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Change of Bioavailability in Heavy Metal Contaminated Soil by
Chemical Amendment
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Crop safety in heavy metal contaminated agricultural field has been a critical issue in Korea and various remediation
methods are proposed for minimizing heavy metal transfer from soil to crops. The main objective of this research was to
evaluate remediation efficiency of two chemical amendments, lime and steel slag, and to decide extractant for assessing
bioavailability of heavy metals. In order to select optimum extractant for evaluating bioavailability of heavy metals, four
different single extractants, HCl, DTPA, CaCl,, NHsNO;s, and sequential extraction method were examined. Both
chemical amendments showed high immobilization effect for Cd (66%, 33.62 mg kg'l) and Pb (74%, 27.65 mg kg'l) in
soil by HCI extractant. In terms of heavy metal concentration in rice grains, concentrations for Cd (77%, 0.023 mg kg'l)
and Pb (82%, 0.039 mg kg™') decreased, with addition of chemical amendments. HCl, DTPA, and sequential extractant
showed the higher correlation between heavy metal concentration in soil and crops than others. These results indicated
that they could be used for assessing bioavailability of heavy metals.
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B 5% o9 HYomiE AAH (natural
abundance) ©. &2 BHYSHAY, b Al A543 59 A
QA2 ot Ao B U 4A1S 29N 5 e A
AL Ay O‘E]- (Kim et al,, 2010a; Yang et al.,
1995). o] 3t L HEZ O 348902 HoAES B3] -
A6 SE 9] TS FES W SIek Gung ot ol
2006; Kim et al,, 2010a; Ok et al., 2011; Yang et al.,
2006). 53], So52 Tl Tk 54 o2 () A&
o] Aol azt A ols FT B s UA
U AFHRE o] o] & RO = H|4 (As), 72 (Cu),
g (Pb), =& (Cr) H oF¥ (Zn) 0] 8l (2) A&z
50| g o Wol7|2r glo] A=l A S5 ?_
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£=2 (Hg) 5°] 2t} (Chojnacka et al,, 2005; Jung et al.,
2006; Lee et al, 2012; Oh et al,, 2011a), 9% 29%7
2o a5 = 7IEA olstm @E7] 98 LG=A
2 NHRIES 014‘1 to] AT HESH= W] o &
Qo ey HEY AL WS % FAAE 5
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1 t}h (Kim et al., 2010; Oh et al., 2010ab), &= o]g
e 50 Tkl i FR4S es) Al
£ WS ofA o] B, g4l HetE, o
A5 U =9 2A3lo] WE-FA T (bioavailability) S 7
2AA SR EGY 752 AEA7AL AlElE 52 s
of QHHAS ST 4 9Tt o ) Fa4e) AR gEL
£ =43l= o274 HHo] 9=d| (Feng et al., 2005b;
Kim et al,, 2007; Krishnamurti and Naidu, 2000) =<4

Opie olgle] FEHTHS S BUFEW of
ot Al

o]-g35fo] H&Z (Sequential extraction)of <]

2 Wloie oz TH, ts
0] ASET Qe FEAL olensg olgsi:
NH,Cl, NH;NOs, NaCl, NH;OAc, Mg(NOjs)s, CaCls, NaNO;
@} EDTA, DTPA, EDDS 52| ZIY|0|E (Chelate)A] 181l
HEdE o F2 (sorption 5)H 5452 Ash= &
Ao AE 342 83f (dissolution)dl+= HNO;, HCl &
9] =& O R YN} (Feng et al,, 2005ab; Jung et al,,
2000; Kim et al,, 2007; Kim et al,, 2010b; Krishnamurti
and Naidu, 2000; Meers et al,, 2005), J12]1 S50 Z22|¢
Efjo]] w2 H&pE WS Tessier et al, (1979), Krishnamurti
et al, (1995), Weng et al, (2002), Gleyzes et al, (2002) 5
o] A|okst ®bHo] Qo o] F Tessier et al, (1979)2] B
Hol 71AF dg] o] 851 QIth (Kim et al,, 2007; Kim et
al,, 2010c), ?loll AES FFWHS APAFAE] A
o =3kEl 2|99 Bk ofgsto] FARE Aufm /o]

Aol3t wofol AT A5 RSO FENTFS 4T
ol EHQ F2PHOE Agati BAZE U2 A
o= PEEH, IHHE B AToAE FEE0R 09
57Xl Bk Qs ARSI o sk

Az gaA; S,

F B2 AISE (Sandy loam), pH 5.5-6.3, EYF F7|&
8}2F 1.5-2.4%, 9Fo] 3= 8.5 cmol. kg 0.2 AT
T}t (Kim et al,, 2010a; Son et al., 2009). =74A Y =

=+4£9] ol sl= Q9)A] oFAFEH (in—situ stabilization
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o] AFH &AM} A& 1S AMESIITHBrookins,
1988; Dermatas and Meng, 2003; US EPA, 2007). Q+43}
Ao} AejE e (RDA, 2000)= ©]-8-5ko] 574
of 273t AleE FRAE dYsiglon, B &3
&2 5843 1% (14.6 kg), AL 3% (43.8 k) 7+ &
Agom Abgsiaint. SHskAIZE AelE= Al (plot)
O FAE 7F2 1.5 m X A= 1.5 m X %10] 0.8 m, &2
T 138 gem | 7|EOE HHTAE Bk A E361S
o A W S559 faE Wl 37k fig Agate
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Mz AF 2 FAA AE A =
& g3t meAd HSE stol EY AR Al oEE
Al A2 258 905 B S| 1A' (1, 2, 4, 8,
16, 327 &) AABHALE SHAIRE & AFolA= A el
B2 (B)o] Al 3279 2 & (907) = FE5to]
F7lekdtt. EGAEE @A (auger)E o185t F71E5
< AABIIL 10~30 cm Zo]9] EkS AF1TY 584 2]
shelon, Eoks st 4 - 2 mm A AE3to] 4
0= 31T} (ME, 2002, 2009; RDA, 2000). Bl
20111 4gJof o]ofslo] Tals (5o, ¥R ALE)O.2 180
o <k Austo] 20114 108 S-BHct, AL W2 2
A F AL 12718 olgste] 10C 2 7%, wafat A
25 A4 (HNO)E olgsto] Hafet A& BAgom o)

o Q=HFEA (certified reference material, 108—
01-002)& EYe HA e & EAsto] HESIH (RDA,
2000), 3t EFAIRY] 7MY Fad TS EYEAER
Aol B ds dAd@dd (ME, 2002)2] 0.1 M HCl
2 325 89 FARANE Sl A7%8E 1 M NHNOs, 5
mM DTPAS} 0.01 M CaCl,2 24 &S F=a3-E&et
ZulR3S3 A (Inductively Coupled Plasma  Optical
Emission Spectrophotometry, Thermo, iCAP 6000 series)
£ ol-gsto] Ak A5l (Table 1),
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Table 1. Extraction procedures of soil samples.

& Ul Aefa= wst 975

Method Procedure Reference
Aqua regia 3.0 g soil in 28 mL HCI:HNO;(3:1), 105C heating for 2 h ME, 2009
HCl 10.0 g soil in 50 mL 0.1 M HCI, shaking for 1 h ME, 2002
DTPA 10.0 g soil in 50 mL 0.005 M DTPA, 0.01 M TEA, 0.01M CaCly(pH 7.3), shaking for 2 h Lee et al., 1981
CaCl, 2.0 g soil in 20 mL 0.01 M CaCl,, shaking for 3 h Feng et al., 2005ab
NH4NO3 10.0 g soil in 20 mL 1 M NH4NOs;, shaking for 1 h Kim et al., 2010a
Fractionl (exchangeable): 1 M MgCl, adjusted by CH3COOH(or NHy4) to pH 7.0
Fraction2 (Bound of carbonates): 1 M NaOAc adjusted by CH3;COOH to pH 5.0
Sequential ~ Fraction3 (Bound of Fe-Mn oxides): 0.04 M NH,OH-HCI(HOAc 25 %)

Tessier et al., 1979

extractionion Fraction4 (Bound of Organic matter): 0.02 M HNO; + 30 % H,O» (adjusted by HNOs to pH

2.0) + 3.2 M NH4OAc
Fraction5 (Residual): aqua regia

. ~1
BTF= HM* cone. in plant (mg kg™ ')

Bioavailavle HM conc. in soil (mg kg ')
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AIL= Table 29F 294t BEAL AJAYFE (Sand 61.08%,
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o B F SEEF2 0do] 0.8840.51 mg kg O2 7
Hold B AT YIRS Le7|E Hre| fEoR 1
ER}al, Pb 11760163 41 mg kg 0.8 27|28 23}

She Aoz Lreht el B ke ad 4
Sl 4290 Ao 2APETh BEHES 915 Qe
o AL A AA| 2§ FH5a BA Hsjet A7

>
)
[
e

>
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 As]el AFEdi1e) pH (1:5)= 11 oo el =
Fguel Eote] AR T4l ARSI, 2 A7 @ Am yehged) ol A ¥ vl 5 okl 28
AAFAEA LA PYSPEY AERA BF BARE  opoleo] ggrom metEth ATy 24 LA Al
Table 2. Physico-chemical properties of paddy soil.
Sand Silt Clay Soil Texture pH EC oM’ CEC’
% 1:5 dS m" g kg’ cmol. kg
61.1 28.5 10.4 Sandy Loam 6.6+0.03 0.06+0.01 10.6+1.22 7.33+0.17
T OM : Organic matter, * CEC : Cation exchangeable capacity.
Table 3. Concentration of Cd and Pb in paddy soil.
cd' Pb'
mg kg’
Paddy soil 0.88+0.51 117.60+63.41
Threshold of danger level / Corrective
1.5/4 100/300

action level(ME, 2002)

0.IN HCI extractable.
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Table 4. Properties of chemical amendments.

Materials pH EC Exch. K Exch. Ca Exch. Mg Exch. Na
1:5 dS em’ e cmol, kg'1 ------------------------
Lime 12.66+0.13 7.1740.04 0.89+0.02 348.88+8.14 15.96+0.31 0.6240.05
Steel slag 11.3240.07 0.3240.04 0.39+0.01 56.28+4.82 2.1240.02 1.33+0.06
348.8848,14 cmol. kg ', A& E 1= 56.2814.82 cmol. f19] Ao A Hox5% QI SHAI7E A2lE w84 B U
kg 02 Uehte] X8H] nhadlee ok EAsR Ao TES TH gashe Ao R Uehth Y 49
2 2AbE ) PSR A APFEe e A 2|g th 2ol mlsl skl ol Aol A=lE gt
% 24t mhlro] TR EAISHE A AAEFIelA W A o s Aol o8] 7kt Ao wetE Ed,
= =AM S5A1717] sl 7R Aol g T TaH SEEEFE A7 e SRl wet di=
2 7107 FHotE} (Oh et al,, 2011a; Oh et al,, 2011b), B} IAsk= AR YeERYth o)== Kim et al, (2009,
ot sk dS =l A= A9 =4 Uloll st 20102)9] A-Ael FAdet Aoz BEoF W A2]H st
AR, AR B et el B ol 245tk o A7F pHE 541718, pH Hgle] 1Rt g40]2 (7H=
Arefetasel S vhgsto] SRS sk, A9 2+ ', |, oFd S0l Fd ¥l sl o] fgashal ESF W
I uladls ol 2 B mdd F3tste] ZRo|=9 Frad SeEeEe] Aagt Ao Husigla, & A4t
A IS AR B pHE ST S5 A FARE 712k ofgt Ao deEnh 2 A7|ER
ol &2t gl ks s &7 M vEhe AHE B 55 TUF E FaHdES QA &
U Zlez W) (Brady and Weil, 2003 Oh et al., AL, ol e I o] A vEridleT ol
2011ab). © A71HYEE oA A2l 715 (-, &= )
7108 Aor geten, S S5 s A
EY A SE=E S5 I A 2UEE < AR ok ik 0.1 M HCL F58He] B9 =
A2 A AHF T B Y 252 325 Bl 905 A} HeollM d3 EFeAs gAY (ME, 2009) A3 ol
& % 3lo] A HUEZS ANk BUE Ee o ASEE WHOoR ekl AadTol A EoF U S
oJol 4] AZat Thorst 22 WS o] 83IYTh Table 5. 6, 7. E4Ere W7hol AMEEIC} (Jung et al,, 2000; Kim et
82 H Hlof AMESE EQF ARO] BYANE HojSEr) al,, 2007; Lee et al,, 1981; Lee et al,, 2012), tjZ=+9] 7}
Table 5. Change of Cd concentration in soil by treatment.
Treatment Control Plant’ Lime' Slag® p+ LT P+
mg kg’
Initial 3.400 3.370 2.920 3.000 2.750 3.150
Aqua regia 32weeks 3.230 3.000 2.990 3.200 2.870 2.800
90weeks 3.740 3.340 2.800 3.220 2.830 2.950
Initial 1.151 1.061 0.385 0.679 0.453 0.777
0.1 N HCl 32weeks 1.034 1.072 0.672 0.924 0.770 1.060
90weeks 1.175 1.080 0.475 0.845 0.395 0.700
Initial 0.562 0.501 0.486 0.491 0.503 0.506
]5);;1\: 32weeks 0.468 0.459 0.312 0.410 0.324 0.488
90weeks 0.523 0.416 0.165 0.358 0.193 0.327
Initial 0.126 0.113 0.109 0.086 0.106 0.094
OC':éle 32weeks 0.114 0.106 0.014 0.015 0.023 0.031
90weeks 0.084 0.086 0.000 0.000 0.000 0.000
Initial 0.121 0.124 0.104 0.113 0.115 0.109
II\H-I;:[N03 32weeks 0.109 0.105 0.016 0.011 0.008 0.013
90weeks 0.103 0.042 0.021 0.008 0.009 0.011

TPhytoremediation, *Lime mixed, ‘Steel slag mixed, 'Lime mixed and phytoremediation, *Steel slag mixed and phytoremediation
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Table 6. Change of Pb concentration in soil by treatment.
Treatment Control Plant Lime Slag P+ L P+S
mg kg'1
Initial 353.350 354.130 231.360 256.690 234.890 258.730
Aqua regia 32weeks 297.010 260.330 207.870 265.000 239.980 219.210
90weeks 389.080 314.730 205.550 239.870 222.530 216.120
Initial 130.610 94.805 28.200 94.805 20.985 66.040
0.1 M HCl 32weeks 110.139 76.243 24.143 76.243 35.495 74.424
90weeks 107.493 72.557 27.652 72.557 37.152 71.703
Initial 56.469 57.582 51.264 52.713 49.871 55.256
]53;?’1\; 32weeks 66.044 62.891 23.322 36.979 29.566 45.226
90weeks 70.329 61.377 21.097 35.991 26.584 37.486
Initial 0.053 0.048 0.043 0.047 0.051 0.049
(()j:(lj le 32weeks 0.351 0.312 0.098 0.204 0.239 0.207
90weeks 0.360 0.306 0.000 0.145 0.000 0.016
Initial 0.134 0.123 0.118 0.121 0.123 0.118
II\I}I\I:INO3 32weeks 0.126 0.109 0.115 0.113 0.116 0.105
90weeks 0.122 0.111 0.107 0.114 0.106 0.095
Table 7. Concentration of Cd in each fraction.
F1 F 2 F 3 F 4' F 5
mg kg'1
Contorl 0.530a 0.160b 0.892b 0.024c¢ 1.534d
L 0.206d 0.117¢ 0.614¢ 0.042a 1.950a
Initial 0.297b 0.156¢ 0.823d 0.022¢ 1.593cd
P 0.529a 0.161b 0.908a 0.025¢ 1.539d
P+L 0.193¢ 0.127d 0.618¢ 0.042a 1.751b
P+S 0.290c 0.181 a 0.863c 0.037b 1.645¢
Contorl 0.515a 0.145c¢ 0.907b 0.023d 1.471d
L 0.177f 0.119¢ 0.719¢ 0.054a 1.863a
12 weeks 0.328¢ 0.177a 0.946a 0.039¢ 1.557¢
0.359b 0.128d 0.857¢ 0.022d 1.485d
P+L 0.193¢ 0.118e 0.720e 0.043b 1.744b
P+S 0.236d 0.149b 0.787d 0.022d 1.510cd
Contorl 0.564a 0.195b 1.054a 0.044b 1.568¢
L 0.175¢ 0.132cd 0.622¢ 0.036¢ 1.808b
90 weeks 0.233¢ 0.241a 0.847¢ 0.023d 1.723¢
0.392b 0.149¢ 0.914b 0.025d 1.680d
P+L 0.162f 0.114d 0.618¢ 0.044b 1.943a
P+S 0.208d 0.169b 0.771d 0.066a 1.669d
i Exchangeable, * Bound of carbonates, ¥ Bound of Fe-Mn oxides,ﬂ Bound of organic matter, * Residual
SHI o FUF F 0.M HO F20] O3 AR FF M9 Lolodw o A9 thET ~ AdLHT ~ 4B

© 7} 31%, 28%= e, oHAslaHo] Aew Xzt
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Aee1 = AEdsHAdEda ) 43 = &84

oflAl= 2187140 wet 7heg

3t
sht

BeHArdEH T ) e
&0 2 o gyglefo] 7tAst=
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Table 8. Concentration of Pb in each fraction.
F1 F 2 F3 F 4 F S5
mg kg'1
Contorl 2.827a 20.567a 226.131b 3.103a 121.552a
L 0.084f 5.561f 129.683¢ 1.405¢ 118.903b
. S 0.428¢ 14.451d 176.033c¢ 1.902b 88.908e
Initial P 2.783b 21.089b 242.802a 3.249a 117.425¢
P+L 0.154¢ 6.662¢ 136.648d 1.547¢ 110.571d
P+S 0.243d 14.760c 176.570c 1.991b 86.188f
Contorl 3.035a 18.270a 206.994a 2.507a 91.647¢c
L 0.089f 4.408f 119.868¢ 1.330d 97.203b
32 weeks S 0.285¢ 15.436b 176.512b 2.482a 89.446d
P 1.028b 12.507d 177.142b 2.160b 87.028¢
P+ L 0.113e 6.475¢ 141.559d 1.803¢c 107.125a
P+S 0.242d 12.795¢ 151.323¢ 1.693¢c 75.064f
Contorl 2.796a 22.714a 248.406a 3.623a 132.003a
L 0.124d 5.364e 116.124e 1.532¢ 94.754d
S 0.140d 12.856¢ 155.419¢ 1.761c 83.873¢
90 weeks
P 1.658b 15.485b 200.486b 2.599b 110.219¢
P+ L 0.078¢ 4.819f 116.230e 1.448¢c 114.481b
P+S 0.304c 11.061d 140.611d 1.607¢c 77.120f
FEo] 9 Ca”, Mg 5 dhe] BHo| 8ol 93t pH Kim et al, (2007)< DTPA7} EoFgolo] h3ele =7}
53t tgel CaColl o3 4 ol (dF, Pr)el  AlA faefEEre] Z7Khn Busk glrk o]d% A
CdCOs, PbCOs FEl E= -2 pHOJlA| metal hydroxide & g &uyo=z OPlE]L 0.1 M HCl¥} 5 mM DTPAS]
B2 2lelehas B0t PeAl sHo F2/ A= e SEHIEY FEF0] A7t vehte A2 S55
712fo] 2Hg3E Ao 71Q1et Aoz HEt) (Pickering, o] 559 @QFJOE s AAske B3 ARl
1982; Rob et al,, 1987; Oh et al,, 201lab), =3t A|7}&d A AMREE 2EAA Q] ZpololA e Ao R Tty

= UAF ol 2ok St

a5 ofs) F2hEo] o1

shelth 419 A7autel At Ao

et al,, 2011ab, Lee et al,

e (Oh

, 2002). DTPAX ZF|o|E 24|

24 HEEE FRETES 2o WHOE Yo o
2E9lom, Jung et al, (2000), Kim et al, (2007) 5©°] A}
|3 A og HuEa §lok & ¢Atof|A 5 mM DTPAR 3=
B0 R A% ol B o] Fu

AN Z

tH] 14%, 18% 2% 02 0.1 M HCl &Rt 2o 2z
o AZHL, THEgol ws) POl WEFo| B

=2 1)rE‘r"H:} (Jung et al,, 2005). °]3t A¥= Jung e
. (2000)9] AFAL ZHiroA] L}Eﬂ}i Z%‘%‘: ﬂ*ﬁ l

0.1 M HClo] &= Ao} FUsti
2 AL A o|ERE ARET A 7}:

o} AX|shz Ao rehdrh ek ATk wlaelA o
K (48] 9 AL e E BN fae 3
ool A Phshe AOR Uehta 9low, Jung et al

(2000)} Jung et al, (2005)+=

L L0

— T

A o] 27404 B-2

FolER HEse 54 Uil A2 Bushal gl

o}, & Aol A AR DTPAS] 79
(bound of carbonate)= &0l AMESI= F
o] A f71E Age Rt 5t A Fe, Mnt Al 52}
) AMEElE FEYo|zta s}
Aoz A=) (Gleyzes et

Peo| S A2
£ AT Aol 4
al,, 2002). T3t 0,01 M CaCl,@} 1 M NH,NO; 2EH 1 o
o ATAE] o3 fEe) FEEUFS SR e
2 Je) o-gxo] girh (Feng et al.,

2007, Kim et al,,

H A7 Saedsy =AY

533 o] HEE UL giRAollA FtEEe] S
2Z0] 72 0,084, NH;NO; 0,103 mg kg

0.360, NH4NO; 0,122 mg kg ' 2.

& FEH vlg) 7=

O AZO

acid—soluble fraction
FZolo]n], HCl

2005ab; Kim et al,,
2010a; Lee et al,, 1981), & &]4Lof| ARE-

F ) T 2EEe

H

© 22 7004
Aol ALgH EF
ore wow Tty

CaCly
2] 7§ CaCly
ok div] 1~2% <=
o] gFFo = WriE Qe o|g§t Aak= HCOT} DTPAE ©
5~108), <] 7
ol HEE O &
o] faHl FF Brlol= A3sHA]
t}, o]t Z3M= Feng et al. (2005ab)2] A8+ Aol
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UERHA] g3kt ole B ol ek agollA
SE5= Ca, Mg 5°] Ta59] T4 Al aa4dol

WEER] kgl Ao g moir|m 235 27|30 HMUEE

2 =3l ASEok & Ao & Al E Lt (Paik et al., 1997),
Tessier et al. (1979)7} AQrl WL A1 E0] ARREl=
F4o) Bos 2EUNS o83t A} o] o]g 75
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Table 9. Concentration of Cd and Pb in rice grain after
treatment.

Cd Pb
-------------- mg kg -----memee-
Control 0.098 0.222
Plant 0.041 0.061
Lime 0.026 0.049
Slag 0.030 0.050
P+L 0.023 0.039
P+S 0.045 0.048
A2 = M3 ~ HEYSHNE ~ HEYSHAGE

O] £ 07 ISyt ol= ST BEY W faH F
5 TS AaAPIH AR Aol oS A%t
Al BIZEH Zo= wetErt (Oh et al,, 2011ab), o3t 2
W= EYORTEH SHER HojHe $u452 TUHFE
o A $E5Y TS A TS 5 Advks AT
9} dx|gl= Ao=w YeERdTt (Kim et al,, 2007, 2010a;
Oh et al,, 2011ab; Feng et al., 2005ab), E35F QH43} 71H
o] =QJ8 =< 0 =X 9] AAZF ] B o2 Z
Sobe, ke S ARe] obAAS Shad 4 glrk A}
2,

Table 10-& ALof|A]
o]-g-5te] AEA|9] F7]
de] AMSE= e HolAlg: (BTF;
Biological Transfer Factor)Z UWEMSITE (Kang, 2007;
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Table 10. Calculation of biological transfer factor after 90 weeks result of soil sample.

0.IM HCl 5 mM DTPA 0.01 M CaCl, IM NH;NO; Fractionation
(F1 + F2)
cd
Control 0.083 0.187 1.167 0.951 0.129
Plant 0.038 0.099 0.477 0.976 0.134
Lime 0.055 0.158 0.000 1238 0.055
Slag 0.036 0.084 0.000 3.750 0.055
P 4L 0.058 0.118 0.000 2,537 0.083
P+s 0.064 0.136 0.000 4.047 0.118
Pb
Control 0.002 0.003 0.617 1.820 0.009
Plant 0.001 0.001 0.199 0.550 0.011
Lime 0.002 0.002 0.000 0.458 0.004
Slag 0.001 0.001 0.345 0.439 0.003
P+L 0.001 0.001 0.000 0.368 0.008
P+s 0.001 0.001 3.000 0.505 0.004
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Fig. 1. Result of correlation analysis between available heavy metal in soil and rice grain.
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