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Abstract

In the present thesis, a study has been performed of remediating mine
tailings around abandoned mine contaminated with high concentrations
of arsenic and heavy metals using techniques of soil washing and
stabilization sequentially. The soil washing was applied to removing
arsenic, whereas the stabilization was to minimizing the mobility of
the heavy metals remained in soils after the washing.

The optima conditions in the type and concentration of washing
reagent, mixing ratio of soil and washing reagent, and washing time
were derived through the removal experiment of arsenic using the
soil-washing technique. Results showed that the most effective
washing reagents to remove arsenic from soils were phosphoric acid
(65% efficiency) and oxalicacid (72%), while the oxalic acid (89%)
was the most effective for removal of the heavy metals containing
Cu. The economical and efficient washing concentration was 0.25M
and the suitable washing time was 90 minutes. The optima mixing
ratio of soil and washing reagent was 1:20 (mass/vol) in viewpoint of
minimization of wastewater produced after the washing, in addition to
the washing effectiveness. Although the mixture of washing reagents
did not help in remova of arsenic, it lead to much elevated synergy

effect in removing Cu and Zn, compared to the single reagent.



Over 80% of heavy metals were removed from the wastewater
through the natural sedimentation for 30 days with no additive,
whereas most of arsenic (over 70%) remained. The adjustment of pH
a 9-10 in the wastewater enabled over 99% of arsenic to be
sedimentated.

By performing the stabilization, with 10wt% of cacium phosphate
(CaHPO4) for 14 days, of heavy metals remained in soils after the
washing, high treatment efficiencies were obtained asfollows. Pb
(99.7%), Cd (87.1%), Cu (97.9%), Zn (99.4%).

In the adsorption/desorption experiments of arsenic, a column of
diameter 25cm and length 10cm was used and the arsenic
concentration and flow rate were respectively 0.39-0.42mmol/L as As
and 1.0-2.9mL/min. The experiments were performed in an oxidized
condition for the case of As(V) and in a reduced condition for that
of Ag(lll). As(V) reached a quasi-equilibrium state when the solution
passed through the column was over 900mL (9 hours) for the
adsorption and 500mL (6 hours) for the desorption. On the other
hand, As(lll) reached a quasi-equilibrium state when the solution was
over 390mL (3.5 hours) for the adsorption and 400mL (2.5 hours) for
the desorption. In addition, the adsorption and desorption for As(V)
proceeded more slowly than for As(III).
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A2 & 6

Table 2.1 Classification of soil particles according to their
size, number, and surface area(USDA)

Diameter of Number of  Surface area
Textural name

sphere(mm) particles (cm®/g)

Very coarse sand 2.00~1.00 90 11
Coarse sand 1.00~0.50 720 23
Sand Medium sand 0.50~0.25 5,700 45
Fine sand 0.25~0.10 46,000 91
Very fine sand 0.10~0.05 722,000 227
Silt 0.05~0.002 5,776,000 454

Clay <0.002 90,260,853,000 8,000,000

204 X
. AN

...§\'l‘.l;°x°.'!‘_- 90

'AwA 100%
043 - silt
100% 90 80 70 60 50 40 30 20 10 O
sand- Percent Sand-

by Weight

Fig. 2.1 Soil texture classification. clay(<0.002mm), silt(0.002<{<0.005mn),
sand(0.05<f<2.0mm) (Fuller and Warrick, 1985)
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A2 & 10
A A-EE AL olYAYE, tiiite] EAA H-8¥Hth(Sparks,
1995).

Ca®>Ni*>Cd*>Cu*>Co*>Zn*">Mg*">Ag"™>Cs >R ™>K™>NH*">Na*>Li"

Table 2.2% TYet ESAEY EGY T/l W& CEC #& YEHIA
o}, BHE nvpe} Zo] 2:1 claydt F7]1ENA =& (CEC 3t Holx= AL
Folemdt Hsd EWAlE} 49F Favol 2ee g, =
# B A7 ARES B SE & 5 itk S ulEn Aol
Z HEAY gF f71ES T EYS =2 Jol2uddsdE s vt
At
Table 2.2 CEC values of soil components and types

Soil . CEC Soil type CEC

oil componen

P (meq/100g) (meq/100g)

Kaolinite(1:1 clay) 2= 16 Sand 2-7
Montmorillonite(2:1 clay) 80-150 Sandy loam 2-8
Oxides of Fe and Al (pHS) 0.5-1.0 Loam 8-22
Allophane (amorphous) 50-100 Silt loam 9-27
Colloidal humus (organic matter) 150-300 Clay loam 4-32
Quartz (silica mineral) <5 Clay 5-60
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Reference(BCR, now Standard, Measurements and Testing Program of
the European Commission)® 'S o]&3d}al t}. o] HIHL AL&FZu)
Hel ¥73tE 98t Communities Bureau of Reference® ¢ 3}
Mikd WHo R 71EL] Tessier(1979)9] WHS 7|22 shof /=S
th. BRT 53] Hl&o| tsir= 3dAZ A5 ded AAg 43
WH-2 Table 2.3 A3ttt

Table 2.3 BCR-protocol by Quevauviller et al. (1994)

Phase Extraction condition

20ml 0.11mol 1! acetic acid

STEP 1
shake 16hr

20ml 0.11mol I} hydroxylamine hydrochloride

STEP 2
shake 16hr
a two—fold 5ml 8.8 mol 1" H:0u(pH 2-3) digestion
at 85C. Subsequently extraction with 25ml mol !
STEP 3

ammonium acetate
shake 16hr

BCRAIA] AlQbgt vl Aol dist 9jof 22 ASFE0HS 2 7HA EAA
= =duo] B dAoaEdd e e wREs WEdt. 53] Keon
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Table 2.4 Remediation techniques of soils contaminated with

arsenic and heavy metals

Extraction &

Containment &

Chemical treatments

Treatments

— Soil Washing

treatments

—Solidification/

— Pneumatic

— Contaminment and

Stabilization

Fracturing

Isolation

— Vitrification

— Electrokinetic Soil

— Permeable Reactive

— Chemical Oxidation

Remediation
— Phytoremediation

and Reduction

Barrier
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1

2 wEo] LPBAL Judts "k, Fue] ARE

HE, 2aE, WEYolE, dg$E, ofxFE H9 FYALY
(liner) o] 2%0t. &S AFodA FHo= g ¥ Ax=HF
g 29 AFE " t2v Y oHE =Y 5 v (Fig. 2.3).
geomembrane
- __ ground
surface
— | ¥
polluted
% soil .
S :
é water table ﬂ é
E ground water E
Fig. 2.3 Capping
A gee oqd Ael47k qltel Hle g Aaget EEe AL
= H ARgstH o7lele S9d &, 2 E, AE 3 o] AHgd

o asolM g8 do] 7 AAl el BaskE o It (Fig. 2.4).
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G wol= 4AT AHAZ o) g3te] Bels = Ak, of P o
o mFel ThFt $A ek olel S EE thE Aspwst WAl AL

shojof g},

Pneumatic Fracturings A% 0 AEZAS g st 7]<o] oy

4
ol she o] AYERS PHAN] S8 Agete wxT)
S2H Begol vAL gud nAl 2 AEF] 4EE/E FYstol
FAe WEY. B #ho] AW Bl FHY oGRAN 25

= A9 AR 7S (Fig. 2.7).

arbiast  Ppaumatic Fracturing
air treatment system

ground surface t

'l' chemieal evaparates and 1
t gas rises through the soil

A

A 7)52 84 Wi (Electrokinetic Soil Remediation)e S 7 o]A
S S EYd ARE EHEU 2LH9=4E AASE ol

of EAst=s =ol d7IEsol o F=(anode)ol M Faold=



m

Exchange

AC!DC
Converter

Processing | Processing

Anade+ ° Cathode

Cathodic
Process

Acid Front
anclor Anodic
Process Fluid

S0l , phytoextraction, phytostabilization, phytostimulation,

phytovolatilization, phytotransformation 5| At} (Fig. 2.9).
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Fig. 2.9 Phytoremediation
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Table 2.5. Number of remediated mines and their remediation costs
during 1995-2000 in Korea

Investment Results
years Total costs National Assistance Mine
(unit:1,000,000W) | (unit:1,000,000W)
Total 22,014 11,007 16 Mines
‘95 3,841 1,920.5 Kahak Mine
Dalsung Mine
‘96 3,940 1,970 Seojum Mine
Guwoondong Mine
Joil Mine
Goobong Mine
‘97 4,786 2,393
Darak Mine
Goonbook Mine
Wooljin Mine
‘98 840 420
Samsan Mine
Goro Mine
Ilwol Mine
‘99 4,109 2,054.5
Daduk Mine
Samwang Mine
Ilwol Mine
‘00 4,498 2,249 Poongwon Mine
Ilgwang Mine
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2.4 ESA A 7)1H (Soil Washing)

EFAH7IHE A4 AHAE AEste] EdSdtel A= = F
TE5S NG RBIAA EFYAR HEAIA A shs 71 elth
(A5, 2002). ©] 7]&2 1970dd] 9 #w]=r EPACNA 7] & FEAEL
AE WS Astetr] e Ago® AAdEHA oY, dAl= FHl
A A5 BAAA AR Qi
EGAH7IES dnbd oz =3, ~38d, 384 AHE, 584 A
g, &5, AFHAAAY FHo2 FET. UA QAESS =239
A oA e Z JAet v, % 59 o4
A

A Hk. olw) M¥E-F A= grizzy deck, 3]& screen, shaker, %

fu
to
o

!

o
[»
u
o
ol
o

T FEEUE ol &slrIE gk, Ul WAle A A
58S U @ e 348 Aot 3 o] &E =, M Bol o]
¥= #X = rotary attribution scrubber©]t. o] FAHL We JAE
7e] AEAA L9543 299 vAgArE €8 Ao Ao
3=  FAolH, AFEE+= A+  hydrocyclones, mechanical

classifiers, gravity classifiers s°] QAt}. o|Z2A =834 +74
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S AXWA MAE 2 AR e dAEe gREed, 53 vA9

u

A= belt filtertd filter press®} & E4-3AHS AR T 733t

EdS FAZ HedAl 4ot 2 ¢

=

Ao g Az #HNe A H(precipitation)o]yt %7 (sedimentation)d}
22 gAY ¥AS ol&stel Agsia, A
(Cline, 1993). ols} Z2 EFAH7IRE A
el 91t (Freeman and Harris, 1995a).

¢

Volatiles Treated Air
— 2 —
Emission
Emissiocns
& Cantrol
Makeup Water
Contaminatad
B Recycle Water
Sail
Extracting Agents Chemizals i
3
(Surfactant, etc) l
Blowdown o i Treated
i astewater
Soil Sail*Washing Watsr Watar
2 P
Homogenizing/ |Frepared 2ol Process —> Treatment -
Sgresning —Washing
—Rinsing
—Size Separation
—Gravity Separation
—Scrubber
Contaminated
Sludges/ Free
-
Clean Soil
»
v Ovarsized Repeats
-

Fig. 2.10 Process flow diagram of typical soil washing system

2.4.1 ECGAH7|H HAUZ

EGAH ) AHgHE FEEUE A BE FFEL EFomvy
A
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zx3 F 9dE SlHe] Qth. FEEuE AEHE A= gAHHCH, &
AF(HNO3),  SFAF(H2S04), 3 AAFHOCL), <14F(HsPO,) 2 Z=AH(CHsCOOH)
o Fo1Ak FARCH0,),  TAACH07),  ZHEIAH(CHO.), A4t
(Cale0s), AFAF(CaHe05), & AIAH(CHOs) T2 F7]14ko] ARE-E a1 AT,
2.4.1.1 F71%k 9 == WAYSF

Tuin and Tels(1990a)= 0.1IN HCl& o]&3le] EYOoZRHEH 7553

ol
-1

|

4

r

o

tha sl o]

|5

y

Surf; -0 -

or.

ﬂ4é(6(%)
Me(OH),

Surfs

Surf;
Stir£s

_0__
_0__

where:

ki1, ko, ks; = reaction

Eq.12 FHol& Eq. 29| H|sle] m=2H (=
¥o] Agty %9 usky)

o] 5] 2o}

. 0

EoF
(carbonate-,
Q1.
tar 7 sel.
(M]3 Me” ]R84

p=Nye)
=

°|

o]

AgolM FERESol

k
W+ =5 Surf

k .
ete. + 2H —> W™

_ k
-0 - W+ i/ <k—2> Sur £

o] Hkg-l

jud

F kA9 HE BE kinetic dHE
th&a 2ol WER AT

[e)

O
H—CTE

-0 -H+ M

Eq.

-0 -H+ M Fq. 2

3

active surface binding site (typel)
active surface binding site (type2)

rate constants

)

, ki > k2, H]7}4

g4 F53

A
=

and amorphous Fe and Mn-oxide associated metal)ol] 7]

kel BA | o}

teT
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FE4rol vkl &9} Fe/Mn Abs

ki3
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2.4.1.2 §7]2k ¢

B A=A

, 1998).
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oltt(o]
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7V A &

T
a

F £ kLS
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3} o] AolH
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i
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PAZHFEH FEshAl7l= T90] A LEA Ark. 1
Metal-ligand®] SHgsdo} 212 Aol dom Kzko] & f7]4ke]
e frikEGg o B 35S §EAE o] #HE A (Boyle et
al., 1974). Table 2.6°1= 2] 7FA #F7]4ke] <MAst A&

At

Table 2.6 Stability constant between organic acids and cations at
a temperature of 25C and an ionic strength of 0.1M

Organic acid Pb?* Cu®* Zn* H"
Oxalic 4.00 4.84 3.88 3.82
Citric 4.08 5.90 4.98 5.69
Acetic 2.15 1.83 1.10 4.56

Succinic 2.80 2.60 1.78 5.20

714kl 23k biotitee] FT3FFES F5t9] mineral lattice
alternation®] E5W3 WlAYSZS &2lslr7] {3 AlmzH Aldid A3
of ol HEFAIZFo] AFH SFHT Foj9] Fo] ol HoF

k. f71ake] Mgk pHo] HCIHT ¥ Be F&oles FEa0eS

5% ez A AES P oxalic acid, citric,

succinic acid®} #F2 F7]2He JinjAkojy AAbat o] okl &S
sk ¥ B & EYomYEH 5455 fEAl7|Ed B
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ii)metal/radionuclide® &3 metal-oxide FHel &3, iii)&N
el A =< S P8k A(Kramer, 1998).
fr71akell o3 Ege 28 Fado] FEHE AAUSS ted
dol  Aeo=m  yEd Ak, HxLe P
non-specifically F&% =& @2 & 4o 248 sk A= ofd 4

o2 YeERH T (Linn and Elliott, 1998).

S—-M+ A4 >S5 -4+
W+ L < Ml (aqg) + H

o714, S; soil surface, M; 27F &4, A; &9 Y &A8}= o]

a2]ar 3h(hydration) &=l olsf FaF= wev. EIF H9EkS

UIO
_Vi
m}L
2
l:kl
r
E
E
5
5
QJ
:
Q.
E‘E
5
,f
(_F

b—‘

@

oo

oo

\/

S-0-MNOH) +HL = S -0 - Miy-iL(ag) + H0

2.4.2 EAH7|He A&t
Tokunaga et al.(2002) 315 %=(2830mg/kg soil)e] H|AZ 4%
AFEYS o8 74 FE9 2F(hydrogen fluoride, phosphoric acid,

sulfuric acid, hydrogen chloride, nitric acid, perchloric acid,
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hydrogen bromide, acetic acid, hydrogen peroxide, 3:1 hydrogen
chloride-nitric acid, 2:1 nitric acid-perchloric acid) o= A& s}
A}, o]5 AF FolA phosphoric acid’} 7F4 @A o|A+=d, 9.4%

et FES A vlAavt 99.9% §EF o] Uskth. Alam
et al. (2001)< potassium phosphateE ©|-&3}4] yellow-brown forest
ESY HAE FEste WHS dTskith. oF 40%¢] HlA7F 0.9M
phosphate solutions ©]-&% A ola] AA=AT.

AEH(1997) T2 72(500mg/keg), @ (1000mg/kg), ©F(500mg/kg)
o7 295 U= EYS citric acid9t oxalic acidE ©]83}o] A
Aatodrk. HA ] EdAA UL citric acid 50mM, FI®H]1:50]%1
. ALkl A A (0A-5)E H7FekAk, 2o A A&l 79% o
A 93% 2 wobmlth. ek, FAstel AMEAA(SDS 208 E)E H7bet
2 Feol AHEEol 72% oA 92% = o}l rt}. Chaiyaraksa and
Sriwiriyanuphap(2004)+= 0.1M sodium metabisulfite®} 0.01M Na:EDTAE

SIoll A 6417

233 AHAS o] &3dle] lg:2.omL(ES:AFA)SL H&2 AH3 4
W, 27] 7h=E9 527k 500mg/kgdl =l thall Hh 97.3%°] A7
&S AT olet HH(1998)2 H Btk FHESC s EGAIHIE
S A48T A AFagd dFe RAE JAAE FHuA sQlvk. AlA
A2 citric acids ARSIl oW, ofuf & IFS mA= A
%, pH, EGF AHA H&

Zn, (d o2 o449 EYS A8 AFAE o]&ste] Adet A3 HCl,

EDTA, Oxalic acidollA 2 &¥E Ao, o= fns F7HAH]
TE4 o2 B AES A wiFEolgta Wiy
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3} 7% (Solidification/Stabilization)
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Waste Material
Conveyor
Hooper with Even Fesder f————3» Weight Feader Dy Reagent
l Augar
\Water Supply (required) ————— Homaganizar

l l Weight Fasader

Chute to Truck Loading
Araa

Liquid
Reagent
Storage

Fig. 2.11 Process flow diagram of typical solidification/stabilization(S/S)
system(Z7 5, 2002)
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N
T
o
3
N
i
mN

s A= AHE7HeRE AE S phosphatess o# Tl uis) EHd
st a¥E  uyEldY.  Phosphate®}t #HHE  sggES  FRAE
diammonium phosphate, calcium phosphate, phosphoric acid,
phosphate rocks, hydroxyapatite, triple superphosphate, sodium
phosphate, magnesium phosphate s©°] o, 7} ddbxog A&
= 3}3t5E-S calcium phosphate©]th.

Calcium phosphate®} Fao]l ¥Hg-3S 7499 HHsHA S Brady

(1990)+= w=t #o] 7Hgskqitt.
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Ca(H:P0s)2Ho0 + Hi0=CaHPO#2H,0 + HoPO, + H'

aMle” + xILPO; + yiO = (Me)(OM),(HPO,). + dif

o] Wh-golA AAE (Me).(ON)y(HPOs). AAAE AlZbell whe} "} A%
s, 1 HEe 7] AAA AP SR Hlste] vl =t

4-3ll1d phosphate™ Ta% o]9] Hkg 2o gibbsite(Al(OH)s)
1 goethite(FeOOH) 3 #2 B84 FitstEv= HA Hb-g8lo

=849 A FAsteE BEY o uAsE7 = s olu Stk

4

=
o

T 3h, adtol = EoFE9] QAFS kaolinite(AlsSisOs(0H),)QF 2L
A BE S A AR A BB st gl R s

ploll = EY T2 CaC0; 3 wkssto] E849 Caz(P0y): 55 A

o] EoF o 1A 3}E 7% 3tk (Yang and Mosby, 2001)

2 o 9t o] ¢rASIE 98l apatite, hydroxyapatite, A
A4 = ARESHe] hydroxyapatiteol Al Hel 98.5%7F SHE3E =

olwf YAE HFAELS Pbi(P0)s(0H): ol2ts A2
UH(Theodoratos et al., 2002). X3k TCLP 7]|5&X] ofg|=

LE8S A4S 9138 P0./Pbe =H]+= 0.6mole/molec] ATt. SkA o}

k%)
N
2
k|
kn)
32 K

A2 acidic calcium oxyphosphates7}= 13 &&%o] 7t & Al
£ UElW 7] = 31t (Theodoratos et al., 2002).

Calcium phosphate® SHAstAl=A & 28 4% Ca(loPOr). <F
CalPO, ©] &85 WustAtiy, 7H4e] Agstal +¢je] &olstH, &

Ar7F =2 Ca(lPO)o7k o 2 2daE YeEhfith(Wang. et al.,
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2001). ZF=%, g, &, o FollA HA 96% o] &&EdAla
Uehgglony, yAe A9 656 4L EEAAaYNE YERA
k. EgE Ca(HP0s), & CaC0s 9F AlolA ARESE ARolA = A &Sk
S o ®vop o £ ZA¥%E JeERATE. olu] carbonates® JFEH AL
g3t £ ma3tE YeERHA T (Wang. et al., 2001).
A19& phosphate® A& A B2 F= EHA 734 A

g = de A=xs YA vl=(diammonium phosphate) @} sodium
phosphate©]T}. Z&u sodium®] 4S Wo] AFESHA =W EYS 1A
SHAl FA7IAY AL Al Ut d@Fe vAA P (Pierzynski
and Schwab, 1993).

vl g3k 78 sol LdEH e A A9 EGS At
7] 938ty calcium phosphate®} diammonium phosphateZE o]-83d}o] <¢+A
stA e & ik, TCLP 23 38 B9 98% A% m¥7F = v 2
= 7% A ayrt g Aoe® UE%E. calcium  phosphate”}
diammonium phosphate®t} © ZAsk otgsiAgt= AdA3E It

(A5, 2002).

i
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Fig. 3.1 Jingok abandoned mine

Tyt A 2001WF-E] Al =] ar
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g2
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23}

Zo A% Cd, Cu, Pb, Zn 5& 7}%

o}
\I_J

G

S
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oAt (Reed et al, 1995; Reddy and Chinthamreddy, 2000;

3|

A7E

Semer and Reddy, 1996; Sun et al., 2001).
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ATl AFRE A B AA 7R Rk AF ST, stue F
8 eddowm zgete Fulolal, & st |34k 1

S92 Fig. 3.20] YepliAot

and augerg ©°|&3stth. AFHWH-LS 220cm
o744 10em Aoz o7 AFEAT. 7 314 T oF 1kgd Al
55 4. Alse AFHG A5 vjd e go] WE3te] ice boxol
A AgA7A] B Basidth. Al E freeze~driero Al A

fdel 2l AR AL F 4o #AE v, Y5
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|
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1o,
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X
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ARG £F Ao AAE Fu Ans AAT AGo20H o lkn
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Fig. 3.2 Sampling site(Jingok mine)

3.2.1.2 A 2e] Ba.554d B4

t
v
dlo
I
)
il
filjo
[y
o
P‘L

m membrane filter= A
2 (cation exchange capacity, CEC)<> unbuffered salt extraction %
Moz ZAsHH(Grove et al., 1982; Sumner et al., 1996).
pH(Orion,250A)¢}F DO(YSI model 58)E =HAsIAth. So](Cl, F,
NOs, NO., S0) IC(Dionex DX-120)E o]&3lo] 33}, Fwle]

FHEAL X-ray diffraction(XRD, Mac Science Co. MO3XHF22)=z}
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scanning electron microscopy(SEM, JEOL Co. JSM-5310LV)E ©]&-3}31
t}.

ZF8Fe 2 (dissolved  total carbon, TCO)¢ ZFEEF7|EA
(dissolved total inorganic carbon, TIC)¥ &2 SIEVERS 800 portable

total organic carbon analyzerE ©|-&3l4 SAHIUY. Fr|Al = HF

HF FEd g FdgEggos 490

EUA 59 pHpei= potentiometric titration HOo = =43, 2
3 B S ZAh(Zelazny et al., 1996). ESAE 2.5g5 pH 2
o2 rE A3 & 26mLet T 50nL A4 T Tl Fol 4RI F
b N&etar, dAEeste] AT pHE FASAT. &9 pHe
0.005M HCIoJ1} 0.005M NaOHZ ZHE3slglorn, o] 7%+ 0.005, 0.01,

0.05M NaCl && oM =4t EFAIEE A7ehA &€2 vt
G A5 (blank solution)o] WA= 9let & AAS wkEFrt. o4t

shetae] e wiAlsty] fjste] &odel HEAS AL 591 (bubbling)

£

a
o

EY F9 F 5o 20| = EPA methods 6010} S o] &3}
Ak, o] HPHL HNO3/H0./HCIS o] 83t ZAaF HEajubHoltt, Age} &

dsl WHow vy A (blank  analysis)¥ ¥ FE 2 (Standard

Apx
dt

&

Reference Material, 2711, Montana Soil Moderately Elevated Traces)

=3/

I=]

A% EFANR 0.5g2 FAste] sl QAT 9e F ol
table3. 1ol Lhebdl 7} A BAjppol wel Adsn, 2
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A% F odoe Mea G o aAdA Agse
Table 3.1. As-Sequential Extraction Procedure (Samuel Van

Herreweghe method)

Chemical agents added to

Fraction . Duration Fraction extracted
residue
Fraction 1 30mL 1mol/L NH4Cl 2h shaking Easily soluble fraction
Fraction 2 30mL 0.5mol/L NH4F 15h shaking NHsF-extractable fraction
Fraction 3 30mL 0.1mol/L NaOH 17h shaking NaOH-extractable fraction
30mL  0.5mol/L  sodium .
) 15min . .
. citrate and 2.5mL 1mol/L . Reducible fraction
Fraction 4 . . heating
NaHCO3; while adding 0.5g |
. (85C)
Na2S204-2H20
Fraction 5 30mL 0.25mol/L HsSO, 12h shaking Acid soluble fraction
4I'l’lL HClcono 2I'l’lL HNOBconc
and 2mL HFc.on mixture ;
gently heated until half
dry, subsequently reattacked
Fraction 6 with these three acids, Residual fraction
heated until completely

dry, redissolved with 20mL
25N HCI and diluted to
50mL
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3.2.2 EFAHAH

EFAHAG S AFd dFS A 5 de dAE EFAU7] Hskd
A A7HAE oA Ao, 1 W8S B HAAFRA B HA
seE AAste AXAY, EGI AHRAS Eddv|et BHe
A AHAZS AAskE AHAD, EF ARAE o8 AL S

= =, L
sl

3.2.2.1 HHAHA E AXF=ES AAHS}

rr

A A

B A= 97FA] M A Al (phosphoric acid, potassium phosphate,
sodium citrate, citric acid, ammonium acetate, oxalic acid,
hydroxylamine, H:0, sodium metabisulfite)E ZtzZt A 7H14] F&=
(0.25M, 0.5M, 1.0M)e] =gdox H|ste] AAFPY. S=7f G
ammonium oxalate®] &%= 0.09M, 0.18M, 0.35M ©|At}. A8 A H
A pHE B £3st7] dol SAsAT.

EYA R 27 AHA 100mLE 250mL AHZbEetaAe] Wi HEskad

rpmel] Al WREA]ZI T g9

e
™
>,
)
offt
r [©]
rE
olo
r%
-
@,
r_m
i}
2
o
o
Shis
R
10,

A 2] (4000rpm) 8kl BHe e H s 0.45um membrane filter® o gt
0e B9l piE ZASGT. ANE ke FI4 RS Atonic

Absorption Spectrophotometer (AAS, PerkinElmer AAnalyst 200)%2 74
a17) &l oINS 0.2% HNOz O =2 Ak e &Fgitt.

3.2.2.2 BT} A A A 0] 239 ARG AHAY
2 AgoAe A AA 2 AHeEE A4se AFAA v
of whatel wE AFAC M F2 &dRE B 47 AHA

(phosphoric acid, citric acid, oxalic acid, sodium metabisulfite)Z&
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Abgatglh. o] AL 0.25M9 FLolA QPENI AHAL HZ

1:5, 1:10, 1:15, 1:20, 1:25, 1:50(g/mL) o2 A &E3}ale] A&t
o2 1Atel disiA = HA MHA d HAHsEE AFste AFHAP Y
Zo zho=z At

3
HoAse By AHA WRS-AIZFS 30min, 60min, 90min, 120min,
150min, 180min, 210min, 240mino 2 W3A|71EA Fastgdtt. AH A

FEE B ARAL EFush Bad AR2Y7 U

3

2 Ao AFRE 7o) AFA ol A BlAe e afo] A
o8 3% zFow yYeElF phosphoric acid, citric acid, oxalic
acids s WERE T3 = o] 0.5M°] HES sglor, o
AE 0.5M &L M A A (phosphoric acid, citric acid, oxalic acid)

o} wlaste] Ee] AFoel MAL Jge Sroluglt.
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3.2.3 AHH N Az A3
YEGOERE WL AAS A% EFAHAPNN HH ARAA
= Us% 2an. HA AFHAE oxalic acidleH, = 0
Feli 1:20(gml) ol ek, AR AZES 9omine 2 At on,
=+ 180rpm©| At}

Asole] W AAAHS 9la] kA AR wEa W A
AALE Agston, AA Al A2t A9 FAEA A6
glatel QA=Y AH A v]ES 258500l RFATE, AP IGL
gev 2y,

to

rir

(ot

EdM o] gand HENS 94 4000rpmell Al AR st BT
|2 S st 2EF8mLE AFEste] Eoko] dolgly: Al
HAE AR, ole MAEYY ZF H[Eo] 1:3.2(gimb)oll 31T
sk Yoltt.

AR H N o = HE viet S8 A7sH] & A Ad A&
Tt HAAL 29, 4, 309 = skgleH, Ad HAAE F =
at7] flate] QA AAA = H7pekAl Fkrt.

susd g Ad Ao o& AA7E ofele HlAE aAEEALY
sodium hydroxidesZ H7}ste] A A7 staAs . AR Ao %
7] pHQl 1.079| 4] sodium hydroxidesES #7}3}7] Al 2Fste] pH7F 12
o o]l& & wWi7tA phE 1% F7HA71A Hl & A AAES st
Ak, wAgk pHEA = 0.00IM hydrochloric acid, 0.001M sodium

hydroxidesE AF&3}3i .
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3.2.4 o+ 31

AR A2 AGelA 8omLel ZEFE ol gshe] HolWl AHERS

AT E 7S Ed8olA bbell tiete] &EAlEo] tHE HE 3}
Aol w3 -4 o= &l¥ phosphate 3}3HE FollAl, calcium
phosphate(Aldrich) & SHY AR AL&3FSITE. b A st 717+ 743 14
d= shglon, A2(20£3T)M dde AT, BEd xeT
o] HlE 1:1(giml)Ql 20g:20mL2 ZAsglon, olw 7i¥e= 43}
A FE== 0.1wth, 0.5wt%, 1wt%, 10wt%= 3}FSIT).

st 71kl 7, 14%o] AaE F MHA HAEQ Toxicity
Characteristics Leaching Procedure(TCLP) testZ <~33st%tl. TCLP

test+= EPA method 1311& wgkom Alx 5go =FF 96.5mL2 Yl

>
o
Y
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2
s
>,
rlo
N
X
>,
(o]
i)
g |
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)
=
—

| pliE SAste] pli7k <5.00]
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Table 3.2 TCLP Extraction Fluid

Extraction fluid

#1 : Add 5.7mL glacial CHsCH:O0H to 500mL of reagents water,
add 64.3mL of IN NaOH, and dilute to a volume of 1 liter.
When correctly prepared, the pH of this fluid will be 4.932
0.05.

pH<5.0

#2 . Dilute 5.7mL glacial CHsCH:O0H with reagent water to a
pH>5.0  volume of 1 liter. When correctly prepared, the pH of this
fluid will be 2.88%+0.05.
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Hael FAEH ABS dN ABRA AD AGelN AAG AR

A WA 7] 93] column®] A%<l glass wool

glass bead(Glasterchnique MFg, number 3)& 2cm =o]Z | T},

column®ll 4= As(V) £NHE NaHAsO,7H:0(Aldrich) S 7FA 11 WHESL
om, H A9 FEE 31.23 mg/L(0.42mmol/L as As)E dFAtt. FYUH
5

T 899 2%+ 20.0C+1.4TCA}. Fig. 3.3°A4¢F e FAE
3 As(V) &No] columS dH5HoE THESE JPoH, colums F
Hai Yo 8N4 (30mL)= 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10, 13, 16, 22, 28, 34, 48A]%}t
o zbzy AT, SR pH, AHEE, EENHAEADOE ST
451 m membrane filter® oJ¥3te] 0.2% HNO;sE #H71slSivh. &<

%, 0.4
F WaEEE MSE AHatel S99,
A

1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10,
13, 16, 22, 28, 34, 48, 51/ A, AHHTE S

A W B (V) B AR B9 Fastg.

o
o
=2
N
I
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Glassl ,
bead !

\ !

\ i EEE

A !
N ¥
Y ra
A /.
- . //
o= P
Peristaltic
pump
As(V)
Solution

Fig. 3.3 Schematic diagram of As(V) adsorption-desorption

exper iment

As(IID)g o] &zhekzk AsL RFig. 3.404 BHE wvlel o] glove
box WA anoxic AEIZ Faslgl, As(V) Ado|A el SUst <
o BEFE AT, colum WO FAE AASI Hdd, =L
columel AL F AAL7|AZ A T SR, 285E 247
A= 6A1F &<F bubblingAlZl & As(III)
€42 NaAsOx(Aldrich)E 7HAaL REElem, HlAo sk 29.34

)]
=L

>
N
A
i)
rlr
ofo

2

mg/L(0.391mmol/L as As)o]At}. As(III) &2 A
9] £ 18.6C £2.3ColUt}t. columes T4 o= 299 (40mL)
0

S 0, 0.38, 0.75, 1.33, 1.77, 2.18, 2.67, 3.5, 4.0, 4.5, 5.0, 6.0,
7.0, 8.0, 9.0, 10, 13, 16, 22, 28, 34, 48A3F o) Z+z+ AH s+



A3l v 49 F w8 (speciation)E Tk, &Ne] pH(4-7)E =HslaL,
g0l W8 (AGI-X8, 100 to 200 mesh chloride form)Z ©]-&3&}o]
As(IID 9t As(V)E Festaitt. &dolAe F HlA skt &g
As(I1D), As(V)9] F=E AASE 747t A ).

As(II1) &Z o] steady-stateo] °]2HE v FIHY H|&H FAS
Zeg2 vpte] vlh g3 A9e AAEAT. columS FIE|A o
9 £A40mL)S 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
5.0, 6.0, 7.0, 8.0, 9.0, 10, 13, 16, 22, 28, 34, 48A]7+ Fof z}z}
AF AT, As(I11) &3 AjolA FdH = &9 422 20.0+2.
6CHTE. 7)ol A5 AR o]2]o] AL As(V) 223 A3 &

dstAl a3ttt

Glove box

Do
conductivi

(7))
Py

Peristaltic

ﬁ
As(Il) [Asm ]

Solution Tot al As

Fig. 3.4 Schematic diagram of As(III) adsorption-desorption

exper iment
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4. A3 2D a3
4.1 B9 B4 spel

111 AR Bestey 54
BT AHgE ARE A F AEA s A3 Aol

AFTE Frjoltt. tE sty A=a3atld S8 AdE Fa ARE

S gusit). gxmr] BEEXE A EW ) sand(53 pm<f<2mm)e] o]
79.1% A== 7F4 wdt)k. Silte gravelo] I t}2o]al, clay(f<2u

me ¥ 1.1%=2 7 AU, B Fo FE AHES quartz,

il

chlorite, kaolinite, jarosite, muscovite, pyrite®]il, H]A <}

32

=
29 Sh{-3k 4 &9l sphalerite, galena, arsenopyrite 5] 221y
o}, 3wl pHE 4.910]™ pHpgei= 5.05~5.620] A TH.

H 49 F2heR Ao AREE Zi3e B &3t 54
Table 4.2¢] WA, 4AA7]E diFE 53um ool om, 1-2%
Hrel Eoko] ojrtt zoqrh. ClayZb AHAgh= vl &2 0.16%= w5
oty F2o FE AES quartz, kaolinite, montmorillonite,
calcite, iron hydroxides®©]1t}. EUFS] pHiE 5.04°919, pHppes
4.4~4. 701}, ©] gk& kaolinite®] k(4.6~4.8)l 7MhE FAE B
ATt
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Table 4.1. Physical and chemical properties of mine tailings

mine tailings

Property Unit
Soil size distribution
Clay (<2um) %
Silt (<53 pum) %
Sand (<2mm) %
Gravel (>2mm) %
Water content %

Major minerals®

DO mg/L
pH’
Conductivity” uS/cm
CEC cmol/kg
pHpzc
TC mg/L
TIC ng/L
LOI ¢ %
Major anions”
F mg/L
Cl- mg/L
NO;~ mg/L
NO3~ mg/L
S04~ mg/L

1.1
14.6
79.1
5.2
14.3
Qz, Ch, Ka,
Ja, Mu, Py
3.01
4.91
1499
2.63
5.05-5.62
0.75
4.65
1.59

0.27

0.33

0.19

6.12
323.2

a: Qz: quartz, Ch: chlorite, Ka: kaolinite, Ja: jarosite,

Mu: muscovite Py: pyrite

b: measured in supernatant of soil suspension
(soil:solution=1:10 by mass)

c: Loss On Ignition
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Table 4.2. Physical and chemical properties of soil samples

Property Unit soil
Soil size distribution
Clay (K2 x¢m) % 0.16
Silt (<53 £m) % 1.7
Sand (K2mm) % 52.1
Gravel (>2mm) % 46.04
Water content % 4.9
Major minerals® Qz, Mo, Ka,
Ah, Th, Ca
pH® 5.04
Conductivity” 1« S/cm 43.1
CEC cmol/kg 8.93
pHpzc 4.4—-47
TC" mg/L 9.47
TOC” mg/L 5.84
LOI © % 2.84
Major anions”
F~ mg/L 0.17
Cl™ mg/L 0.81
NO3 mg/L 5.07
PO, mg/L 1.69
S04+ mg/L 8.18
Major cations”
Ca** mg/L 0.79
Mg** mg/L 0.85
Na* mg/L 0.47
K" mg/L 6.15
Metal content®
Fe wt. % 3.05
Mn mg/kg 295
Al wt.% 3.46

a: Qz: quartz, Mo: montmorillonite, Ka: kaolinite, Ah: aluminum hydroxide,
Th: iron hydroxide Ca: calcite,

b: measured in supernatant of soil suspension
(soil:solution=1:10 by mass)

c: Loss On Ignition

d: by total digestion
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112 F a5 TF

HNOs/Ho02/HC1 59 Z3Aks o] &g &ZH <l EPA 601073l ]3] Fm]o|

rE sud T IdFe AT Hae Fx(6835+122mg/ke

soiD7F w9 #okom Tl A d, ofd, UAY R Ut

(Table 4.3). I¥ES HA B FTa5H 29dA9ez & Iz ++&
[e]

Bt el

il
o

12o thste] 5,040mg/kg % E9|
w, Hol 2,800mg/kg, oFde]l 1,560mg/kgol ATHEF4, 2000). o] <}
s B g4k Foje]l o AErE wlg A 3498 & &

At

%o

Table 4.3 Total concentrations of arsenic and metals in mine
tailings

concentration(mg/kg soil)

As Cd Pb Cu Fe /n Ni Mn

6835 17.5 2805 145 | 32425 | 3205 220 | 14768
+122 | £0.1 £75 +1 P N +5 +138

4.1.3 vl slstd Agged
Bu ) Wl Sed AgAHY B¥s £ 6942 o707 Sanel
Van Herreweghe(2003)2] A&EFEHE o] &3l 4513},

woQlge] ALgE AP Yo

oF 529 2 7} =gom, H ZHFA e easily soluble
fraction(1STEP)¥} NH.F-extractable fraction(2STEP)S Z}Z} 0.21%<}

L.11%E YebATE. o= Frjdl g vA7F giid o AldS
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sptA 9l MHAZE Baghs omgity. AAgE A3 A= Table 4.4
o} Fig. 4.1 YeEbRAt
Table 4.4 Sequential fractions of arsenic in Jingok mine tailings
Fraction %

1STEP Easily soluble fraction 0.21

2STEP NH,F-extractable 1.11

3STEP NaOH-extractable fraction 29.63

ASTEP Reducible fraction 2.29

oSTEP Acid soluble fraction 13.96

6STEP Residual fraction 52.79
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Sequential Extraction Procedure (As)

100 | Il 6STEP
5STEP
00 | BB 4STEP
3STEP
80 - B 2STEP
I 1STEP
70 A p
60 - //
2 7
o\o50-
40 -
30 A
20 A
10 ~
0

Jingok

Fig. 4.1 Sequential fractions of arsenic in Jingok mine tailings
(1STEP:easily soluble fraction, 2STEP:NHF-extractable fraction, 3STEP:NaOH-
extractable fraction, 4STEP:reducible fraction, 5STEP:acid soluble fraction,
6STEP:residual fraction)
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4.2 EFAATIE o] &7 HA&e A

1.2.1 44 AAA 2 AA FE A4 49

2 Ao AWHE F A7ke] ARA D sRolA pHke Z4
o, ARAQ pHHE S Table 4.50] UERARITH 10744 A= o] plit
0.71%8 10.637}4 thFgAw 2k Aol 5w pi Aol =] ¢

k. Al 7FA] 4H(phosphoric acid, citric acid, oxalic acid)®] pH&
Al 7 Feol A BE 2 olstoldtt. 1 FolA oxalic acid®] pH7F
7} 9E9kti(0.71-1.17).  potassium phosphate, sodium citrate,
ammonium acetate, ammonium oxalate®} #2 99 pHiE 5.22-8.93°] %]
31, sodium metabisulfite®] pHi= 3.14-3.48°]31t}. Hydroxylamine<]
pHE 7H¢ ¥94th(9.59-10.63). 2 Ao A thdeh pHel AlA NS A}
|As W vie TEEHY fa Axs EeA AL

Aoz HAT.

o2 -1
o%
o
gi:2

& EY

ol

[

Fig. 4.2% =¥ A543 A3 s LJeld F1o =2 4A|7HE9F A
3t Ayl vhe) giF-Ee] TEE] tiske] AFHE o] vlaE A e

W M A A= phosphoric acid, citric acid, oxalic acid, sodium

il

metabisulfite$ith.

Phosphoric acide As(~65%), Cd(~100%), Zn(~60%)°l = 3}=o]]o
H, citric acide Cd(~80%), Pb(~51%)cl wid &=&o] E¢oH,
oxalic acidi= As(~72%)Rt ofzh, Cd(~80%), Pb(~65%), Cu(~89%),
In(~76%) 3 22 FaEel s =& AFH Z&S e Sodium
metabisulfite:x Cd(~100%), Ni(~68%)°] Hd] *& &S YA,
Sk, Fe> 1M phosphoric acid®} oxalic acidollA M aso] 74zt

40.7%, 54.1%% Th B oFo] $&Ho] upghon] 1 9] grite] A
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HAA o A+= 10% Tgte] S AT}, Mne Aol oxalic acidolA]
96.7%7+A] Al &8-S YEFHA ™ sodium metabisulfiteo] A% 99.8%

o] F2 AHasEs HeERAT.
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Table 4.5. pHs of solutions after the soil washing for 4h and 8h

Washing reagents Conc. bt

(M) initial after 4h after 8h

0.25 1.46 1.43 1.40

Phosphoric acid 0.50 1.17 1.32 1.33

1.00 0.88 1.10 1.22

0.25 8.77 8.71 8.73

Potassium phosphate| 0.50 8.79 8.91 8.84

1.00 8.93 8.98 8.95

0.25 8.32 7.98 7.97

Sodium citrate 0.50 8.34 8.12 8.06

1.00 8.44 8.25 8.20

0.25 1.94 1.90 1.93

Citric acid 0.50 1.63 1.75 1.71

1.00 1.37 1.48 1.53

0.25 6.95 6.83 6.81

Ammonium acetate 0.50 6.99 6.96 6.95

1.00 7.13 7.07 6.98

0.09 5.22 5.86 6.78

Ammonium oxalate 0.18 5.38 7.16 7.18

0.35 SR 6.32 6.99

0.25 1.17 1.16 1.12

Oxalic acid 0.50 0.86 1.03 0.99

1.00 0.71 0.80 0.92

0.25 9.59 9.42 9.41

Hydroxylamine 0.50 10.30 10.06 10.19

1.00 10.63 10.42 10.45

- 5.70 6.07 6.08

Water - 5.63 6.18 6.01

- 5.63 6.63 6.40

0.25 3.48 3.38 2.77

Sodium metabisulfite | 0.50 3.31 3.35 3.45

1.00 3.14 3.98 3.66
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(a) (b)
_—0.25M _— 0.25M
100 = 05M 100 4 —rry
90 4 = 1M 90 4 M
S 804 T 804
5 5
g 704 2 704
I} @
£ 60 £ 60
© 5
g 501 3 50
3 3
£ 404 £ 40
° 2
2 30 g 0
204 20
I | Hl | [l
0 . IHI LI T . . - - . 0 . . . . I . . IH IH
S S2 S3 sS4 S5 S6 ST S8 SS9 sl0 S1 s2 S3 sS4 S5 S6 ST S8 SO sl0
(© (d)
100 - - 0.25M 100 4 - 0.25M
1 05M [—_d
90 . 1M 90 = 1M
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Fig. 4.2. Removal efficiency of arsenic and heavy metals according

to the washing reagent at three concentrations(Sl:phosphoric acid, $2:
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Fig. 4.4. Removal efficiency of arsenic and heavy metals according

to the washing period(Sl:phosphoric acid S4:citric acid, S7:oxalic acid,
S10:sodium metabisulfite)
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single and mixed washing reagents(Sl: phosphoric acid, S4: citric acid,
S7: oxalic acid, MR-A: phosphoric acid + oxalic acid, MR-B: phosphoric acid +
citric acid, MR-C: citric acid + oxalic acid)
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Table 4.6. Variations of concentrations of arsenic and heavy
metals in wastewater with time after the soil washing

supernatant supernatant supernatant supernatant

unit
(initial) (after 2day) (after 4day) (after 30day)
As mg/L  259.59 256.15 250.88 180.94
Cu mg/L  2.93 1.52 0.22 0.16
Cd mg/L  0.42 0.33 0.16 0.05
Pb mg/L  14.80 10.56 4.89 2.42
/n mg/L  65.80 18.08 0.44 0.14
Fe mg/L  628.70 546.80 489.50 52.00
Mn mg/L  398.2 348.6 280.8 108.8
Precipitation
100 A M N 2day
90 A I ——
80
70 -
@ M
T 60 1 q
T 50 -
o
€ 40 -
[
T 30 -
20
I I
0 'm T T T T T

As Cu Cd Pb Zn Fe Mn

Fig. 4.6. Removal rates of arsenic and heavy metals in wastewater
without treatment
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Table 4.7. pHs of soils after the stabilization according to the

concentration of calcium phosphate

0.1wt% 0.5wt% 1.0wt% 10wt%

CaHPO,4 CaHPO4 CaHPO, CaHPO4
7day 4.34 4.52 4.72 5.85
l4day 4.73 4.63 4.70 5.71

Table 4.8. Concentrations of arsenic and heavy metals in solution

after TCLP
0.1wt% 0.5wt% 1.0wt% 10wt%
Regulatory | 4 1po, CaHPO, CaHPO, CaHPO,
level 7day |l4day| 7day | l4day | 7day | l4day| 7day | 1l4day
unit| mg/L mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mg/L
As 5.0 0.39 | 0.26 | 0.75 | 0.51 | 0.91 | 0.75 | 2.95 | 1.94
Cd 1.0 0.05 | 0.04 | 0.04 | 0.04 | 0.04 | 0.03 | 0.02 | 0.02
Cu - 0.29 | 0.25 | 0.24 | 0.24 | 0.21 | 0.22 | 0.07 | 0.04
Pb 5.0 16.04 | 15.2 | 14.67 | 12.50 | 8.98 | 10.54 | 0.26 | 0.27
Zn - 7.08 | 6.64 | 5.79 | 541 | 454 | 4.29 | 0.80 | 0.25
Table 4.9. Efficiency of stabilization for arsenic and heavy
metals
0.1wt% 0.5wt% 1.0wt% 10wt%
CaHPOy4 CaHPOy4 CaHPO4 CaHPO4
7day | l4day | 7day | l4day | 7day | ld4day | 7day | ldday
unit % % % % % % % %
As 99.1 994 98.2 98.8 97.9 98.2 93.1 95.4
Cd 67.7 74.2 74.2 74.2 74.2 80.7 87.1 87.1
Cu 85.0 88.1 87.6 89.1 88.4 90.2 96.4 97.9
Pb 84.1 84.9 85.5 7.6 93.1 89.5 99.7 99.7
Zn 82.9 84.0 86.1 84.6 84.2 84.8 93.3 99.4
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