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The Effects of Kinetics on the Leaching Behavior of Heavy Metals in
Tailings-Water Interaction

Min-Ju Kang - Pyeong-Koo Lee* » Sang-Yeon Kim

Department of Geological and Environmental Hazards, Korea Institute of Geoscience and Mineral Resources

ABSTRACT

Experimental leaching of tailings was performed as a function of times (1, 2, 4, 7, 14, 21 and 30 days) in the laboratory
using reaction solutions equilibrated to three different pH set-points (pHs 1, 3 and 5). The initial pHs of 5 and 3 stabilized at
either 4.6-6.1 or 2.8-3.5 in 2 days and decrease gradually with time afterwards. The results of the leaching tests indicate that
the significant increase in the sulfate concentrations and in acidity after 7 days of leaching results from the oxidation of
sulfide minerals. There were no significant variations in the extractable Pb found in the leach solutions of pH 5 and 3 within
the reaction time (1-30 days), while Zn, Cd and Cu concentrations tend to significantly increase with time. In tailings
leaching at an initial pH =1, two trends were observed: i) The “Zn-type” (Zn, Cd and Cu), with increasing concentrations
between days 1 and 30, corresponding to the expected trend when continuous dissolution is the dominant process, ii) the
“Pb-type” (Pb), with decreasing concentrations over time, suggesting rapid dissolution of a Pb source followed by the
precipitation of “anglesite” in relation to the large increase in dissolved sulfates. The high sulfate concentrations were
coupled with high concentrations of released Fe, Zn and Cd. Release of Zn and Cd and acidity from these leaching
experiments can potentially pose adverse impact to surface and groundwater qualities in the surrounding environment. The
kinetic problems could be the important factor which leads to increasing concentrations of trace metals in the runoff water.
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Lee et al., 2005).
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MREFAT} HoFgike] o] AR FAaE FAH
¥ F(SB4, SB5-1, SB6, CY2, CY4)} Hkgt 3
31 E(CYS, CY10pl WAE FHAEE 2002 393}
49 231 AFBATHATIT, 2003). A B AFgF
AollA A BEXEE 2 mm oJBkE AAsl o
3 5 QBN s0°celM A3 en, AxE AlEE
1/4ges 253k 100 mesh(< 150 uM) °]3l2] U=
2 uEgsidtt. 82438 daiM AHE FrrEe
Fe, Cd, Cu, Pb, Zn § Ta&Y FF} 7485
Table 19l g3ttt

HE 4o ARRRE HES-EHe] %7 A== pH 5, 3
2 jo]lom, Yol (deionized water)ll Z4H(analytical
grade, Merck)S 715t 2319t pH 59 39 ¥k
oo iR Hellx] 7|2E ARI(pH 5-3)F 23]
223 AFolon, pH 12 ARHIZE UIF off Fu)A]
2ol ke o] ABlEA LA A1 (acidity)l 2}
3 A9 4= e HMEEE aElst 7P v pH
ZAL 7% 243010t AAl Akt AR
b Adell FAE HlES s 3.7-7.5001%01H
@R, 2004), ol S A9AEE BT 4.6-4.8
oli, 34-8.02 WHYE zl= Aoz Ryd wh gok
(Chung et al, 1996; Lee et al., 2000). %3} Lee et
al. (2000)2] ATl ot ZeHl=e] Wzt oF 4%
7} pH 4 oJale] AHFulZt i Aeg Husiiivt. 8=
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Table 1. The total concentrations of heavy metals and mineral composition in the tailings

Tailings
Mine
Seobo Cheongyang

Sample SB4 SB5-1 SB6 CY2 CY4 CY8 CY10

Soil pH 3.0 3.0 3.0 4.9 59 36 33
Cd 50 70 40 890 740 570 530
Total Cu 190 270 240 2,600 2,400 2,100 2,000
Concentration Fe 31,800 31,900 30,600 164,500 147,000 132,000 129,000
(ng/g) Pb 9,600 5,300 9,700 30,300 35,700 31,800 29,000
Zn 2,600 4,000 2,000 33,200 25,700 18,600 15,900

Albite * * n.d. nd. n.d. nd. n.d.

Calcite n.d. nd. n.d. * * nd. nd.

Chlorite n.d. n.d. n.d. * * * *

Fluorite n.d. n.d. nd. n.d. nd. n.d. n.d.

Galena © nd n.d. n.d. ** * * *

Primary ~ Kesterite ' n.d. nd. nd. *E * *E e
XRD Minerals  Microcline * *x *4 nd. * * *
Data Muscovite Hokok EE 23 ek Kk X E X3 k% ok
Molybdenite K HEE n.d. n.d. n.d. n.d. n.d.

Pyrite ok *rE *E nd. n.d. nd. n.d.

Quartz E 2 23 *kkk ek sk skoksk sk ek

Talc n.d. n.d. nd. * * * *

Secondary  Anglesite n.d. nd. n.d. * n.d. ok o
Minerals  Jarosite * nd. * n.d. nd. n.d. nd.

**%. abundant, **: common, *: rare, n.d.: not detect

AHE HE-Ed 50 miol] A8 2.5 g& EFSHRIR ¢
k380 =1:20) ¥RSAIZE 1, 2, 4, 7, 14, 21 2 30Y
Bk A2oA wHlk &, M| pHEE pH)E 7833
on ZA] 045 uM FrEHRICE A3t

22. 5345 € ¥ =YEE B

g B4 e AA-EE AR AR |1
5 miE 92 F 110°ColA €738 S¢AZ ¥, HCIO,
9} HNOy(1:5 HlIE)Y E3REE 10 mLE B2 A7}
8] glold wizlA) SEAIFS vEAZeE 6N HCE
10 mLE 21 110°CE 3087 718270t olF, 045
uM ZEE A3t S5 el F4(Cd, Cu, Fe,
Pb 2 Znye ICP-AES(Perkins-Elmer Optima 3000XL)E
ol g3t om, FAZA-L RF Power 1300 W, Plasma
15 L/min, Coolant Flow 0.5 L/min, Nebulizer
Flow 0.8 L/min®]Ath. AF8-E AJ2FS analytical grade
(Merck)J L, ICP 44 AH8-H EF8HL 1,000 ppm
stock solution(Merck)y2 8]4J&le] ARE3IHT). A EAs)

Flow

oA Eo]Milli-Q Millipore system)E AH8-3F
et

B2 pHoll UIF &% HEs sk FES] HH
o} HE3HA 24 Aolg ] A8l XA FEEA
< AARKAY. XA 33844 PHILIPS XPERT MPD
Diffractometer(Cu Ka: 40 KV, 25 mA)YS ©]-&3}%1,
Cu targetS AME3lo] 39450 291%-2) £=9} 0.012) IH
Aoz 319t} 4N ARSSE AFSY] ERIEE
o} gk B48 LECO CHN-900Z o83} FehisF
< BAsle] yellae] ExjEge s kst AEEA
A3E vigow 315k 2dEe PHREEQC(Parkhurst,
1995) ZZ21#-8 o] 83l HHo] 7l FEES *x3}
A5 Akl

3. dEdn % 0¥

3.1 HiSAIZle] walol UHE HE pH ¥ BAY B
13}
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pH 52 28 ¥3-gos) 197k Wke3 o

i 0O

Bu|A|
HZ pHE 5.0-6.1(type 1:CY2, CYHE Eo}X A
3.2-3.5(type 2:CYS8, CY10, SB4, SB5-1, SB6)E So}
7 Zo2 FEEACH, o|F AR Zojd4E
23l whg 30871 oF 0.5 TV At o=
30 pH SA3ZEHe} dXd do|d, 2+ Alge] A%
B Zjolo] W& Ajo]ti(Table 1). X434 B2 Ax}
type 29] ARilEt MRBe] Alge 3N (pyrite,
FeS,))@ f-8]2 H(arsenopyrite, FeAsS), <149 (galena,
PbS) 5 E3IHE L AZALO|E(jarosite, KFe; (SO4)
(OH)) T A= (acidity)E WA & U FEo] 1S
Hon, FEAoZ ol FFo| Balxo] st ot
A& Aoz AR} Type 19] 7%l W4 (calcite,
CaCOspP] 2kEE|lomn, o] 49 3j2kg-02 Whg &
pH7} =71 Zlo)tiTable 1). Type 13} 29] Aol 3+

I

A

A

Journal of KoSSGE Vol. 11, No. 1, pp. 23~36, 2006

: SB4, A : SB5-1, W : SB6

M HNO; solution as a function of leaching time.

FHol Sl BEREY e W A7 8.1 5.0%
oiitt. olefdt HFe pH 302 FHH WHgow vt
3% ARoME FARBIEOM, HE pHE 4.6-5.7(type
D 2.8-32(type 2)2 TEHAUTE 1Y pH 1.00=
ZAHE 9hEln WSSk 79, BhARE 1Y Foll 24
© pH @2 AlEe SRt daglel 25 HF pHit
1.2-1.5% fALSI9O™ 149 o pH7E oRE 2718l
(Fig. 1). ©I& pH 1.02=Z ZAd ¥h-8N7} vhgd 7
5 whgAl2EY] pHE 95T+ = HFEe] FAM
aNEths 2 on3it.

pH 59 302 249 we-gAo 2Ry 858 S0
FEE 243 A9, 24EH S0 v 79 AR
How ANt 142 OlFRE 094X G243 57

k. ol Akl wet pH7E FHshe et Bid
RO F AT pH 19] WhgollA AEZ Fr| 2 HE]
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Fig. 2. Correlation leaching ratios of trace metals with SO, in 10°, 107 and 10™' M HNO; solution as a function of leaching time.

828 S0/ EE pH 5% 14 859 Wguck
2 HEES 1elM Ho 230 219) F7HsI e 250
H, Bh3AIZ] mE 853k Wsl o) & ZoZ U 300,
ERdTHFig. 1). 83€ SO Fe F&-& vt A7) 2504}
vhe HE ABWAE Y Ao wop elE@d
A 5y AR B8 IEREHIZAPIE §) 59 100
S3Fg0] FA Z/BIN7] WE Aew F3dEn 1 50
2 pH 1371e] wkSolA Hosgitel BriagaRE & 0
Z¥ S0/ FEE pH 59 394 §&EHAUW S0, F
TR FA RATH0.2-1.18)(Fig. 2). o9} 2-e Avh=
pH 12] §&5k8<lA &% H(Pb) o}2°] ¥ SO
FEZ 15l FZHAC]E(anglesite: PbSONE HAHI
7] ZoltkFig. 3). 3, pH 5, 3 & 1 844

Fig. 3. XRD diffraction pattern of precipitates produced in
leached solutions of Cheongyang tailings. Abbreviation :
An = anglesite.

3, 2E pH HY 2 371302 )04 dFEreo)E

Aed sk AFE o]83l] PHREEQCE FE49
g 8k (saturation index)ys AW¥SI] HiTh 1 A

(pH 591419 SI.=34-44; pH 39|A2] Sl.= 3.5-44;
pH 19149] SI.=24-3.0y} EAlsl= Aoz Vepdt)
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Table 2. Leached metal concentrations (ug/g) measured in the leached solutions versus leaching time for the interaction of the tailings
with acidified solutions

day 1 2 4 7 14 21 30
CYO2 0 0 0 0 0.6 12 02

CY04 02 02 02 0.2 02 0.2 0.4

CY08 42 3.8 2. 13 33 21 2

pH5 CY10 2.0 6.0 10 14 19 2 24
SB4 52 48 32 3.0 8.2 8.6 9.0

SBs-1 7.0 72 5.8 52 82 9.4 10

SB6 28 1.8 24 46 6.8 6.8 9.2

CYO02 0 02 0 0 0.4 0 0.2

CY04 02 0.4 02 02 0.6 02 0.4

CY08 52 14 18 18 35 34 - 28

Cu pH3 CY10 74 8.0 10 13 19 17 19
SB4 62 6.4 5.4 56 8.0 10 10

SBs-1 8.0 8.2 6.8 5.2 10 8.6 11

SB6 3.0 34 3.6 48 72 8.0 8.6

CY02 35 35 29 28 19 14 17

CYO04 190 160 156 160 150 129 134

CYO08 33 41 56 59 78 85 87

pHI1 CY10 2 28 37 39 47 61 59
SB4 12 13 14 19 36 39 43

SB5-1 13 14 16 14 19 33 38

SB6 7.0 8.8 10 12 21 28 29

CY02 72 90 82 144 342 98 33

CY04 0 0 0 0 0.6 0 0

CY08 622 716 958 1,222 1,610 1,494 1,828

pH5 CY10 572 814 934 1,196 2,080 2,720 2,700
SB4 1,002 1,048 830 676 470 1,380 1,098

SB5-1 604 650 674 646 884 1,298 1,426

SB6 736 460 534 684 616 808 1,202

cYo2 264 262 298 234 386 340 10

CY04 0 0 0 0 25 0 0

CY08 770 822 1,104 1,400 1,678 1,902 2,040

Fe pH3 CY10 754 970 1,146 1,428 2,260 2,280 2,480
SB4 1,184 1,288 1212 1,184 916 1,688 1,628

SBS-1 674 690 710 594 1,028 878 1,408

SB6 588 750 906 650 1,156 1,136 1,422

CcY02 12,060 14,860 17,560 18,220 19,620 20,200 20,200

CY04 9,340 12,620 13,280 14,440 16,040 16,320 16,680

CY08 9,040 12,360 14,140 16,040 15,760 19,160 18,360

pHI CY10 8,000 11,480 15,140 16,020 18,000 20,000 20,200
SB4 2,200 2,840 4,520 7,460 7,820 16,100 19,320

SB5-1 1,128 1,542 2,940 4,940 8,120 16,840 18,140

SB6 1,606 2,680 4,820 6,120 10,000 18,460 18,300
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Table 2. continued

CcY02 73 93 85 376 182 164 178
CY04 71 75 58 53 172 290 326

CY08 © 124 102 144 212 141 188 141

pH5S CY10 100 120 191 155 127 162 152
SB4 112 128 116 111 118 84 83

SB5-1 131 145 133 135 140 104 106

SB6 128 144 135 115 106 93 85

CY02 123 118 136 196 214 324 183

CY04 242 190 144 298 200 422 434

CY08 137 135 167 306 167 192 152

Pb pH3 CY10 167 164 181 322 144 194 168
SB4 124 130 130 121 124 91 95

SB3-1 143 142 148 160 163 133 110

SB6 152 147 129 145 116 96 104

Y02 25,000 26,400 25,800 27,400 24,200 23,000 25,600

CY04 37,400 42,600 40,400 42,000 43,200 42,400 39,600

CY08 6,220 7,840 8,160 10,080 8,660 8,500 7,220

pHI CY10 2,500 2,860 2,160 4,000 3,980 3,480 2,980
SB4 1,260 1,218 794 520 504 342 318

SB5-1 1,444 1,544 880 648 396 176 236

SB6 1,452 1,200 680 620 64168 238

cYo? 170 202 246 324 446 558 602

CY04 138 130 150 148 340 388 430

CY08 208 230 378 548 1,098 1,158 1,296

pH5 CY10 182 244 328 518 980 898 1,032
SB4 190 192 178 182 186 246 244

SBs-1 340 338 342 316 318 352 342

SB6 78 69 79 90 100 104 113

CY02 242 258 314 358 582 608 888

CYo4 272 294 310 350 476 498 538

CY08 212 238 386 608 1348 1414 1,610

Zn pH3 CY10 210 242 372 650 1002 962 1,146
SB4 190 200 196 200 206 244 254

SB5-1 326 326 304 262 330 298 364

SB6 72 76 84 88 107 110 115

CYO02 1,520 1,860 2,080 2,280 3,160 3,760 3,760

CY04 2,740 2,840 2,980 3,000 3,280 3,440 3,420

CYO08 568 738 1,022 1,180 2,000 2,740 3,040

pHI CY10 320 384 510 540 652 838 846
SB4 216 238 234 358 448 874 982

SB5-1 336 344 394 366 494 1,000 1,160

SB6 81 102 132 155 378 554 640
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Table 2. continued

CY02 62 7.6 9.0 13 17 2 26

CY04 5.8 5.4 6.4 7 14 14 16

CY08 7.6 8.8 14 23 41 45 56

pHS CY10 7.0 9.2 13 20 38 36 45

SB04 24 24 24 24 2.6 32 32

SB05-1 44 46 46 44 46 46 46

SB06 1.0 1.0 1.0 12 14 14 16

CY02 9.0 10 12 14 23 24 38

CY04 10 1 11 13 18 18 20

CY08 8.0 9.0 14 21 50 52 59

cd pH3 CY10 7.6 9.2 15 24 42 40 47

SB04 24 2.6 24 2.8 3.0 34 36

SB05-1 46 46 42 3.8 46 44 5.2

SB0O6 1.0 1.2 1.2 1.4 1.6 1.8 1.8

CY02 68 80 90 93 117 131 136

CY04 79 87 89 89 92 95 95

CY08 28 38 51 58 82 102 110

pHI1 CY10 17 22 31 33 39 48 48

SB04 3.0 34 3.8 56 72 13 15

SB05-1 5.0 5.0 6.0 5.8 8.0 16 18

SB06 14 1.6 22 2.8 5.6 8.2 92
3.2. 3359 &8 242-888 pg/g(HA S 07-2.7%), type 2ZFE =
pH 5, 3 2 19] 2FA AN AAZE wkg-AIZF W3} 210-1,610 pg/gCAA deFe] 1.1-8.7%)y} 8a=gict. vk
(1302 pll W FE5] 8592 7 Y= s} B9 pH7t oA 302 2w ZAEHSlE B
A o Ztk(Table 2). 3l 82/ Zn TS 47 1124 2 1.0-1.38 =7}

3.2.1. ZneF)

pH 5 W-&-8-ozo] 83 olla Hofsgike] Fujag
25 QallE Zn TS HLBNY BE, type 12
138-602 pg/e® AA 3] 0.5-1.8%7F &aiE.0H,
type 2T 182-1,296 pg/e= A el 1.1-7.0%7} &
=AU &2 ke Afole wks § HE pH Ao
of W& Aoz M Hhtype 1:pH 4.0-6.2; type 2:
pH 2.9-3.6). ARB4He] AR AS- ke & 858
4ol HE pHE 2.6-3.32 HUIE type 29 FAIBIS
on, &3E Zn FHE 69352 pgeE AA ko
3.4-9.6%7} S=ATHFig. 4). T, EF pH(soil pH)
7t type 29 A} MHEZA] FuA|RIL Zhz)
3.3-3.6%F 3.002 AME FARI, type 12 4.9-598 A
HoZ w4 vept 5497 i IR Aoz 3t
= ATHTable 1).

pH 39 847l HYF} A5 S, type 1>

Journal of KoSSGE Vol. 11, No. 1, pp. 23~36, 2006

sl MEFe] FuAFelA &8 zn T 72-
364 pg/g® A FEFel 3.5-9.9%7F -EE oM (Fig. 4),
o] pH 59X &&H g} FARE FaFo|thos-
1.18}).

pH 19] 843N 83lE Zn e AHdgite]
type 1ZHE] 1,520-3,760 pg/g(AA| ko] 4.6-13.4%),
type 225E 320-3,040 pg/e(AA $HEE] 2.0-16.3%)0)
Ah(Fig. 4). pH 1914 859 S pH solx] 258
SRt type 12 9F 6.2-21.84) S/ whH0) type 2
= 0.7-3.290 F7FSITE. MEFL B2 Re 859 g
Fe 81-1,160 ng/g@A ko] 4.0-38.2%)°1 e, o]
= pH 59A 858 o=t vlusld oF 1.0-5.7m) 7}
H AoF HPIHY type 28} FARE 5L 2 Ao
2 JeRdth(Fig. 4).

3.2.2. CdEI=H)
pH 5914 829 Cd T3S AgE] ype 19 7
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32 BF- - o]

+, 5.4-26 pg/g= A ] ok 0.7-2.9%7} L=
o, type 22 7.0-56 pg/ee] SdlEo] WA FaFe) of
1.3-9.8%7} 83=|3t. o|¢} o] HA Cd FEhv] &
S5 §3HlE0] Zntt FARE AS Cdo] Brr s
AEEE oA (ZnSyl XBE JEEE 548 W
Fsl7] whiolch MEFLe] AS2RE 8&F Cd §
FE 1.04.6 pg/e= A T 2.5-6.4%7F EEEHIUS
o, Znt} RRRZEAZ 93t type 29] 8&HI9} AL
SHth(Fig. 4).

pH 3014 P34 type 134 type 29 85H TF
& Z4zt AA cd FHY 1.0-43% 2 14-104%7} 85
Holem, pH solM €5 g vlwsl] z4zb 1.0-
2.0 2 09-1.28] STttt AEgAF FrX|FERE] &
2% Cd I 1.0-52 pge= AA ko] 2.5-72%7
S25low, pH 5ollA 852 Ml oF 0.9-1.34)7F
7 ATHFig. 4).

A, pH 19] 9hS-EAolX SallE Cd T2 S
2kel A9, type 13} type 2= 22 68-136 pg/g(AA)
shekol 7.7-153%)3 17-110 pg/g(AA gFeke] 32-
19.5%)2 YERSTH 8]l pH 54 853 gt H)
watd Z¥zb s52-16.18) 2 1.0-4.38] S7FEAC Znd
v FAIZ pH 59lA pH 12 WHEE o, type 1]
type 2HTH &% Cd o] A F7HEST pH 19
A MEPYe] PuERE 858 TS 14-18 pg/eol
o, A kel 3.6-29.9%7F LA (Fig. 4). )
£ pH 5l 828 o 159w S48 Ao
S type 291 AR ATE Holx St

3.2.3. Cu(72)

pH 5 ¥hg-8A3} whS3l type 12%E §2% Cu &
Fe 0.0-12 pg/g@A E oF 0.0% olshe] HES]
At Type 29 828 TS 1833 pgeolsion, &
Sl A ME AlsTE 2 AR 0.1-
1.6%2} 0.7-4.9%7F] 8Z=AckFig. 4). pH 3 ®F3
AozHE 82H Cu IS type 19 A5, 0.0-0.6
ng/g(RA] gkl oF 0.0% ©IBHeIRIL type 291 HUF
2t MEZL AEE A7 14-35 pg/g(RAA e
0.1-1.7%)9} 3.0-11 pg/g(AA 32 1.2-5.5%)°1Ach
(Fig. 4). pH 5ol4 =% &% Hlwsld, type 29
W AEE 04-3.710, AEZE AlEE 0.9-1.01= 7
e i =

pH 19142] B2, type 1, type 22] AHWTA A5 H
AEBPA A5E ZHz 14-190 pg/g(AA kel 0.5-
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T g

8.0%), 22-87 pg/g(WA| 9] 1.1-42%) L 743 pg/g
(AA gke] 2.9-23.3%)°] &= ATHFig. 4). pH 59014
=T vt 43 8539y SUpL 7P FEE
AEE type 192 H 950817F4] S7HEATE Type 2
o] AP NEE 242791010 MRFL AlBE
1.8-6.24) ST, 3, type 12 WHS- 19(35-190
pg/eell £ ol 7P E=9kou} vigAze] 7R
55 Bl ko] 7St ®ES 30989 17-134 pg/g)
(Table 2). AZ pHZ}F 1.4-1.50+3 1€9)014 1.6-1.7¢5+%
30¢)E °F 02 I FTRIE oY olelgt 8EEAES
Aisirlel= pHY zlel7t Aot a2lE® ZHEE S0~
S5 WA wet @AEH AR, 83l Cu
7h SREEE R AR AAEE Aos FAH
ok 28y type 28] ARG AMBEZE ASERE &
ZE Cu e v 190X 9hg 308714 A2 22-
33 pg/e(1.1-1.6%)1A 59-87 ug/g(2.9-42%)=, 7-13 ng/g
(2.9-6.3%)°1A 29-43 pg/g(11.9-23.3%)°1.2H, type |
7 g RRAIRe] AojdgE A&EHoT FrlEe 5
do] B ITH(Fig. 4).

3.2.4. Pb(d)

pH 3914 type 19] &3lE Pb TS 53-376 pgeg
(AA 2] 0.1-1.2%)°1900™, type 22 HUSGAr B
ZHREE 100212 pg/gAl gke] 0.3-0.7%), R34
B ERER= 83-145 pg/g(RAl FE 0.9-2.7%)P] HE

SATH(Table 2; Fig. 4).

pH 394 83H Pb S type 1°] 118-434 pg/g
A S 0.4-12%)°1UTL, type 28] AR AR
k] Puls 28zt 135322 pg/g(AA kY] 04-1.1%)
9} 91-163 pg/g(AA FHF 0.9-3.1%)°1ATHFig. 4).
pH 59] §&27e} viwshd type 19] 0.5-5.6H1, type 2
o] Aot AlET) 0.9-2.140, MR AlFEE 1.0-1.34)
<7Vt

pH 191 2A)E §&480x 455 Pb T pH
59} 3ot FA3] Zrlsion, FA) damE 83
HIEE UE Fade] ZA9E A 7N Type |
S WRSAIZE 1Yol 25,000-37,400 pg/g(A A 3o
82.6-104.9%)°] &Z&F o] HHSAIZE 30U ol= 25,600-
39,600 pg/g(RA el 84.6-111%7HA &=t
Type 29 AUHF Al8E WHEARE 1990 2,500-6,220
ng/g(AA ] 8.6-19.6%)019T HRSAIZE 30Uoll=
2,980-7,220 pg/g(AA 2] 10.3-22.7%y71A HAEEA
UH(Table 2; Fig 4). & T35 HhAIZe] Hojds-



£ 8&3o] ks wsl, pbel £53HRe 2l
A @e AL 85 ¥ Hxsle sl phozt B
ARl 71908k Aoz sidd). 3, type 12 £54)
Y FHiE AHEe] A4Een, o] AAEL XA 3
A A7 BSHAIC)E(anglesite: PbSO,)°|THFig.
3). 9, type 1°] pH 19] ¥H-83} ke 5 Az
SO/ FEE 2646 mg/LZ pH 5(75-225 mg/L)S} pH3
(51-163 mg/L)l| Blsle] HxsA 7hashs An UX)
Hoh(Fig. 1). 23 type 19 CY4ZHE] £33 pb 3F
e A FEH(Table 1HET £ 3kl Aoz =4x
Ao, o= spEkAE] & AHwE AHE (anglesite® 3
AR st FFEMM o2} WEE Hog 7
ST MR FuAgERE Sald R ukg-
ARE 12990 1,200-1,544 pg/e(RAA 3] 12.4-29.2%)
o], WREAIZE 30U 236-318 pg/g(AA] ko]
2.5-4.5%)°] AEE] WA 271290l 329 Pb
Sho] Aol o]2 & HkgA7to] LojARE AHWH o
2 fHashs Zlo] #ASRItKFig. 4). pH 59 8547
oF Bl type 1ZHE] £2% Fako] 73-7958) =7}
gto] Cu theo2 Z7180] & Rod VERton, type
29] Ak Mugake] daje Ziz) 11.3-7708) 1.7-
1139 F71stsach.

%)

3.2.5. Fe(3E)

pH 59149] 8243 A7}, YUk type 102HE]
§EF Fe T4 A7 72342 pgle(@A kel 0.0-
0.2%)% 0-0.6 pg/gCAA ] oF 0.0%)= e 23
o At ype 29 A%, 19 £24F T 570-
622 pg/p(AA T 0.4-0.5%)°] AZEAT 302 ¥
T 1,828-2,700 pg/g(HA Tl 1.4-2.1%)E 2.9-4.79)
57kl KTable 2). 3HH, MEJA A5 829 Fe
THFE 1Y WS F 604-1,002 pg/eCAAl k] 1.9
32%°] AEHACH, 304 9 & 1,098-1,426 pg/g
CaAl e 3.5-45%)°] HEH] oF 11234 2l
ATt pH 39 SE4FNA HUBAE] type 15} type 2
< pH 50949] &4} fAlslthzizt A §Hake]
0.0-0.2%% 0.6-1.9%)(Fig. 4). pH 594 £3%% Fe 3}
B3t HWEPA, type 12 0.0-41.7910]10 type 29
FGF Fe} MR Bl 2kt 0.8-1.3809F 0.8-1.9
vl 71kt

pH 1 ¥h3-GHoZHE] 829 Fe 3RS (ype 19
A, 19 7 T 9.340-12,060 pg/g(AA o] 6.4-
7.3%)°] FAZEAH, 308 WhE FoE 16,680-20,200

| 3% 820 nXe 9% 33

ng/gCaAl kel 11.3-123%)2 Z7HEAT Type 29]
AEELe] A9, Wk 1Y 8,000-9,040 pg/p(HA| Tk
9] 6.2-6.8%)°14 308 18,360-20,200 pg/g(HA| FHFe)
13.9-15.7%)2 S7F{th A RZA AEoA Had §
FE WS 1Y T 1,1282,200 pg/g(AA o] 3.5
6.9%)°1A 309 F 18,140-19,320 pg/g(HA e
56.9-60.7%)°1ATHTable 2). ¥FS-A7to] wh} fa= Fe
g2 249 7-149 ©o)F B8 SUEAkFig.
4). pH 13 pH 59X §&9 TS vlwdr A7, J¢
FE type 13} type 2= 242 A s ol 74
17.38), MEZA ABE 1.9-22.88) Z7)a81T).

3.3 HISAIZH| e S350 25N

pHE 5, 3 ¥ 12 243 vkg-goly JujAgs |,
2, 4, 7, 14, 21 2 3047t ARl T &9 zZnd}
Cd =& Hlwg A7, pH 271 9 X59] EXo|9q
T HhARI] dojds 851 79} Cd o] X4
Ho® ZTIelHth(Fig. 4). o5 WA |l pH gk
o}l BkgAZte)| wetME Zndt Cde) §33keko] =4
Hsl3ith= AL oJujsls, wke- Ajzto] 7Y WA 140]
78I o]Fell F o] S| FAA Zvlsh=
Ao Yeiyith o] Ade FHgikl = 3o 9 ¥
FHol 7Y ol HIEH A&How whgsA ° AL
Znd} Cdo] &alukgo] FAsH 71 = Je- AA
o} HdE 2 MR G H 1087 9E B
S 9 AHE ARE 2AR A9 423 FupRt
(6-98) SR 29 A& vy Ui o] 1113E Y B
em, 39 g 7l & go) 693]01aL, 7Y ol
o2 HZF Wi g% 208)0)%0tk. 2 FollA 147}
179 A& vl7k & g% 7k} 23)9) 1314 7129 u) 9)
hFig. 5; 74, 2005). 28)m2 o) FzHes
E ), A45E Auprizile H3 A4 =4 w3
A 8l P ZRE Sl AESdE Zndt Cd 50t
H Eold AoF o E).

Bkg- 300l 830E Znd} Cd S ¥ 1Yol v
S, pH 59} pH 3& FARE 27188 BYTh g3t
A5 7%, type 12> pH 59} pH 394 F 94 2%
oF 3u] FVIEIACH type 25 6.0-6.98] Zr}=|c). W
ol MBS FEAEE Znd} Cdo] ZHzt o 1380}
149 Z7FsIh. pH 1904 AYgsgate] Bux g7} 242}
1.8-4.0(Zn) ¥ 3.1-3.4CdpEH Z7FEA L, A RFALe] A
B Zns} Cdo] 2} s53ulet 5.8 2718kt

pH 59t 3 8247, vks 190 HE9 cu T
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2 Hkg 2.7 Alolel] FAErh kg 7-14% ©]F 30
A71A] Cud) 83 o] FAM ST o] #F
ok B3 ok Hol= type 12 AlQJSPH, pH
59} pH 30014 ¥Rg- 1Y) AEH U] v 30990
AeH T type 29 HFF Frje A7) oF 8.5H]
o} 4,000 AMRFAe] Bl Zizh oF 2209 2,000
Z71E9ck. pH 191418 £ LPNME type 1= WM
19 3 A2" Cu ol 7 =%om, ofF #hgARE
o] Zo|AFE 7hAhste] Whg 30Ul HAER e WS
190) BlwEt 0.6MF 7HAasteh. ey type 22
oRbaka MESEA ARE BRS 1Y oF gRgATIe] 2
oJALE Ald FvlEe A3l FEAEeH, vkE- 30¢
o AZH ke g 1Yol BEE Tl vlwsie Z)
z} 26009} 36400130t

Feol 7%, pH 5 £548NA type 15 A9,
type 29] A o= WkSA)Zlo] ZojEsE 859
Fe ko] A& Z715o] vk 3040l= kS 193 B
wale] oF 3.89) SR, Mt Ful= oF 178
Z7FE0EE pH 390AME type 28] AdEA MR
oA Es) 2z 2.0} 2.08) Z71EA). 39, pH 1
o] 2o HEEnARY - vk 1Y
¥ ¥kS 308 EEgEke] 2.08) SRR, AMEE
o] FuAge] Z9oll= oF 12,187} F7HEAT

kg AlZle] Wislel] WE ph BEEAL UE FF5
(Fe, Cd, Cu @ Zn)®] 82547 ¢ tfE P& B
olar glom, HkgAZlo] wWE pbe] BEIFE T o]
2] 9kth. pH 5 84 FE5go] 71 £2 Al
7re- AHokgatel spuAlge] S 479 Alololw, AE
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Brke) A9 ukg 2y oja, o} WhEA|to] FTFETE
229 Pb R 7AFITE pH 3049 EEAF MR
T2AQ 8540l BAF ] gton, &3] 3
o] o)2= RIS HUR FRNEY] FS 7-30
Jololit AEFAr Bu|AjEe] AP 2-7U0]UT} pH 19
Ae] gEdddre AFdite] Furse 7-14 whE
X 8% sl P wkor, ARagke] Alg= vt
S 1ol T =2 e Bl $ A4S
Hhe-gale] phyl sollM 18 WopEsE Jdsgite] 3

nAEE vheA|7kl WE Zn, Cd, Cu 2 Fed] £&F
gko] xjo)7} Zhash=t] Bis] MEFH] FuAEs v

we} o5 Y49] §EF Aot o HAe
Ao BNt ofd §E54E APt Nug
o gf=lo} = Zn, Cd, Cu B Fe & TF
%o pH 7ol we} S35t e FEFHE A

B71E-B0) AERkS AlZto] Zolxli gaAe] Mg
gom pH 70| ZMaA o WalErhd Heat
o] BuRhe HRaake] BuA oA BgA|e] F}
el W} Zn, Cd, Cu D Fed] gaikgo] o Z71EE

kinetics®] A7} 2718 Ro=w FHHAC)

3.4. pH HEl0|| 2 SF&0| 858 Hsl

wkg-gale] phzl 504 302 H'Q) FEUt 1008 F
7k w) 8319 Zn, Cd, Cu 2 Pb T oF 1LIAR
I A B)- 14t Algpl Sl m, Fe 853
2o Y29} CY4 AlE(.M olshE Allata oF 5080
Z713FAtH(Table 2).

uke-galo] pHr} SOlA 12 4B(HT FE7F 10,000
v Z7hyt WslEE, Znd cde) 853 Hd <F 6
HlCdFRt Al 2 2R Als) STREleH,
Ao type 1 HHEAIZE 1-2€EET Zn 8.9-21.89,
Cd 10.6-16.190)0llM ] ZE71go] 714 =okon] whgAIZE
o] AojASE FrAaslurt Ccul A%, pH 5 0NN
type 19} CY22%5E 8§24 T30l 1.2 pg/g I8kl
ol vlawd & giont type 19 CY4= H oF
7238 E7kstATkeEe 19 9s50fellA] 304 335HRE
Z). 2 9, U ARES oF -6 T8I PbY
Aox ke Algel vEl type 1E2FE £EF ol
A Z7HEch €259 Pb S type 12 B 320
v Z718193L, type 29 HAFAT MRBLE] Mg
Zyzy Bt aoeiet B o SR8 o, Rt
1-79 AlolollA pb §&3Re] ZVHE0] 7Y w3},



)= FENRl A HhSAIREe] S 85 A= 9% 35

oJF WhEAZko] HojdeE kg0l At Feo
B7elli= pH 5 7304 AEFA) gigkou g Blws)]
et type 19] CY2E oF 2228 Z7HEIUT type 1
o) CY4 oF 26,0008 2718 WA, type 2 (1] =
7}=) 4K Table 2).

4. &

r

1. pH 59} 39| Whg-8A7} FPnjrjge] HhEo2HE] &
FE S04 FET WhSAITo] AojAsE ZrlEe Ao
FEHA 9 7971 A¥Hoz ZoNE) 149
FE 3071 S8 ST o) SaddE
o] G5 2 e AslEkel] 71913 Aoz )4
Hoh pH 19 dRgolA MEBFA BugRy 82F
SO/ T IA ZUE oy, HEake] FuAEe
e 829 S0 5 pH 59 304 £=2H 99
THG O w9

2. ZnT Cd T30 458 pH 271 % A|59] EA9
Jglo] WhgAZlo] Loje 853 Fao] Ao
2 7o, 53] 74 UiA] 14Yo] A3t o
Zg=ko] S Z718I90t) o] dahe «8H AP
ol #egitel] =29 ) 2 Hgo] 7Y ol e}
A&HoZ whgeA F A9 zZn Cdel fafukgo] E
A 71 & UL-S AAF

3. pH 58} 3 8EAFNA, ¥ 18 HEFE Cu
Fe RS 279 Alolo] 7S} Wk 7-149 o]
3097KA] Cud] 8&3e] 33 F7lEE Adko)
ZHEUATE pH 19]M9] 82 HFNME type 19 AL
SARI] AoAFE Phhshe Fake] #EEA o, type
= WA Dold4E Ald Zrhde Ade] Bay
Ak A, wkgAIREe] Wl WE pp 8EEAHL TiE
TEEY SE5AT v T2 S Holw glon, Bk
AR wet 8EF Pb Fko] FElsH FUkRA) &
v dashks AL 8E5H F JSUAIE (anglesite;
PbSO)E A== Zlof 7|13,

4. Rh3-8H89] pH7} 5ol 322 H'9 F=7} 10080
S/t E7eta &3lE Zn, Cd, Cu, Pb FHake
pH 5914 8= & FARBIIOLH(1.1-1.44)), Fe &
S type 1S AP oF 508 Z71819T}. pH 5
N 1Z 4 97} HelEE, Zné} Cd £53eRe P
GHCIT AR) E 2.5 MEF AF) 7100
H, Cut CY47238)E Alelehd T 3-68] 2 pb=
H 40-32080 (3 %F4h 2 Hi (BN Etskat
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