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Remediation of Cd—polluted paddy soils using amendments combined with agronomic measures

CHEN Si-hui, ZHANG Ya-ping’, LI Fei, SHEN Kai, YUE Xiu—peng

(Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and Environment, Southeast Univer-
sity, Nanjing 210096, China)

Abstract: Field experiments were conducted to investigate the effects of three amendments (fly ash, phosphate rock, and biochar) com-
bined with foliar silicon fertilizer on the available Cd content in soil and Cd uptake by rice grain, as well as rice growth. BET surface area,
scanning electron microscope (SEM), fourier transform infrared spectroscopy (FTIR), and energy dispersive spectrometer (EDS) were em-
ployed to characterize the textural properties of three immobilizing agents. The combination of characterization techniques showed that the
biochar had loose and porous structure with larger BET surface area (146.83 m*+¢™) and higher amount of oxygen—containing functional
groups, such as carboxyl group, which can reduce the available Cd content by forming a complex with Cd. In comparison with those of the
control treatment, all treatments increased the pH values and reduced the available Cd content in soil. The treatment with biochar resulted
in the highest reduction in available Cd content, which was 41.53%, followed by the single use of fly ash and phosphate rock with the reduc-
tion of 27.92% and 25.97%, respectively. Additional spraying of foliar silicon fertilizer did not affect the available Cd content evidently,
which maybe because foliar silicon fertilizer was applied by foliar spraying and silicon precipitated with heavy metal mainly in rice. All

treatments reduced the Cd content in rice grains, in which the combination of biochar and foliar silicon fertilizer had the highest efficiency
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with 17.59% reduction compared with that of the control. Furthermore, only biochar increased rice yield in terms of single use of amend-

ments, whereas, biochar combined with foliar silicon fertilizer exhibited a better effect on rice growth. It is concluded that biochar combined

with foliar silicon fertilizer can simultaneously reduce the available Cd content in soil and Cd content in rice grains, as well as increase rice

yield, presenting a good prospect of application.

Keywords : amendments; agronomic measure; soil remediation; Cd; paddy rice
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(577 15 K EHES B0, %K H 43 pH Al 5.39+
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Table 1 Concentrations of main heavy metals in the soil (mg-kg™")

JLH Element {51 Content  [EZ K FHARME Standards for farmland
4 Cd 0.62+0.06 0.3
4 Pb 45.14+4.34 80
4 Cu 30.85+5.05 50
4 7n 74.74+14.86 200
4 Cr 35.98+16.58 150
4 As 7.67+1.06 40
4 Hg 0.13+0.04 0.3

BERAE YK R B8 K -30 S 2 i) S R
SRR SR, T 2015-06-03 #5 F, 2015-11-03 1k
e

PR B R HE A=W o KK B, BH I 551
A TARENE o Ry ARy 15 SRy TSR, i TR A
B 1 N 3800t 55 e, 2B 9 e A o AR K R RS
38 2o Sl A S8 A R e T A . Ak 3k R AL B
600 °C, B [E4 1 h, ZJF 2T FeCL I 24 h M4 724K
PR BT
1.2 #RIRAE

AR R -5 R B I A A AR R i), XA A}
1 b R T FLFLARFL 2 (BET) (R 1H FE 50 (SEM) (1 4h
S (FTIR) G ZE 2H K (EDS) 25 64T R 4E , H 1Y 248
FERT R B WUARAE K % 42 & B Ve FA ML
1.2.1 FEAHE:

S 7N E pH, AW s Ry IR RN B 3 FhRE R
A HL0.2 ¢ T 50 mL A BEES L, A 20 mL 25 8 1
KR (25 °C) 3R (180 remin™)4 h 5 1 g (fFLUE
B4 0.45 wm) , WS 4 U8 W B 1 pHS - 25 430 8
pHo 3 TR E 32 1 43 1 ELAA L £ 4 FH 25 [ Thermo
Fisher 2 #) , B 5 5 Noran system7 1Y BE 1 4 B X
(EDS)ME o
1.2.2 IR SR fLEE

BET b 3R AR FLAR FLZS 20 W7 th b 3R 5 A
) V—=Sorb 2800P kb 3% I F K FLAR /3 BT A0 & . A b
FEF AR T, 100 CHIALPE 120 min, FE7E 120 CF
HEAT W U5 B Ah B R B BT A R (R ),
99.999% [ = 21 N, [8] 3 785
1.2.3 21403 DRIFTS

79 T K Nicolet 6700 8 B i Jigi A 21 40 S i X

(Thermo Electron Corporation) . # i T 5 $i%l{k
) 2 1 B9 B AR AL P K 1000~4000 em™, 43 BEE 4
em™  FHIIREL32,
1.2.4 HHHE

O3 A W) e R AR R A Ry 3 R A ) L
Oy UTE & 3 F B A A e T, O T L e B
mn M5 43 A0 3, SR J5 AL H A4S H 57 (Hitachi) S-4800 %Y
% 37 1 4 B B (Scanning electron microscopy ) #£47 41
34T
1.2.5 AURE S & 5

IS A3 e YRR A3 3 Fh AR A B 1) Cd
B AR BU L 0.5 g T A St I AR |
F AR A S mL, 16 = R RV 28 N, CE TR
180 “CHRFE NI 2 h, 2 A5 F-E i $kie FEE R, [H]
B80S 15250, 1) A 3 TR 3400 3 mL 9 S0 R LA
LB R RE . RRHER TPV Z | mL B EA B0
B ER R 10 mL, Fat gl 45 Cdo 7374 JIFR
HL0.2 g MOBEHT 50 mL BEESIE A, A CaCL ¥ (0.1
mol - L) , #7355 4 h, UGN AR BERH Cd.
1.2.6 Boehm Jii 2

P B KB B34 0.05 mol - L' % NaOH
Na,COs Al NaHCO: W5 HEV MR, A BRI 0.1 g FE LA
PEEGHL A, 2 B0 A 20 mL AR HEBRIRK , 24 h 5 ) 8 vk
B U EE BT A IEW . FH 0.05 mol - L7 R R 1A W T 22 0k
T SR I 2T 40 H 30 s AR (i 2N, LITR
Py - H BLLTIR G M 2 s AR R A

BBV YA I o7 T8 G e HP R T SRR RE A T FH
VSRR A AN R TR ) R S B 1) A VS YRR v A
AL e T SR JE A . NaHCOs ¥ W HP Fl R Ik
(-COOH) , /] Na,COs % ¥ h F1Z JE (- COOH) F1 Bk
#(-C=0), /I NaOH % ¥ FE K8 2 2 (-OH) |
FRIE(~COOH) FIFR KL (-C=0) , £ & E L i BAR &
it (mmol - g™ ) 7351 f 3 i o AR 25 (R R
1.3 LWHE

FH (] S 36 3 1« R FH SRR R B AL IX 2 3% 3, 1% 6
AR, 3WE S A 18 A H I SE K /NX, B4/ X
TR 24 m?, 2 /N BEALHES] . /N X I B 5 3R
GRS B kA I R K . B 0.3 m,
e LT 0.2 m, 1 R IR 0.3 me

SIS AL BE DAWEOR B AR W KB+
I T e AL L A 40 o+ I T ke S A i 5] A Ak L4330
5y DR1.DR2.DR3.DR4 . DRS, it il i) fti £k 7] Joi 2 43
SR /N AR 2 A B R Y 2% 1% 1% . 1% F1 1%
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(BHE 2R 42 20 em 158 ) o H BRI Tk, 25 03
Jit 00 P 32 20 A A AL T T S B A5 L ) R A5 AT R
3T AT Cd 5 5 30% Mt /N . i as P
HEAL 3 CK (RN IAE T sl AE75)) o 45 /Nt S L 4%
Fofr 45 P ) % B 7 X — 2

SCG R - F 2015 4F 6 J1 3 H IF iRt ISR il 4k
F [ Bsf i T AR R BELRR 51 7.5 L2 35056 0 55
A NE IR Z LI KRG 2 H 4% 375 kg-hm ™ 1Y
Fo it 42 A AR, SR 05 T 201546 7 F 10 H % 225 kg-
hm 2 9 HE 38 it R 2 — 7K . 2015 4F 11 H 3 H K
A, HoA e 2 b K e e 7 O AR B R A T
1.4 H@maHh

TEREAL AR A2 6,10, 14 18 R4 B R S 4%
A FRE £ (0~20 em) , AR T JE 1L 1 mm i, IR AT .
A RS Cd A E R 0.1 mol - L' CaCLZ#E, +
W FE 1250, 41 7% I 6] 30 min, $2 BOR 28 550, JH 0.45
pom JE T8, FH BT IR A o0 S B vk I o 0
at AL 25 1 R v SR A

IKFE BT , 25 AL B R A K RE AR , JE A ok
K h T, T 25 B K shgE L 105 °C AT 30 min,
SRIGTE 65 CTHET . KR MR R FEFF FPkL 3
A HAE WA E N . R HNOs—H 0. 351 fif
KB4y Cd Fr i, FH IR IR o e B VR i

7K oA i AT AR S R 4 A% b B3R ) 1 (0~20
em) , AT G 14 0.149 mm 0 , IR 2) o SR HNOs—
HCI-HCIO: 3 i , R W43 06 B 2 0 3 A
fn P Cd B TH AR S LR R 23 1 R o 3
RS, LS T8 A S 43 bt el A b O vk 19 T e ROR
B,
1.5 #ES

IV FH SPSS 17.0 #F47 5K 28 5 2243 B LSD £
P, R I AN [a] b 3 ) 25 SRR B, UEA T AH G B e it
3R, SCEIRRRING R 2 5 HAA Giit 4 X
(P<0.05),

2 HFHR5E

2.1 MRIRIELER
2.1.1 BEAHE R
3FMRLE pH DA K OCE BT WK 2 Fk 3. W
2L H, AW B Ry KRR R 9 pH 2 A B
N .
3R, AR C 57.91%, ik O & &k
22.13% , W55 45 R 7 AU E RE AT A 25 1A G, R

Fz2 3R pH
Table 2 pH of three materials

A ER7p Ty 2
Sample Biochar Fly ash Phosphate rock
pH 8.18+0.1 7.82+0.2 7.86+0.2

R3 3MMBTRAM (%)

Table 3 Element composition of three materials (%)

i ) B B B

Eljehrr;ém Biochar Fly ash Phosphate rock

Wt At Wt At Wt At

C 57.91 71.27 — — — —
22.13 20.44 52.66 66.87 37.30 55.93

Mg 1.59 1.02 — — 4.41 6.01
Si 3.85 2.03 20.19 14.61 1.21 1.03
P 0.26 0.13 — — 8.78 6.80
Cl 0.29 0.12 — — 0.36 0.24

K 2.23 0.84 — — — —
Ca — — 1.72 0.87 41.82 25.03

Mn — — — — — —
Pb 0.09 0.01 0.22 0.04 0.24 0.05
Cd 0.00 0.00 0.30 0.06 0.68 0.14
Al 0.58 0.32 21.69 16.33 0.44 0.39

Fe 7.10 1.88 2.26 0.82 — —
F — — — — 4.76 6.01

Ti — — 0.95 0.40 — —

S 100.00  100.00  100.00  100.00  100.00  100.00

L —THR AN Y, WA T 3B, AvEe T B
Notes: “— " means undetected, Wt means mass fraction, At means

atom fraction.

J& Fe &1 4 7.10% , R Ry 16 A= ) o 78 ] 7% i B 42
L4 B YRR A R RS A kSRS, S
wb,

KRN C, 5 O JiT 1 43 810 52.66% , Lk &5 Al
21.69%, % Si 20.19%, 3% %4 Ti 0.95%, Ca 1.72%, Fe
2.26% , 3K MR SE TR MK 5 R Si0,. ALOs
FeO.Ca0 . TiO,% . 7 Pb.Cd %54 J@ v & A 7E HL
I 4R AR TR

BT B O &2 37.30%, Ca &5 12 41.82% ,P &
i 8.78%, F % 1 4.76% , 753 UESE T BEA Fy £ 22 oy
- KA . BB S A P Cd 45 &R W iE
—ME .

2.1.2 HeRE R AL AL T

3 FobA AL 4 HL BT R R (x500) 4n &l 1 r 7, X B
AT LA AT 3 FlobE L B ) FRARAE . AW R B
e B R IARLRE BRI R AL h L8 /b, T R
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H: )% Biochar BB Fly ash

W47 H Phosphate rock

B 1 3T B SEM
Figure 1 SEM of three materials

H1 Tk S OBl e R T U FT T i FLIE SR, TR I
AR AR E S i FLIRG , T BB S AR S A T R ke
FAAREMATSLIEIG 2 o By K b T UKL ) (10 5 4R A7
T, fff L BT 45 SR LT AR A RIURLIE ALK, A5 MK
(R R APEAR 58 , BPDRAURE K /NFE 10 wom DL_E R 5K ER
2 BAFAE L ROR LY ORE L E] 45 AN K Y
AL K W BERE AN S IR i Ay Ry SR B
WEEIRAIE S, Foh Al e f0 & — LB IS i Rl v i
KL, B DL EE R TR AN R, TRy i) L B4 SR
7R FLF AT A0/ N HEBUE il— 2208, K
LA LR 2, 53R 4 R iR BN LR
LiK A

R4 v A, AEY) R BET HER TR ALK,
J& HAB PR EEAL R B RHE 100~200 4% , PR 7E ] 455
FEAR A R HVERT, W RN — I fLES . T3 51,
A=W i W LARAE 3~4 nm, J& T FLAPRIEWE , RATR
S R R B , B B P o AR . (AN BE B

R4 3B RERURILEARE
Table 4 Specific surface area, pore volume and pore size of
three materials

i FEAR AR L& Lz

Sample Specific surface area/m>+g”" Pore volume/cm’+ g™ Pore size/nm

W 146.83 0.1143 3.113
P IPCY/S 1.28 0.006 3 19.531
W 0.72 0.007 0 38.587

4l iy L 2R TR BN ) S5 1) W R 5 A K L 2R
TR /N SR BE AT Z2 AL A5, A TR 3R A IR K
B A 35 2 0 - K A, BRI ARAR /N, fL AR
AR, e — S PN , o] DAAVE A IR 1 - 45 1 JE A
2.1.3 £IAMEE
W 2 B B A9 R B AM6TE 78 3847 em ™ 4k
IR B2 AR IR T Y, e Ad S B 9 —OH
TR4E IR SN 5 75 3429~3520 cm™ 40 {1 47 4% 5 1 7] E 2
PR H R R, (B A A KR R LAy
[i] ) LB 45 5 - OH i 4 R sl i | 3X mT BB A X T AE 9
BRI 7K 5 55 AME 1644 em™ b L BLEG 0, W) 0
2838 i 7 R R—COOH A FkJE-C=0 L) J C=C #iz 5)j
TE 1452 em™ Ab 2 57 7 BN 7 5 , A2 W0 o i il 7 5 A1
(C-O) B ARML . AT HE 08T 0 B AT vy 280 B RE 119 12
R FAIXF Cd e age 3381 2 B AT U1 DR W o 500 7 B B AT 7
TAAE . 1E 1680 cm™ 1 1475~1503 em™ FE7E PR 5%
FURUEHT v LAgE C=0 L40 , w] Re 2 4k 2l R |
RSN A R (B2 o) , R R AT ] A3 B 25 F-
TR BRI 31
WP 3 s, BB A 21 A6 A 3480 em ™' AbAF

2

0 " " " " L
4000 3500 3000 2500 2000 1500 1000

AN EE Rl fem™

B2 EWRELIMEE

Figure 2 Infrared spectra of biochar
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AN ERE R fem™

B3 MEREILIN R
Figure 3 Infrared spectra of fly ash
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TEB AL (-OH) I AR IR 3N 5 75 1704 em™ 20 H PRI,
1IN Ry 35 IR 7R R-COOH g #i 3k —C=0 $iZ 3l 5
1 1104 cm™ b M BRAR 4 4R 2l , 7T RE I 2 5L B R A1
£, RI-COOH 119 O-H, 7] 5 5 HAR 38 iy W K M ¢

W 4 Fs B0 B B 2T AN TEAE 2754 em ™ 4047
TEXTRRIR S S0, 1532 em™ A& AR B NS 107 14 95 3
I
214 AAESE S E

FH 2% 5 5 AT By K & 424 Cd 0.75 mg kg
FEELE Cd 0.20 mg kg™ sHE R 4 Cd mg- kg™,
FEHS Cd 0.50 mg-keg s THAEM AT Cdo X L5
R EDS 45 RW4 .
2.1.5 Boehm &

R EZFEEA BHER AT 85 15 e B8 J 1 FH [t Ag
I3, AT LA S 5 BH 25 B30 BH 1 - K AR B - sS #R

2
=1t
%)
0 . . . . .
4000 3500 3000 2500 2000 1500 1000
LLAMEREE fom™

4 BEW MYBILISN IR
Figure 4 Infrared spectra of phosphate rock

Tl Al 0] 2 T R R RE R A TR A 2 1T B | SR OK
AT NI

P B AP RN R T fr A A R K
AL RE S Cd

BEAL T AW BRA TR o AR TR 2 42U R
TE B 4545 0 i A 45 B 42 A A AR, T LA RO
I3 Cd A RE. mF6 T WL, A YRk
SH A B A ) B4 O A A L R TR, SR A ] &
TR A ERARZ, BN YK R R E
2.2 SEAEFIXT L IEE RS CAR R

- SN 4 S 1) W R B pH AR T DR , B8 Bl
AR B pHAE T &, 380 I 5 4R i RE T 3
& B WL R AN S B AL DT TE B, +HE 4| A /L
PETF Rl 2 7 TN, W3R Ak B 2 4 358 ) pH 2
T CK, 3R a8 3] T 42 5 38 pH A H 19, 3X
A AET 3 Rl Ak BRI T bR A 5. P DRS
(EY) e+ TRNREAE ) % pH b 0 B2 fe K, b CK 4R/
T 035N, IR EDR3(AEW 5 ), L CKAR & T
0.32 4540

BEALF AN 6 F RN 10 JEIE, 4% b B E] 20 2 T
CK 4, H25 10 AR 1A 20 Cd & &R T 6
JE o AEKFEAEF W), R R N R A R e, 4
itk , KRR FE Fe (1) o B E 284k, Fe (1) 5 318
T, T Fe R C.d> Xof MR & B a5 A3 1) 55 4, 3800 17 4l
fEALERR £ 38 Cd i AR E AKFEAR R WBE T,
BEAHEWT , CK b2 4 354 22 B 1) Cd AT 3X R BH 5 7

=h Ak

Fo 3SMMBEEERALZE(mmol-g")

Table 6 Content of oxygen functional groups in three materials

RS IMMBAGEEERE (mg-kg) (mmol-g™)
Table 5 Heavy metal content of three materials(mg-kg™) BT REH W e TR Bk
FESL B B g T Oxygen functional group Biochar Fly ash Phosphate rock
Sample Biochar Fly ash Phosphate rock [i7gé3 4.72 4.38 3.95
fhicd 0 0.75 1.00 R-COOH 2.29 2.04 1.80
FEHS Cd 0 0.20 0.50 R-OH 2.61 2.70 2.66
RT TBEPHURBHECIEE
Table 7 soil pH and bioavailable Cd
s : ARG ke AR 4 i
Treatments 08 Rk fi) 6 10/ 147 18 A (4l Soil pH at harvest time
0 week (Initial value) 6 weeks 10 weeks 14 weeks 18 weeks(Harvest)
CK 44.332+1.82a 15.83+1.12b 13.42+1.37¢ 17.51+0.93bc 40.36+2.06a 5.87+0.60c
DR1 44.332+1.82a 21.26+3.05a 27.643+1.88b 14.68+1.85¢ 29.09+2.82b 6.14+0.35b
DR2 44.332+1.82a 23.81+2.19a 38.62+3.75a 9.54+0.91d 29.88+3.05b 6.09+0.38b
DR3 44.332+1.82a 22.93+2.11a 27.63+2.89b 19.23+1.29ab 23.61+2.79h 6.19+0.55b
DR4 44.332+1.82a 22.95+2.23a 31.69+2.46b 11.53+2.41d 27.68+1.53b 6.15+1.15b
DRSS 44.332+1.82a 23.46+2.65a 29.18+1.91b 19.39+1.23a 21.09+6.12b 6.22+0.52a
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Figure 5 Cd contents in the grains of different treatments

2.3.2 AN[AIANEEXS K ASAEFFH Cd &5 R )
AL B K FERSFF P Cd &L 6. HE 6
AT, AS TRl Ak 791 B g b B K R RS FF o Cd 5 AT
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Cd & 34 1o RN, B 07 F 40 B F A5 FF Cd AR
38.44% , K3 I8 K Ak PR AR 50.78% , A ) ok b B R AIG
68.18%, T F& 1% B 4 DR3>DR2>DR1, Al fig & i T +
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Figure 6 Cd contents in rice straws of different treatments
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Figure 7 Cd contents in rice roots of different treatments
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Table 8 Rice yield of different treatments (kg)

A Treatments FEAE Yield
CK 620.03+4.87¢
DR1 584.83+4.86c
DR2 616.405.67¢
DR3 665.33+4.25ab
DR4 663.13+5.95b
DR5 700.305.65a

i A ) P T e TRt 25 Lt A ) 7 it P 258 2R
T AE. DR4 HLDR2 ;=& 1401 7.58% ,DRS5 H DR3 7= &
HEIN 5.26% . K AE 7 it 04 0 3 B2 T A E oAk
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HHADEE Wi EIRR EHERRAER LT 1Y
PR A H

WS INEEAR ) 5 KRS = i VAR AR A I ™, J
T S22 354 100 %) e 32, 150 BH R 8K 26 o —4F W 0 K R A
Wk 7 b S EYE R HE Bl B A 0
7 OGO A R T ORR A A SR B AE
TR KRR RO RIS 2 AL A
S 4 TR R R s N0 ) ROK AR AR ™ Y 22
J AR

3 #ig
CL) B A 5B Al i Ay B it 71, i FH B8 A6 570 12 5
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