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Abstract : In—situ immobilization of heavy metals by adding extraneous amendments in contaminated soils has been identified as a cost—ef—
fective measure for soil remediation. The immobilizing amendments could decrease the concentrations of available heavy metals, and thus ef-
fectively decrease their mobility, toxicity/bioavailability in soils. In the present study, hydroxyapatite (HA ), phosphate rock powder(PRH
and PRX), zeolite, red mud, plant offal, and their modified products were applied to the Cd—contaminated soils to assess the efficiency of
these materials in immobilization of soil Cd. After incubation for different times, the concentration of exchangeable Cd was determined. The
results showed that the concentration of exchangeable Cd in soils was decreased using red mud nanoparticles and HA by 35%~55%, using
red mud, acid-treated red mud, and zeolite by 15%~25%, and using the sulphydryl(-SH) containing materials including garlic leaf, scal—
lion, rape offal by 209%~25%. The immobilization by PRX, PRH, scallion powder, maize straw and sulfhydrylated maize straw were less ef—
fective compared with the above materials. The immobilizing effects of HA, ammonium saturated zeolite, red mud nanoparticles, and acid—
treated red mud were stable at different incubation times, while the immobilizing effects of red mud, scallion offal, maize straw and its
sulfhydrylation dispose increased along with the incubation times, especially for maize straw and its sulthydrylated materials after eight weeks
or longer incubation time. The results in the present study might be of practical importance in screening of amendments for remediation of
soils contaminated with cadmium.
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Table 1 The concentrations of heavy metals in inorganic

amendments used(mg-kg™)

Zn Cu Ni Cr Pb Cd
FUe 9107 3099 450 14070 11932 Al
RUEARJE  76.05  24.60 418 13330 10073 Ak
A 4050 3.06 0.75 158 2574 K

1.3 REHE

ArFREL 2 A1 5 me kg™ Cd {549+ 1€ 2.0 g, 4>
ST 0.04 g(2% EHEF )RS, Bt Y5k
IR 0.8 g, # H [HJ R HFK i 80% A 2555
F7K 0.5 mL, B A 55 SR 25, 4 BIRCE 2.4.8
16 JE G BEBOFH e a2 Cdo TR ik
PP E 3 WER A Cd FEHUGHA 1 mol - L i
R, pH=T, 1K HE 1:10, JRT5H L 1 W™ Ag-
ilent 7500a HLEFE A 455 TR T (Agilent Tech—
nologies Co. Ltd. USA ) E 2R % Cd. AlifbFI L
MU N,-BET W R, 45585 PR 2 . +
e KAy RS R AR U6 FH ik ER R FN R AR (3:1) 7
140 C R, 985 M ICP-AES M EF 4 8 &, 1l
TG g A Cd S50 (2.00£0.03 )mg kg™
F1(5.02+£0.08 )mg - kg™ Fii 7% 12 5 R H G ACAR 1R
IR S 10 B A A e 3 R TR B o
R RO R R (X =Xo)/X ), o X S
BEALFI AL I 4 AT A2 S Cd &8, X, Mg
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Table 2 Specific surface areas of inorganic amendments(m?-g™)

YR BRUEN B

FE KRR W g HA PRH PRX

AFR AR

FbRm A 12.228 17.196 19.676 15.865 40.476 49.004 1.796 9.582

BRI B £l S Cd &4, BALSCR T E
IR,

2 GR5H

2.1 AEFEAFIBFEL RIS

FE 2 1 5 mg-kg™'Cd {54 -3 b i A R4 A6 5]
J& , FT A2 H s Cd Fr i b ange 3 fak 4 s, 4%
BEALFIAS R RG R TSSO N3R5 PR o SVA
YRR R IR A (HA) 9K R TRl R R
Uf,2 15 mg-kg'Cd 15 Y+ Hpn] 43 5 ] 22 . 75 Cd
WD 40% 1 30% L 1o A 2%IMEM AR 23 K
AT AR IRURAE 4 A4~ TR B B4 Bk 25080 N 1 A3
AR Cd it (P<0.001 ), B ELRE IR A7 L 2 AR A
49.0 m*+ g™, X I AC A Cd A7 R W R fig
77, B KW Bl f i AT 38 47.8 1 113 mg-kg™,

TE 2 mg-kg'Cd 15 Y% e FRVE A K AR I AE 4

EFBE (P<0.001) 44 8/ T ] 2244 Cd 7
iR RUEARVETE 2 J5] 4 S (8 JE A 16 JEAL R 2
WD T IS Cd F i (P<0.05) o 9 KALAL S (Y
ARV 5 AR AR A L XS P A8 e 25 Cd 1 Bk RE

HBAT I 3455 (P<0.001) , 7 5 mg-kg'Cd 755+ iR
VRGP IR ARG (R UE AR VR B 35 0/ T il Ag e s
Cd 17 5 (P<0.05) , 44K Ak Ab B 7E BE 26 i [v] B L A
i AR AR (P<0.05) o GKALFINER PEAL 34 K AL A%
PEARIG I T X5 Cd 1 [ 5 W8 Bt v g R g o ot T
ik 75.8 mg-kg™, FE R AE S A [R]FE BT PN, A Ak
RE 1 HLJRAR R AR (R AR IR 3 10% 75 47 o Uk R AR AR
I, LU FRTATRR A G K, 3G K T 2R 8 575 G g 42 fi rr
B Cd R B 1 45 6 114 3 5 R BE ) AR AT Pir 2
o TRUEALERGK AL AR Y L R T AN 19.7 m?- g™, K
TARACAL PR 17.2 m? - o GOKAL AL BE AR I 1Y BH B
TR 5 K (7.66£0.15))cmol -kg™, & F AR (3.63+
0.05)cmol kg™ | BRI R I8 (5.64+0.24 )emol -kg™ | 1 I
YAKAL TR (4.3220.37 Jemol - kg™, FRUEAN I F2 14 T 7%
Ve i — ek I B (2R U 2 11 A0 IR A7 A 2 8 1
S, AR A L AR, B ALl pH {HFE = 8.9,
X Cd YIVER BT TR WA s/ Y, il 28 2% Cd

R 3 2mg-kg'Cd TEEFHMABEEMF L PRI Cd B2 (mg-kg)

Table 3 The concentrations of exchangeable Cd in the 2 mg-kg™ Cd contaminated soils with

different amendments and incubation times(mg-kg™)

Gt ik 2 4 8 J& 16 J&
1 CK 0.322+0.005* 0.309+0.025 0.300+0.016 0.295+0.003
2 HA 0.177+0.001 0.170£0.002 0.164+0.002 0.154+0.002
3 PRH 0.31320.009 0.277+0.004 0.265+0.004 0.23420.008
4 PRX 0.294+0.019 0.273+0.001 0.255+0.003 0.233+0.002
5 vl 0.298+0.007 0.266+0.005 0.25120.007 0.24320.20
6 FALE AT 0.271+0.006 0.253+0.003 0.237+0.002 0.23120.004
7 gl e 0.276+0.012 0.255+0.003 0.246+0.005 0.237+0.001
8 pintlics 0.275+0.002 0.23620.001 0.226+0.004 0.206:0.004
9 R Ve 0.271x0.001 0.241+0.002 0.231+0.002 0.215+0.006
10 ELP S 0.1770.004 0.172+0.003 0.139+0.003 0.129+0.009
11 R UEARK TR G 0.195+0.002 0.18120.005 0.178+0.006 0.168+0.007
12 fof e AR 0.274+0.015 0.21620.008 0.207+0.005 0.208+0.003
13 ERTE TN 0.304+0.013 0.210£0.010 0.197+0.019 0.191+0.002
14 N U AN 0.3190.006 0.218+0.006 0.177+0.012 0.173+0.005
15 FEFFRIR 0.3760.013 0.298+0.006 0.277+0.009 0.259+0.002
16 BiILFEFTR A 0.393+0.006 0.319+0.004 0.274+0.006 0.215+0.003
17 AR 0.26120.001 0.236:0.004 0.228+0.004 0.21720.005
18 KAIAE 0.318+0.002 0.3010.014 0.283+0.004 0.262+0.001
19 R 0.16220.001 0.155+0.003 0.145+0.010 0.14120.006
20 K-S Eky — 0.203+0.004 0.178+0.004 0.173+0.002
21 KAk — 0.186=0.002 0.172+0.003 0.165+0.004
22 KA KA — 0.20120.004 0.191+0.008 0.172+0.005

TE - i 22 .
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Table 4 The concentrations of exchangeable Cd in the 5 mg-kg™ Cd contaminated soil with different amendments and incubation times(mg-kg™)

i Ak 2 JA 4 J 8 J& 16 J&
1 CK 0.814+0.008* 0.744+0.037 0.738+0.037 0.708+0.039
2 HA 0.456+0.003 0.4110.006 0.409+0.003 0.388+0.006
3 PRH 0.736+0.036 0.673+0.017 0.660+0.015 0.629+0.003
4 PRX 0.733+0.003 0.668+0.005 0.654+0.001 0.620+0.004
5 vl 0.687+0.029 0.620+0.003 0.610+0.001 0.608+0.001
6 RN v 0.769+0.007 0.703+0.002 0.692+0.007 0.603+0.027
7 iy e 0.717£0.012 0.635+0.012 0.619+0.009 0.589+0.008
8 AR 0.667+0.025 0.546+0.028 0.537+0.005 0.51120.005
9 R UE SR8 0.684+0.011 0.620+0.005 0.610+0.006 0.568+0.005
10 KR 0.584+0.019 0.543+0.012 0.526+0.019 0.499+0.002
11 TR B4 K R U8 0.61620.011 0.568+0.013 0.551+0.031 0.520+0.002
12 iR T AR AR 0.611+0.016 0.568+0.013 0.558+0.006 0.526+0.007
13 STHB LN 0.651+0.021 0.60620.004 0.565+0.008 0.536+0.005
14 NG AU 0.766+0.035 0.682+0.020 0.5660.015 0.539+0.003
15 IRTARIEN 0.819+0.011 0.724+0.022 0.695+0.009 0.661+0.008
16 BUEFSA R 0.845+0.015 0.783+0.002 0.562+0.031 0.434+0.010
17 TR 0.677+0.017 0.628+0.006 0.567+0.030 0.537+0.005
18 KER 0.763+0.035 0.661+0.020 0.643+0.044 0.567+0.005
19 EEH A 0.355+0.003 0.336+0.009 0.310+0.008 0.298+0.008
20 Sy — 0.633+0.021 0.577+0.011 0.530+0.019
21 AR Rl — 0.621=0.021 0.583+0.023 0.467+0.018
22 KA KA — 0.671x0.029 0.619+0.025 0.568+0.023
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WD R BT R, SRR R T R AR A A
b Lombi =255 48 H , AR AL 0T S 4w =k
27 B P R B I P L R b 18] 7 3] Sk ) A
JEI], FRUEFR TR B DOREVE 5 A [ e 2 1
Ferbalsc s Cd 1 EEAERIRAE , M5 PR 5%
MRS B A o AR R 8 B LA BRAR A A5 () o) 3¢
R AT AC A Cd AR T BB/, D Lo il 7
17.5%~48.4% 2 18], BUORHET R AK AR >RGN K
IRPESHRVESTRVEARVE . GHRAKS I I T ot /s, (i R e
HERER A S AL T 3 FR B AR (30 43 R o
f i 257 ok, BT R T 5 Cd 4 fl i £, AT
BT X Cd By R

FE 2 Al 5 mg-kg'Cd V54 H- 3, 771430 i
A (PRH) FHT 85 (PRX) #5074 o 25 ek 20 1 ey
RS Cd &t (P<0.01),2 mg-kg™ 41 PRX HCR 2
4T PRH, TMi7E 5 mg-kg'Cd P25 RA B
(P>0.05).PRX 1 PRH [ Fb A/ FER i Cdik
JE b R BHTOE &R 2 38 B , FEAR R £
PRX [ L ZR 1AL B KT PRH, X Cd (W B DL K
DUVE B AT K . FEPA Cd 15 5 i &
AU A B A A R B B R RCR (P
0.01),2 mg-kg™ 21 et 4 B I 8 1 5 T 9ok Ay (1) A

fEBE T3 (P<<0.05), AL b A3 OR U T B AL Wk A7 (P=
0.056) ;5 mg kg™ ZH AR AL Ab BRI B i 25 T Ho Al
Rl A7 (P<0.001), % R Bl AL SSOR AR AN 25
TE 5 mg kg 'Cd 75 Yt v, B A0 il L 361 o W o T
ik 41.8 mg kg (16 J&] ), fe KimEaA T HA &5CR , AT
DL 40.48 m? - g™ [ Bb 3 11 ARG I B ] 52 A 48 KA
Mo 2 mg-kg'Cd {544 v 3 Fiidh 42 P R A3 %0
A AP Cd AR N 11.4%~19.2%, SCRHEF
Sk L AT S E AT >SPRXSWE AT >PRH; 7E 5 mg-kg™
Cd 15 44 T h B AL ROR S 8%~16.8% , HEIF J il 41 > %%
AU A >PRXSPRHSE RS A o 2otk b S Wl A L3R
TR RRCHE N, 2 AT 2 L3 i W R 2 - S8 484 FH Y
B AR R ) SRR AR R A, R
T WG BRI, PN 25 () 235 4 3 3 ) S B3 A FH i
B, WA T R SRR RRER A LS G
B TR T T 3 Ao I B R AN A0 T R R
YEFHEA SR AR 2 25 6, X[l PN )2 540 Hh— 2k
BT AALEAR LS X Cd i e VR R R
T ISR A BB [ S i e TR B A
TE 2 A5 mg-kg'Cd {5 5% 3 rh et iy (I
Hiy 1B )RR T SEER AR KA TR A Ry AR AT 28
s Cd A W e 2 /B (P<0.001) 46Tk
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Table 5 The mean immobilizing effects on exchangeable
Cd in soils and their variations with incubation times

for different amendments

2 mg-kg'Cd V541 5 mg-kg'Cd 154+

ki 3 . ki N
B I b TP
ThsEl  50.90% 2.80% || UM 56.70% 1.50%
PRI 48.40% 14% HA 44.60% 1.30%
HA 45.80% 3% YPORARVE 29.50% 1.50%
Mﬁfﬁ* 39.40%  6.40% ijg"( 2620%  2.50%
WK 2830%  40.30% e 2490%  9.70%
WEMEE 2680%  29.60% || fEEEE; 2470%  0.80%
fEFEE 2650%  11.20% || BEHM3E 21.50% 5.70%
e 2330%  15.60% || T#itiks  19.90% 8.40%

TREEH 23.20% 7.60% || RUEARTE  17.50% 3.80%
MRPEARIE  22.10% 6.40% AT 16.80% 1.60%
ERA 19.20% 5.70% WRA 15.30% 18%
ERWA 17.40% 5.60% || EMa 14.80% 4.90%
PRX 1410%  12.30% || TAME 12.50% 6.30%
A 13.90%  10.30% PRX 11.00%  2.40%
PRH 11.40% 19% || Si3LF5FE 1090%  33.90%

FHEMA  5.20% 9.90% PRH 10.20% 1.20%
FEFEFE 2.60%  43.70% ||#NENEE 8.00% 9.30%
TEFF 1.70% 28.80% FEFF 3.60% 7.30%

VE TR 4 AN B IRCR 1 PR A LR A
A S e
KA (P=0.06 F1 P=0.03 A B AF R o 7E 2 mg-
kg™ 2l FORFEFF RIS SLAL RS FF 76 8 (R e 9 B AL AL
RN E  USINFEAFAE 2 J&, S F5 AT 7E 2 A A 4 A
i B 5 25 AR LU ARl 4= rh i) S840 S Cd & i A BTy
i, B 355 75 5 1) (9 S K R AT SR SLAL RS #T A4 T i
R+ ] S5 A Cd &L, #E 5 mg kg™ 41
i 2 BRI AARR 285 SRR 35 o BT R 1 SR KA R A
XAl 2 s Cd Bl b RCR IR 26.5%~28.3%, il
B R ZFRARAH L ] 22 e 2 Cd 9k b 1 6 I
WS, BT ERETROR (P=0.04) FIR A3 (P<0.001)
ElALRE A7 VSIS, AR 8 KA b BR AR Ak
RO 3R = (P<<0.001) , 32 A AR 4 8 25 380 1 %
AR A Cd EEfLRE )] (P<0.001), 7F 5 mg-kg™
4, £ rhaRH AR AT 3c A Cd 87 24.7% , B RAR
T3 (P=0.021) FI R A 581K (P<0.001), HET 55
A AL B G 2N T H AT AS A Cd AR BE
(P<0.001) ,{F R Ah PG Bl A 5 R RS Bk 5 A ol
AR PRI R A R T EIRACR (P<0.01) 1K
AR BRI 2 (P=0.075 Fl P=0.024),
XA -5 9H 25 K S A KM T & S Sk A ) 2 R

ARSI Ry A A AL PR B T W 48/ F A 6 o

— SRR BROC R TEA A NP IS
Y1, 01 Cd B 2GR BT, A
&N Cd ERE Y G R (PC) LR Rt
(MTs) %5 & S LAY ,Cd 5 PC 45 &5, s i
BB R AT R S, T 48 ik T I8
BRSO R KA S T E AR, &
A, KIS KR A 16 F S mik G,
Horp B o SRR AL N A RO AL TN B2 ™, &) oy
i A Ny S RRAL G . AR I KGR
FEHF AT AL 3 000 mg-kg'Cd, [AI KFR AsPCS Jit:
PRI IR AT il CuPT BAC TR BRXT Cd it 52 PR 4 i 4 %
KA E T 3, 4- F ILWEMy T ok 23 45 5 B i S 3 1A
Py, SR E T AERHEY , R R
W R, A B 2 A A T ) B (fRTRR AR AT )
SRR R L 2-F2 -3 TR BT FIOR O S 1T
F, FRAAE SRR A A, ST N E Cd X
IFEE FRETRAR SR AR AR 0B R 0 S
A (444£0.11)%, (44820.11)%F1(3.70£0.21 )%,
AR A E AR Y TP s S HEA G, Iz 5 - 50Y
AL A RBEIN T X AT 2242 Cd AR, 5 i %
& RZ RS SR Y AR TE LI 5 Cd B+ &
AR AR, AR T AT sS S Cd
2.2 AREEEAL B B 1B AY Bl B

FAAL TV AL SR R R AR AL R S an & 1 s
FRAE 5 T3 o [RGB AR 38R R s M A | e LSO B
) ARk i TG T (UL3R 5) 00 R FEARANAR (WA 34 i Al
PR 32K fF 2 mg-kg'Cd V54 + 5%  109% 5
LX), 7E 5 mg-kg ' Cd 1554 ik 2.5% 5%%) 57 -

2 mg kg 'Cd y5 Y 35 rh | B BLWE KA LTINS
R TRVEALERGURARIENT AT 2840035 Cd il D 76 45 Hif
Br 2z A 3EATE 22 5 (P>0.05) o 4 80 R 760 3 45 %o 7]
LA Cd iy /D i Bl A [R5 AR LA K (P=0.596
FP=0.704), {AENEIEEAAE 16 JEEIALSCR I 2 JBA
—ERHGIN(P=0.043), FRUEALIRARIEHIT57 i A Bl
AR BER] [RGB IAS B2 (P=0280,P=0357), JL.
HIE 4 JEFN 8 JEAH LA A AR (P=0964,P=0.944 ),
fH16 JE PR EE L 2 F A 4455 (P<0.01) o, A X il
LA Cd /b N 2 Fi 3] 8 JRIE s i 2 (P=
0.035), HJGAEAANTK B3 1 AR AT 7] 2844 Cd
ik N 2 SR E] 4 JR3E i 2% (P=0.023) ,4 J& & 8
J& 16 JEABINARII 5 . PRX FIPRH %} 7] &2 3 45 Cd 14
Bl D AR 3 M BN A R (P=0.200), 16 JH
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Figure 1 The effect of different amendments on exchangeable Cd in 2 and 5 mg-kg™ Cd contaminated soils with different incubation times

BB AR S 8 JEAH A — 2 i3 Jin (P=0.144 F1
P=0.049) . sisexf HHEF AT 24 Cd MBI ALRICRTE 2
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