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1.1 s

PR 1 R [ )1 R e BB B RUK RS £ (0~
20 em 1 J2), BHEILAE T pH fH 5. 67,4 ALK
22.4 g-kg” AH1.06 g-kg' BRAFA 110 mg kg A
B 29.1 mg kg™ A 75 mg-kg™', 4 Cd 1. 15
mg-kg™' A% Cd 0.343 mg-kg ™',

BEALAARE AW IR U SRR o WL 3%
1, H4 Cd & B e A HL-JCHLE IR ARk E K A5 (GB
18877-2009) '"*' FA FHAS IR Hh ¥ YL Wy 4 il b fEE ( GB
8173-1987) " Wy feiHE N .

PR W)« /N 3% ( Brassica chinensis L.) | i F4
P 35,10 A R A BRA A,

HHAICEH KR (N 46%) BERR — A8 (P,05 52%
K,O 34%) FREREN (K, 0 54%) , ¥R =43 #r 4k,

F1 kM REAER

Table 1 Basic properties of tested material

BEALAPH P wp | CAEi R
Amendment Producing Il-)l . Cd content  Particle
material area PH vatue /(mg-kg™') size/mm

A W5% Biochar Lk 9.03 0.17 0.15

DA E Fly ash 7O 2 8.93 - 0.15

IR White marble — PUJIEHR  10.23 0.11 0.15

T =" FORRAG

Note: ‘—’indicantes undetected.

1.2 Rt 5418

1.2.1 X33 PoasbieiXss RS K 4 KFEIER
B[ Lo (47), (R 2) ], =Y BBEK LA %
RN FH A 0% 0. 5% 1. 0% 1. 5% 4 K
S UR TR A AL AL R R X BE (CK) L 38 17 A~ Ab B
AMEERESE 3 K, HEXT G 2 mm G, R FE
100 g, B et AL bt RHAS I3 e IR A5 5 8 F 250
mL SRB P, $22 AR 4 398 H R R K& 1Y 70% 8 i 25
TFOKEN SR, B R RS 11 78 R 5 v i) 3 5
AL, KSR E T 20°C RYIE IR S T B R B 55
IR CR FHFR I AN 78 25 B K il R K o dEFEAE
H AR 1Y 70% 2247, 43 i EEifk 0.3.5.7.9 .11,
13.15.20.30 d JE e SR R IR, AT S

SoRiFGRIIN
1.2.2 @#iX% KB E P,

MR 3R, AR RS H R A R R AR
3 LRI %t 2.5 kg, SEAF 15 d ¥

x2 EXHAEWEITAR
Table 2 Orthogonal experimental design

% Factors

= Ab T
Number Treatment VB OBYEIRH] WHEH
5 S/% 5% & H/%

1 CK 0 0 0

2 S1F4H3 0 1.5 1.0
3 SIF3H4 0 1.0 1.5
4 S1F2H1 0 0.5 0

5 SIF1H2 0 0 0.5
6 S2F4H4 0.5 1.5 1.5
7 S2F3H3 0.5 1.0 1.0
8 S2F2H2 0.5 0.5 0.5
9 S2F1HI 0.5 0 0

10 S3F4H1 1.0 1.5 0

11 S3F3H2 1.0 1.0 0.5
12 S3F2H3 1.0 0.5 1.0
13 S3F1H4 1.0 0 1.5
14 S4F4H2 1.5 1.5 0.5
15 S4F3H1 1.5 1.0 0

16 S4F2H4 1.5 0.5 1.5
17 S4F1H3 1.5 0 1.0

FISERP 1 BRE T2 /NS 2 2 7 B e i
BT 4 MR, AR EP R T L E TR H
BEoK o PR FFAE B B /K 1Y 70% A4 o S 7E )i
MV R 2EAT B TR B Y = AT, N SRAE K 40 d
Jo RS FRE A, 28 Rk whk 2B ks
WK 4CHE T FREEE AR5 105°C /75 0.5 h,75°CHET
A FRTE PR IR T o SRAEFE YA b 1 [ i)
SRAEZE T AR KT R R L i A

1.3 WEmMBEF*

SRR AL TR R R s 5 R4 Cd
SRS GB/T 17141 -19972% J7 Bl 4 5 34 4%
Cd 82 GB/T 23739-2009"" J7¥E I 5E ; #kE Cd
HEZ M GB/T 5009. 15-2014" J5 Bl &

1.4 HEALE

e BN oy S B Bl A SO AN 38 Rl B R A
Cd 7 PR L) .

AL = (CK R %L Cd & & -Flifb b BT
AR Cd H i) /CK BHEAR Cd & x 100%

INEZER AL Cd F iR L = (CK /NASE
AR Cd ARl ALAL B R /N 38T 3B Cd 7%
) /CK /NESER A Cd &8 x 100%,
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2.1.1 St iimE LEAK CAdEEHNDEE
e R 3 AL BRSNS, Bl A B (7] (1) 4E
K, ARAHEA A% od &R RFEREET
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KEFES d J5 T REASSE Bt FH 2B 9 e FORy B IR
B EIEA R Cd SEAEALER 5 d J5 Ik B4 2o it
DH M AR Cd FEFEA R 7 d ek B4, 45
S AL BRI A Cd A BN AEALBE 7~ 15 d il 2
RF 7,15 d )5 BRK+ 1. 5% A E 0. 5% )5+
1. 5% K3 MK +1. 5% F1 0. 5% "= W) 5 +0. 5% F53 1 K +
0. 5% A EAN, Hfl b B ZH rp + 384 %0 Cd S REA
gAML, BAORE , #ifb A RS 2 i Ab FE A
AR Cd 5 0 S S T 58 Bl i P e A b )
AbFRL K

*3 AEHAHRESERAEN TEFHN CdEEMNHM

Table 3 Effect of different combined applications of amendments on available Cd content in soil /(mg-kg™)
Kb B2 3E0F 8] Incubation time/d
Treatments 0 3 5 7 9 11 13 15 20 30
CK 0.343a 0.339a 0. 348a 0. 336a 0. 345a 0. 345a 0. 340a 0.338a 0.347a 0.343a
S1F4H3 0. 343a 0.302b 0.263¢ 0.248cd 0.245d 0.251cd 0.242d 0.252cd 0.256¢d 0.253c¢d
S1F3H4 0. 343a 0.312b 0. 288¢ 0.251ef 0.261d 0. 250ef 0. 242f 0.241f 0.252de 0.253de
S1F2H1 0. 343a 0. 320b 0.305¢ 0. 284e 0.291de 0.288e 0.291de 0. 304c¢ 0.301cd 0.303cd
S1F1H2 0. 343a 0.315b 0.303¢ 0.293d 0.284e 0.292d 0. 290de 0. 290de 0. 29de 0.29de
S2F4H4 0. 343a 0.321b 0. 304¢ 0.276d 0.258ef 0.261e 0.257ef 0. 262e 0. 253f 0. 246¢
S2F3H3 0. 343a 0. 309b 0.290c 0.243f 0. 248ef 0. 244f 0. 242f 0. 249ef 0. 252de 0. 256d
S2F2H2 0. 343a 0.311b 0.292¢ 0.271d 0.268de 0.269de 0. 266de 0.270d 0.263e 0.268de
S2F1H1 0. 343a 0.318b 0. 308¢ 0.315b 0. 304cd 0. 308¢ 0.2%e 0.301de 0.308¢ 0. 314cd
S3F4H1 0. 343a 0.315b 0. 289¢ 0.263d 0.258de 0.255de 0.253e 0. 256de 0. 26de 0.23%
S3F3H2 0.343a 0.292b 0.283¢ 0.272e 0.279cd 0.262f 0.273de 0.261f 0.263f 0. 256f
S3F2H3 0. 343a 0.314b 0.299¢ 0.269d 0.265de 0. 25%efg 0. 254¢ 0. 270ef 0.262ef 0. 258fg
S3F1H4 0. 343a 0.328b 0. 289¢ 0.259d 0. 254de 0. 250ef 0.252ef 0. 248ef 0. 250ef 0. 246f
S4F4H2 0. 343a 0.313b 0. 284c¢ 0.278cd 0.274d 0. 265e 0.278d 0.259f 0. 253fg 0. 250f
S4F3H1 0. 343a 0.312b 0.290c 0.278d 0.270d 0.269d 0.271d 0.278d 0.274d 0.279d
S4F2H4 0. 343a 0.318b 0.292¢ 0.259d 0. 256de 0. 248de 0. 250ef 0.242¢f 0.238f 0. 228f
S4F1H3 0. 343a 0.316b 0.296¢ 0.269d 0.265de 0.259de 0.261de 0.259de 0. 256e 0. 266de

T : [R5 )/ NG A RER R [ — Ak A ] Ff ] A 18] 22 53 (2.3 (P<0. 05)

Note: Different lowercase letters with the same treatment indicate significant difference among different time at 0. 05 level.

2.1.2 4bfbAH A st B3R Cd W4k hiE 4
AL, 557 30 d JE, A [F) Bl A 38 ¥ g A 3 o A1 - 4
AR Cd FHE(P<0.05) , i S — itk AR}, H38A
% Cd FE N 8. 47% ~15. 56% , Herp I A E B9 B4k 3%
AT Bl AR A R 0 A CE FH Y, 38 %30 Cd [ g
H 18. 69% ~28.24% , 1. 0% "= W) i +1. 5% N A F S B
b RS S U 5 3 bl Ak A4 B A2 TRE it FH B, - B AT 8K
Cd B HFEIE A 21.90% ~32. 66% , 1. 5% =¥ 5 +0. 5%
WK +1. 5% 10 EEIARROCR cdy . xR g itk 17

W 220 AT 22930 (3 5) KB, TER FCd #Evh, 3 b
BEALAT RO Bl AR 7 A A S R B AR AR 1Y
255 B i A AR it K P AR Ak BT 8, 5K
AR PR, Yk 1.0% M 1. 5%3X 2 Fl
ACPRCRA Y [FIE, 3 Rl A 4 ) 2 e 2 A v i) P
F FE R E I A T >R > A%

2.2 /INAXWIHKETE pH EFER Cd SETH
2.2.1 JakikE 3 pHA T HE 1 ATA,
INESRIRIG , 5 CK A LG, AN [V A A ) A2 e Ak 3 1
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x4 AEHUHESEAAE T Cd WELHER
Table 4 The passivation effects of different combined

applications of amendments on soil contaminated by Cd

# Factors

fbg %Mc;ﬁl%
Treatments ~ EPIRM MUK DAEM Passivation
S/ % it F/% W H/ % effects/%
S1F4H3 0 1.5 1.0 26. 33
S1F3H4 0 1.0 1.5 26. 31
S1F2H1 0 0.5 0 11.58
SIF1H2 0 0 0.5 15. 56
S2F4H4 0.5 1.5 1.5 28.24
S2F3H3 0.5 1.0 1.0 25.29
S2F2H2 0.5 0.5 0.5 21.90
S2F1H1 0.5 0 0 8.47
S3F4H1 1.0 1.5 0 26. 43
S3F3H2 1.0 1.0 0.5 25.29
S3F2H3 1.0 0.5 1.0 24.78
S3F1H4 1.0 0 1.5 28.24
S4F4H2 1.5 1.5 0.5 27.09
S4F3H1 1.5 1.0 0 18. 69
S4F2H4 1.5 0.5 1.5 32.66
S4F1H3 1.5 0 1.0 22.32
K1 19.95 18.65 16.29
K2 20. 98 22.73 22.46
K3 26.19 23.90 24. 68
K4 25.19 27.02 28. 86
W2 R 6.24 8.37 12.57

45 pH (H3 B E P PR —Eli kA R, 3 pH
EHRE T 0. 41~ 1. 22, Hor sophif VN (H ERUR Fe s
FebA L2 it A, 3% pH {H1R 1% 0. 76 ~ 1. 36, 24 4:W)

BRI A B e FH ERE, pHL B T 8 43¢ He A 42 i Ak B
N
222 DERMFELEAMCIEZEN HE2
AT, AR TRV A AR il Sk 2 AR A 3 Cd &
FENRN 9. 46% ~24. 41% , Jiti FH B — Bl Ak A REIST it FH
DA E 0B e 4r, AR Cd & = R R
20. 45% ; 5l A0 B R PR R A2 TC it FH BT, 1. 5% 2B ) i +
1. 0% By B A SRR A5 22 |, oAt A b 32 ) 22 S ANt
3 PPN EC M FH , 1. 5% 4= 4 9% + 1. 5% K3 B IR +
0. 5% H B 1. 5% W +0. 5% BEIK+1. 5% H
PP A A B AR Fe A, AR Cd B R 4
24. 41%H1 24.36% , XHRE S5 R AT W F M0, 45
R AR R B RE 3 FhEE AL AR 2 St A b S5 R
AT R AR Y 22 5 32 e Ak A R i
FHAKE- g |3 Fli fb 4 et 52 I 3 2 v i) R 38 2 I3k
AR FIA T B>y S AW, @K
BEAL AR BN A R Cd &R RS S B SRR
SERIA T,
2.3 #HUMPEERTMEEERKBZMN

P Pl 3 R il FH i Ak A e IS AS TR) Ak BB ] /N 5
iy 1A W A AR 25 5 B FH A W e OB S K
B, /N SR 3R A R A B AR A Bt I
PR, /N R b4 Py i o 2 AR 5 i Ab R 2 i
Jiti FH IS, R0 0 52 e Ak B BB R E /D 1 58 19 1E A K
1. 0% W) 1+ 1. 5% M BEJK (1. 0% A=) 1% +0. 5% F3 4
TR+1. 0% (T R A0 Ak B BE A% 15 B 386 7= 1 3 8L
55 CK A, /N Sl b 3B AE A i 43 S B8 0 26. 44% Fil
25.88% , T /3 Ab P (1. 0% I A E + 1. 5% #3 B K
1. 5% 001 E+1. 0% B MK 0. 5% A=W 1% + 1. 5% Fy i
K+1. 5% DA E) MAREY & B EITF CK,

x5 EXEITHESN

Table 5 Analysis of variance for orthogonal design

75 5 AR I FIE BE ¥ FAH Pii

Source of variation Sum of squares Degree of freedom Mean square F value P value
A=W S 340.181 6 3 113.393 9 10.230 4 0.000 1
MK F 431.995 7 3 143.998 6 12.991 6 0.000 1
WHE H 989. 504 6 3 329.834 9 29.757 8 0.000 1
431 % Four-row 91.707 8 3 30. 569 3
5%l % Five-row 35.321 3 3 11.773 8
BRI 22 Model error 127.029 1 6 21.171'5 2.303 1 0.149 5
H IR Repetitive error 294.162 1 32 9.192 6

T = AR T AT RERLIR 22, T,

Note: * represents empty columns and it was used to estimate random errors. The same as following.
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pH{& pH value

KB Treatments

TE AR NE FRERR A BN 22 5 .35 (P<0.05) . FIFl,
Note : Different lowercase letters indicate significant difference among different treatment at 0. 05 level. The same as following.
1 FESELA B ERAE T 1% pH ER RN

Fig.1 Effect of different combined applications of amendments on pH of soil
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THHHCIE R
Available Cd content in soil/(mg-kg™)
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KbBH Treatments

2 AESEUTRIERDEI TIEFHN Cd EEMZIN

Fig.2 Effects of different combined applications of amendments on available Cd content of soil
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Ut BN R 15. 79% , SR it FH A 0 e s8R O K 25 5
.35 (P>0.05) ;i Ak b4 AL 9 &2 B it s, 1. 5% 4=
s+ 1. 0% (T 52 e A FRASCR fe i, /I A 32 AT R A
Cd 7 B IR R 22. 64% ;3 4k 481 52 B jiti F A
1. 0% =9 3% +0. 5% KK +1. 0% FH EAT 1. 0% 44
R+1. 0% B MK +0. 5% I T W6 Fh 52 1 Ak P22 4
U BR300 R 24. 39% 1 23. 06% , ik 86 45 SR kA7

W 2253 A N7 22030 (R 7) AER L # b, 3 Fhlifk
R /INE SE AT AL Cd & B2 T B
NESETT RO Cd R Y 22 5 S R A R Y it
HIZKEgerE 3 P e AR 1. 0% 1 1. 5% it H 7K~
FORMIY R, 3 Al i AR R il B v i IR R
RBIHR IR E>A Y S EIR . LL/NA
Sl B Cd F 8 AE N IEN AR, 1. 0% 24 1) ok +
0. 5% E K +1. 0% L E 1. 0% W) 7%+ 1. 0% 3 1
K40, 5% E 1. 5% +1. 0% 1 £ 52 B ab
Bl BCR AR Y TV SRy T Y 1 498 rh 4 1 i s Ak
Ly
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Table 6 The decreasing amplitude of Cd content in

AEHEH B SR EBE ST/ NERKAT

edible part of Brassica chinensis L. under

different treatment conditions

# Factors

e &K L A5
Treatments  EWVRMI MMM g Decreasing
it S/ % /% W H/9%  amplitude/%

SIF4H3 0 1.5 1.0 15.47
SIF3H4 0 1.0 1.5 18.02
S1F2H1 0 0.5 0 10.79
SIFIH2 0 0 0.5 15.79
S2F4H4 0.5 15 1.5 20.90
S2F3H3 0.5 1.0 1.0 21.29
S2F2H2 0.5 0.5 0.5 17.15
S2FIHI 0.5 0 0 9.10
S3F4H1 1.0 1.5 0 17.84
S3F3H2 1.0 1.0 0.5 23.06
S3F2H3 1.0 0.5 1.0 24.39
S3F1H4 1.0 0 1.5 19.20
S4F4H2 1.5 1.5 0.5 19.53
S4F3HI 1.5 1.0 0 16. 54
S4F2H4 15 0.5 15 19.32
S4F1H3 1.5 0 1.0 22.64
Kl 15.02 16. 68 13.57

K2 17. 11 17.91 18.88

K3 21.12 19.73 20.95

K4 19.51 18. 44 19.36

W2 R 6.11 3.05 7.38

KEFE Treatments

3 FAEFEAMHERLSEN/NERM R ENENZIT

Fig.3 Effect of different combined applications of amendments on shoot biomass of Brassica chinensis L.
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1 pH (EJE 50 5 4 B A s EE R E, +
S T 4 T 110 I BE AR O U B A i S Ao R 2 7 B A
pH {E A, + 48 pH (HAY A b 2 S B B 4 8k
YA RPER AL, — Bk UE, 1 pH [ #/N, 4R
G/ € NS N 1 D L7 | | kR Ay D
4 pH EHH B ET R A% Cd FRBERMK, H%
pH (T AT BESE R T 3 FhEl LA RIS R ad e b R, R
I e R NS B i R0 pH ., HIEARCd T
B REAR — 7 T 5 398 pH (AR O, B -4 pH (E T
i w0 S TG i | W B e e 9 7 D G O
ERM R, 4 39 Ccd* AR R Cd(OH ), .CdCO, TLHE, If
TR ER A PR S S S Cd B R
SEMIEAS, IRl A b & 1 S b, AR T
5 Cd* M sa g B, 53— I, 3 Bl Ak A R 35k
CA™ 5 35 i [ 52 BE 7, A= o Ry B K B A e KA L
FEMBUR & (LB LS, BE A% I R B | 25 7 3c 4 i)
J5 X E e LR Cd, AR s & A HLUE R, iEhg
%A Cd BEMRHA ROME A & K = A
Ca™ W[5+ 3y Cd™ A R UTE ™, sk & 4 Gk
b A& JE b, T LA Cd & A &P g B A e 3
VERT, HEMTAAR Cd BT 22

BEAL ARG AL + e 4 i T B — A R, FE AL
BRI AR E Jo AR RIS , AT HAE R AU R oK,
AW LSRR Bl R E B 25 e S, -
B Cd RGBT RENBE, A Cd & &
FEREFR 0~5 d BRIR IR, 3598 7~ 15 d IR Ab H kG 22
KB B2 15 dJE, B 1. 0% Ry B +1. 5% L1



2 3 BEALRE A X HA S S e P R A I8 ROR 439

F7 EXEHAESN

Table 7 Analysis of variance for orthogonal design

A SRR R A ¥y F1E P{E

Source of variation Sum of squares Degree of freedom Mean square F value P value
W S 345.270 7 3 115. 090 2 28.854 1 0.000 1
WK F 76.385 7 3 25.461 9 6.383 5 0.001
WAL H 493.034 7 3 164.344 9 41.202 7 0.000 1
431 % Four-row 45.987 1 3 15.329
5% * Five-row 69. 544 9 3 23.181 6
PRI 2% Model error 115.532 6 19.255 3 4.8275 0.027 1
TR IRE Repetitive error 191.457 1 48 3.988 7

F 0. 5% tEW B+ 1. 5% M K +1. 5% L1 0. 5%
W IR+0. 5% KK +0. 5% A E A1, Hod b B84 R
PR A B FEAA, d L nT W, B AR AR I E] Cd 75
YoM 15 d 5 MR Y B0E

BlAL MBS I Ay + TR A R W A A Ao B
L DAR AR 4w WA, PRI AR A AR 9 4 s
ARSI T b S A AR A R A B E RO AR
e, 5 CK A, AR By K LA & 3 Fh At
BEARIZ AL, /NSl B3R AL Cd & 3
REAR ., PTRE S BlAL AT R A R N e A T RS
Cd 1888, NI/ T 708 1 38 4 W A 5 1) Ao i £ A e
AR B oA e AT R H A R B T AA S PUEA,
Al Cd™ 5 A A AR 2 B I AT A7 s DA ik 2D i 4
Xt Cd MM B AR KBRS | B
AL AR LB i 2 s, &8+ 8 pH
T, R T /N R AN O 38X Cd A IR AL
Puga %5 I R FEAT AR e = T 8 pH (EUR
HHUB S AL T 4% P Cd  Zn B9 350, AT U6
BT MR E X P Cd | Zn FIWZ T ; Zhou 25 BiF 97 6
A, ALC B R R0 (AR A R A o R R IR
A1) A IS A JE T A i A AR, X2
+ 48 pH {E T = A - 8 PH B T A e i S 80 . AN
[ gl A Ak 2 B ) B A ML A7 A 25 57 EL 38 T o o 4
i 3 pH ERFIEAR AR Cd & &, A5, IR
IEEAEAT RS | 3 Bl A 4R 556 /N (ST B AL Cd
P A R (HAN R BRI AR 22 5
PaFEIS S5 Y & B o A1 Ak L B TS U
SEA RENEAERN ALl 5% H = A 5% IR
NIAZSEE & ST TRY 78 R (B K 2% s A X 0 S8
PRBR RS | O o 08 A1 EHEEBEAC LA 422 < L LG 51 e jta BT i
W E AL 3 Ph Cd  As IOAEWA S0, T DL, &
e LB FP IS B A2 B A BEER 2 Xt A A8 B SR r= A v
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Abstract:In order to investigate the effect of different compounding treatments on the effective Cd content in Cd
contaminated soil, soil incubation experiment, a pot experiment and orthogonal design was conducted to study effects of
different compounding treatments of biochar, fly ash and white marble on soil pH and Cd bioavailability. The results
showed that the different compounding treatments of the three passivation materials significantly increased the soil pH and
reduced the soil effective Cd content. With extension of incubation time, the available Cd concentration decreased first
and then gradually reached equilibrium after 7-15 days. Meanwhile, effect of white marble on Cd availability showed the
greatest, followed by biochar and fly ash. Furthermore, Cd concentrations in edible parts of Brassica chinensis L
decreased by 9. 10% ~24. 39% after adding passivation material. With the evaluation index of Cd concentration in edible
parts of Brassica chinensis L, the combination of 1. 5% biochar + 1. 0% white marble, 1. 0% biochar + 1. 0% fly ash +
0. 5% white marble, 1.0% biochar + 0. 5% fly ash + 1. 0% white marble presented the greatest remediation efficiency.
The findings provide a theoretical basis for the remediation of Cd-contaminated soils and also the safe production of
crops.

Keywords : amendments, Cd, orthogonal test, bioavailability





