R FRUME (GB 2762—2012) . 5 A ZbFAH I,
A+SS AbH 2 FE I + 3 pH i 5.02 7% 7.85,Eh i
123.4 mV F[5]-68.6 mV, K FEBEK Cd &30 T
22%, As TP AN T 50%. FEK Cd 5 & 38 v] 5 2
P VS I A 9 4 A AR RS (-68.6 mV)
), 8 A A Sl Cd WBRER S fb s e i ok, 3
VA5 TR I AG F e R Min> 8 23 1 Cd>* 5 4 W BFHZ 5
TG 30 3 W T Y ARG T A K As S R
ST 2 R A R A A L As R R R YR
fil ok, As( V)RR R As(T) , i As 76 - 33805 Wi vh
() BN, SRS TE R AR R, A+SS+BC 5 A 4 FEAH
Fo L BEK Cd & B FFE T 20.1%, As &= oI 284k .
RGN A e RIS RS (-130.4 mV)
- VT P SOY AT RE MR A SRR S 5 Cd B K CdS
PLIEY), 8 F COY 5 Cd* B i CdCO, ULiEY) , 3k
RS W Cd2 T2 A e W A AL
fiftE Ca WL DIIEME R T As T8 JF 2 1F T OB
Jst,

4 ZEig

(1)Cd F1 As TER TR N % ALZL P 9 23 A1 £7-7E
BRI ME LA I B AT TR R P AR

(2) FE it B /2R ) ¢ RE S A A8 s L 38 pH %
i Eh, AR Cd 78 383 0 b 093 i, (E7E 4 S
ZEAE N IGE IR AR R RS

(3) FREEAE W K 2% A DB PR S 5 e 42 2 18
As i PR A A B AN AR W) I HE LA
As BEFTWRIT, Rz 214 5 As 78 SRR R AT 1
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(4)HF S W /K 2% 1F T G 50 e A= 10 9 o K A
Cd 1 As [R] IR B2 A9 RO doe i, X BT A S 7K RS Cd
As RN BHPE AT Bez —
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