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Abstract

This study investigates the fractional composition and the leaching characteristics of heavy metals in polluted soils due to
mining activities. The fractionated composition of heavy metals is classified into five fractions; adsorbed, carbonate,
reducible, organic and residual fraction. The status of humic substances in mine wastes of most sites are polyhumic except
tailing from Sangdong mine. According to the sequential extraction procedures (SEPs), leaching probabilities of Cd in
coal wastes and tailing are relatively low due to high percentage of residual fraction. 46.4% of Ni in tailings from
Sangdong mine is probably leached under oxidized environment, and 39.4% of Cu in these tailings is readily extracted
under strongly oxidized environment by organic fraction. According to leaching condition of pH 3.0 and pH 5.6, the
amount of heavy metals leached out of coal wastes and tailing increases to 1/2 hours. At pH 3.0 and pH 5.6, concentration
of Ni in tailing increases up three times of the initial value. Heavy metals released from coal wastes and tailing were not
influenced significantly by leaching time.

Key wards : sequential extraction procedures (SEPs), polluted soil, heavy metal, tailing, leaching
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AN8Q e HREgA Aeddzy] & )
B HA3 sl dgRdaigela daE 2
E HEZ(0~15 cm)llA ANH3 T
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23.1 pHll WE FE& 8EAF

EY 2o iE FEE0] A0l o8l EHe Ax
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72h B 9FAE TR Fa¥EIST).
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24.1 §R3AT0l O 84T

B8 AR 1g2 50 ml AEERETd H3 & 5=
A4 10 mE 71tET. 49 pHE oRAAEE 0
2 283 F/TE A3l 4 pH 3.0, 56082 2
31Tt =3k HhSAIZIl WE FEE §E%S WokEY)
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160 rpmoll A ZARAHTE. ZHEAZ] G2 045 um 2} o
A2 A} AT F FFA e SEE FEs5e
A=2% FRRIHICPE 2438190, 242 9E Kinetic
modeldl] &3l HRETAITE 53T A8E &
g2 “power function”]$th EdEl&le. o2 7}

» Power function Kinetic model
y=a X ¢ €))

Iny=Ina+b Int 2

v : concentration (mg/kg) of heavy metal released at
time ¢

b : release rate constant

a : concentration (mg/kg) of initial heavy metal

t : reaction time (hr)
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Egolt} szo] f-48 #HAl} s 29 F I A
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Table 1. Physical and chemical properties of the experimental mine tailing samples

[pH (1:5] CEC | TOC [ TN | OM [ OMN | Humic level | Sand | Silt | Clay | Soil texture
cmol(+)/kg - % - i
C.W. | 33 23 | 397 | 03 150 | 500 | polyhumic | 436 | 263 | 302 | Clay loam

S. T 58 6.3 2.0 0.2 1.7

oligohumic 47.7 25.8 26.6 | Sand clay loam

CEC; Cation exchange capacity; TOC; Total organic carbon; T-N ; Total nitrogen; OM; Organic matter.

C. W.; Coal waste.
S. T.; Sangdong mine tailing.
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Site ID

Fig. 1. Relative distribution of Cd, Cu, Ni, Pb, Zn fractions in the coal wastes and mine tailing.
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B3N] 8E0] dold 7Is4de] A} Residual forme 3
o AR 72 & SRk FE50=E AAF &4
A AY §&0] HA Bovt 3l & E3l(decomposition)
sl 2lsiM §2E 7Fsdol Yok Table 2= A}
Fv) & ZF SE4(Cd, Cu, Ni, Pb, Zn)2] ExEHe
FEE VER Zo)al, Fig. 12 7} SE4 EAguE
Hl&-& VR Aot}

Mgt HAT B F 7= T 22.7~22.9 mgkg
5 247} JeRllo] FAIROIA uvls=gt g JERdt
(Table 2). 22 t, ©]2igt FE-LS Bowen'®0] Hi13h
0.35 mg/kg, Pais®} Jones, Jr.'"7} B3} 0.11~3.0 mg/kg,
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Table 2. Fractions concentration of various heavy metal in coal waste and mine tailing.
Adsorbed r Carbonate | Reducible l Organic | Residual Total
Sample I. D
---------------- mg/kg ---------mememee-

cd C. W 19 2.9 1.7 3.7 12.5 227
S. T 20 1.3 21 2.0 155 229

Cu C. W 23.0 354 205.4 540.1 13172 2121.0
S. T 12 303 63.8 434.1 654.7 1184.1

Ni C. W 11.1 132 44.8 104.1 375.5 548.8
S. T 14.5 13.4 43.8 170.4 185.3 4274

Pb C. W » 2.4 2.6 40.2 37.6 489.2 5720
S. T 2.6 49 573 131.6 364.0 560.4

7n C. W 18.7 68.7 191.3 545.3 1457.2 22812
S. T 12.6 294 241.8 484.6 1466.2 22347

Rose S| H 13t 0.1~0.5 mgkg, Bear7} B3
0.01~0.7 mg/kgd] EY = 7k=F9] Aa¥=x] vwg
W B ZARELS oF ssulell BAE 20000V =
e B =gl o8 7 A9 Asrt 99 AL
2 AlEgo

HAz o) e Fl=EY SAPES adsorbed
fraction®] 1.9~2.0 mg/kg, carbonate fraction®] 2.9~1.3
mg/kg, reducible fraction®] 1.7~2.1 mg/kg, organic fraction
o] 3.7~2.0 mg/kg, residual fraction®] 12.5~15.5 mg/kg
o2 vep, Al AN ofF 7hst TiEFe
EZAH = ek #HAde] 7§ adsorbed fractionT
carbonate fraction®® F%o] ¢F 212%%Z 4.8 mgkgd
Ft=go] ol5E F Y& AR AFHY, FF F
residual fraction®] X8l HI-&-L oF 55.1%%.

3018 B3 ol /5@ ZARHE Fa5EA
oligohumic AENE A3 2JA] AMEE 71ZA|9} H-5A4 <1
fatty acids U} 21} 2 7189 8t ASE A
o2 A= o] adsorbed fraction®F carbonate fraction,
organic fraction® & F#e] °F 232%=Z 5.3 mg/kgd] 7}
THO| P2 FE FHY BEOE ofFd Ao oy
v, &% = residual fraction®] ZAIBH= vl oF
67.6%= WERSITE webA] A Folu 3w F olFe
Bolg EAVL thF FrEe] o] HEEA ot Bx
HolA e FETl BiME v Fhk=Fel
A AEAG FH 3ES 29AEH 5 7] i 94
2] diFo] Fasict,

HM7 Fojel] FFE Fele] SAFEE adsorbed
fraction®] 23.0~1.2 mg/kg, carbonate fraction®] 35.4~
30.3 mg/kg, reducible fraction®| 205.4~63.8 mg/kg, organic
fraction®] 540.1~434.1 mg/kg, residual fraction®] 1317.2~

=0
R

]
i

654.7 mg/kgl 2 Ueh}, Aol AA8AHNA olF 71
3k F2le] EAIgee Mgt #Hlide] 735 adsorbed fraction
3} carbonate fraction® 2 F39] ¢F 2.8%Z 58.4 mg/kg
o] oj5E F UL FOE AZEY, FTF T residual
fractior®] ARIEhe HISE oF 62.1%= ERITHTable 2).

ol VRS Z3E EHE Bowen'%] EI13F 30.0
(2.0~250) mg/ke, Paise} Jones, Jr'7} Bidh 2.0~100.0
mg/kg, Rose 5'%0] B3l 150 mgkg, Bear™7} Rl
3 2.0~100.0 mgked] EY T Tl JAREFS v
W o) F Ao Fejol| 3l A eddE AeF
AEEAT. =3 AAAR olFTFsAEe] e AR Qﬂ
BEE TEE 47 AlRdAM ADRERS /6
o= Jepton 53] Fuie) e BA= 2504 Xé
F2 o2 vept a7t AQEA =2HUS B5
ol5/go] wi¢- F A= AlEH

HA o] shiE UAe] EXYPE= adsorbed
fraction®] 11.1~14.5 mg/kg, carbonate fraction®] 13.2~
13.4 mg/kg, reducible fraction®] 44.8~43.8 mgkg, organic
fraction®] 104.1~170.4 mg/kg, residual fraction®] 375.5~
185.3 mg/kg®E VERL, dzje] AN olF 7Fs
3l Falo] &l Mgt HXe] 745 adsorbed fraction
#} carbonate fraction®Z FFS} °F 44%= 24.3 mg/kg
9] olgd F AL Ao= dFHY, TF F residual
fraction®] X}A31= BISE oF 684%% ERITHTable 2).

Fule] ¢ o}F 7153 EANFE= adsorbed fraction
3} carbonate fraction, organic fraction® 2 F o] <
46.4%= 1983 mg/kge] UAo| #Fr2 FE FRio &

7oz olF8 Aoz gNET, THF F residual
fraction®] ZXFA|El= v)-&& oF 434%E VERGTH

ol vehd 232 Kioke'7F 2373 100.0 mg/kg)]
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EY 5 U] anNFErA w3 vlugd of T X))
Aol o3 AZslA 29| Aoz Algddnt. aeg
AAARZ ol57Fs40] US AHOZ didHE TEE 4
& HAECRE B LAVIERXE A8Eke g
Heht Fu)7t Apd@Aol] =E2EHUS 73S ol5Ado] Ul
T+ & Aoz AedEh

HA# Fuld e G EANYE= adsorbed
fraction®] 2.4~2.6 mg/kg, carbonate fraction®] 2.6~4.9
mg/kg, reducible fraction®] 40.2~57.3 mg/kg, organic
fraction®] 37.6~131.6 mg/kg, residual fraction®] 489.2~
364.0 mg/kgS 2 UERL, FAje] XA oF Vs
gk el EAgele Mgk H49] H9 adsorbed fraction
7} carbonate fraction®Z FHe] °F 0.8%Z 5.0 mgkg
o o}5E & AL ALE AEFHT, FHF F residual
fractior®] XSk BIS-S oF 85.5%% YERITHTable 2).

Ble] A9 olF 71ss EANFEI= adsorbed fraction
} carbonate fraction, organic fraction®. 2 Z&ko] <k
24.9%= 139.1 mg/kg®] Hol BHE FE FHe] A0
2 o5 ZoZ AN, TF F residual fraction®]
AR v oF 65.0%= UERTE ol verd Az}
€ EQAEANY AXE thd7IEer A9 300
mg/kg® Pais®} Jones, Jr'V7} HIE 3~189 mglke,
Rose 5'%0] B3} 17 mg/kg, Bear™2} Levinson'”o]
HIZ} 2-200 mgkg] EY T @] AAFEF Bl
g o T xHolN FFS 71ER] ool ke vehl
Mgt HAY Fot s de AYGo] 289 Aog
AIREIeH, ZAAIZ olE7Fsd0] UL Ao oAt
HE 555 719 AlgeM HaRER B wve ks
VR 2148700 =EHAS A o)EAo] wol 1
0 vXE FPo] e FEEEUE FS o= A}
599, 39 £%F F residual fraction®] A= B1&
S tRE] AlFONA 70% oPFez RAlE o] xiAte)
oA Fe olsAde AL Ao wWaEy AR 04
Ao F ALY wiZol] Aot F3lel gt digje] #
[3j}

Az Fulo siE olde] EAEEE adsorbed
fraction®] 18.7~12.6 mg/kg, carbonate fraction®] 68.7~
29.4 mg/kg, reducible fraction®] 191.3~241.8 mg/kg,
organic fraction®] 545.3~484.6 mg/kg, residual fraction
o] 1457.2~1466.2 mg/kgl & e, dAA)e] 2170
A olF 7Fsdl ofdY EAFEIE Ak HMe] A¢-
adsorbed fraction®} carbonate fraction® = F-gFe] <F
3.8%% 874 mgke] ©lFE T AT Ao <FHH,
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F8F 2 residual fraction®] XFAER= BlS-L ok 63.9%
2 UEPATHTable 2).

Blo] AL olF 71T EAMEE adsorbed fraction
F} carbonate fraction, organic fraction® 2 F ko] oF
23.6%% 526.6mg/kgS] oldeo] FHe| FEoE oFd
Ao dPdEn], 2 5 residual fraction®] RSk 1)
=& F 65.6%% YERT Sl vehd 295 Kloke'
7} ARG B 971E%1 300 mg/kgdt Rose 5120] B
1% 36 mg/kg, Bear'9} Levinson'™o] B33+ 50 mg/kg
I 20 mg/kee] EY F olde] AdrES vud o
T AQelM FHE 7EA] opde] S Yl e ¥
At FuPt A Qe AHo] 2EH Aoz ALEES),
o, AAR olsvFsde] AUE AR dPdEe %
T Ae dARcs Fujo LAVIEXE Ak 3%
o= vept Furt AABA0 =EHAE A o1FA
o] wi-¢- & A= AlgH).

Az} FrlE viwsle] BE diFEe] sgujox
olzAo] & AL E oAE]E adsorbed fraction®] =4
UERAT}. carbonate®} organic fraction®] 739~ Fm)mrh
= Mg FHAA T o2 YEINOH, residual
fraction THREQ] FF<o] MEAAo N & k& B

At

3.3. pH, HtSAJZH0f| 2 8& SY

Table 3~62 Aehd|zlel A% BU|E Power function
2z 3 28 nofFn ok AN (y=a+bx)
A Z1E7I(bye WSS S VeI, vhes e
FrbyE T84 45 548 Wksked $a3 W
olth. 3|HLA AN 71€7(bye WEEEFTEA bRk
o] & &5} WE-S ov|sitt

ek A)9} Bu)= H,S0,$F HCHE- o831 pHv) 2+
7} 3.0 569 F2gdo)x] 3087 HhSAIZ ¥ xR
pHE 2 o]FU) o|RL FE28H9 ol7wrl ¥
o} pHY| $55-5 % A= AAd. 1 A% F
559 Fo= pHY GRS ¥ 52 Ao et

Fig. 2~32 Agk #H43 FrjolX H,S0,F pH 3.0
2 A9 8AE o83l &= S50 el Power
function modeloll &-83F 1= olt} T T A2
1 S Bl HkgARR) mE S5 859 A
2 #HMe) B9 Cd T=E 0.1~02 mgkg, Cu BEE
0.6~09 mg/kg, Pb FEE 714~720 mgke, Ni B=E
6.7~6.9 mg/kg, Zn FEE 2.7~23.6 mgkee] HYZ U}
wor, B9 B¢ Cd FEE 1.1~12mgkg, Cu T&



Table 3. The rate constant (b), coefficients of determination (r*) and regression equation for release of heavy metals in Coal wastes &

Tailing (pH 3.0, H,SO,)

- HBIA oA A FE5e] EATH R ST A8 27

51

b Regression equation P
Element - oy o

Coal wastes Tailing Coal wastes Tailing Coal wastes Tailing
Cd 0.0020 0.0009 y=-0.002x — 1.9274 y=10.0009x +0.1321 0.0185 0.0681
Cu 0.0735 0.0014 y=-0.0735x — 0.2173 y=-0.0014x + 1.0941 0.7233* 0.1545
Pb 0.0010 0.0036 y=-0.001x + 4.2752 y=0.0036x +2.2532 04167* 0.0318
Ni 0.0047 0.0553 y=-0.0047x + 1.9300 y=0.0553x + 1.2972 0.6939* 0.2527
Zn 0.3849 0.0251 y=-0.3849x + 2.6848 y=0.0251x + 0.1051 0.8951%* 0.083

b : rate constant of metal release.

2 : coefficient of determination.

* : significant at P<0.05.
** : significant at P<0.01.

Table 4. The rate constant (b), coefficients of determination (%) and regression equation for release of heavy metals in Coal wastes &

Tailing (pH 5.6, H,SO,).

b Regression equation 2
Element .. o o

Coal wastes Tailing Coal wastes Tailing Coal wastes Tailing
Cd 0.0078 0.0157 y=-0.0078x + 4.2799 y=-0.0157x — 0.0083 0.6112*% 0.5324
Cu 0.0153 0.0052 y=0.0153x + 0.1604 y=-0.0052x + 1.0522 0.6339%* 0.5969
Pb 0.0816 0.0007 y=-0.0816x — 1.8713 y=0.0007x + 1.9178 0.5065 0.007
Ni 0.0079 0.0012 y=0.0079x + 1.8354 y=0.0012x + 1.324 0.4304 0.0429
Zn 0.1011 0.0422 y=0.1011x + 0.6073 y=0.0422x + 0.0027 0.3583 0.5706*

b : rate constant of metal release. r2 : coefficient of determination. * :

significant at P<0.05

Table 5. The rate constant (b), coefficients of determination (1) and regression equation for release of heavy metals in Coal wastes &

Tailing (pH 3.0, HCI)

b Regression equation 12
Element — e o

Coal wastes Tailing Coal wastes Tailing Coal wastes Tailing
Cd 0.0410 0.0132 y=0.041x —2.2633 y=-0.0132x + 0.0275 0.014* 0.0842
Cu 0.0202 0.0309 y=-0.0202x + 0.0565 y=-0.0309x + 1.0376 0.4342% 0.4957*
Pb 0.0005 0.0020 y=-0.0005x + 4.2481 y=-0.002x + 1.7692 0.0025 0.0322
Ni 0.0046 0.1011 y =0.0046x + 1.9056 y=0.1011x + 0.6073 0.2793 0.3563
Zn 0.0946 0.0079 y=-0.0946x + 1.5252 y=0.0079x + 1.8354 0.161 0.4304

b : rate constant of metal release.

£ : coefficient of determination.

* : significant at P<0.05.

Table 6. The rate constant (b), coefficients of determination (1*) and regression equation for release of heavy metals in Coal wastes &

Tailing (pH 5.6, HCI)

b Regression equation r
Element — o> pre

Coal wastes Tailing Coal wastes Tailing Coal wastes Tailing
Cd 0.1127 0.0136 y=-0.1127x — 2.2669 y=-0.0136x — 0.2219 0.6002* 0.3167
Cu 0.0015 0.0200 y=0.0015x — 0.0229 y=-0.02x + 0.8913 0.0159 0.396
Pb 0.0002 0.0041 y=0.0002x + 4.2333 y=0.0041x + 1.7016 0.0004 0.0671
Ni 0.1000 0.5348 y=0.1x-1.1492 y=0.5348x - 1.5141 0.1439 0.5757
Zn 0.0426 0.0481 y =0.0426x + 0.521 y=0.0481x — 0.2048 0.1605 0.5749

b : rate constant of metal release.
P : coefficient of determination.

* : significant at P<0.05.
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Fig. 2. Rate curves for the released Cd, Cu, Ni, Pb and Zn in coal
wastes (pH 3.0, H,SO,).
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