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Bioleaching of Heavy Metals from Shooting Range Soil Using a Sulfur-
Oxidizing Bacteria Acidithiobacillus thiooxidans
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Applicability of bioleaching techniques using a sulfur-oxidizing bacteria, Acidithiobacillus thiooxidans, for remedia-
tion of shooting range soil contaminated with toxic heavy metals was investigated. The effects of sulfur concentration,
the amount of bacterial inoculum and operation temperature on the efficiency of heavy metal solubilization were exam-
ined as well. As sulfur concentration and the amount of bacterial inoculum increased, the solubilization efficiency
slightly increased; however, significant decrease of heavy metal extraction was observed with no addition of sulfur or
bacterial inoculum. Bacteria solubilized the higher amount of heavy metals at 26°C than 4°C. Lead showed the high-
est removal amount from the contaminated soil but the lowest removal efficiency when compared with Zn, Cu and
Cr. It was likely due to formation of insoluble PbSO,, as precipitate or colioidal suspension. Sequential extraction
of the microbially treated soil revealed that the proportion of readily extractable phases of Zn, Cu and Cr increased
by bacterial leaching, and thus additional treatment or optimization of operation conditions such as leaching time
were required for safe reuse of the soil. Bioleaching appeared to be a useful strategy for remediation of shooting
range soil contaminated with heavy metals, and various operating conditions including concentration of sulfur input,
inoculum volume of bacteria, and operation temperature exerted significant influence on bioleaching efficiency.
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1. M 2
SUolle TEL & AREAe] slont, ARl )

25T LEEZY R EY 2 X3y 294
9 A gk A7e =EA Hass Aotk (Park
et al., 2008). dutd oz AlAAA AAAE A
Bo] &5 LUEHS BF 2 Hyd AREE
o535 ka2t Jenkins et al, 1998). A%
EGLEE oVIshe S35 Mk €59 AF
3 7 5o w2t b2 o & B, &F APEA
AMe F8 R SIEEA o 290] 71 Htst
tHMinistry of National Defence Republic of Korea,
2002). & Q1% %L P ZA AAE FEE 5
shtEH AEg ol Ao =AWz, A
A, As P LT ¢ Uk Holl =2HEe A=
< W ok ol 4" 3], 24, &, EY
w12 FH 2 HHAE = 4 Sk HEA Held
= A9 o|F3A] FomH, AEL ol o3 wolg, o
4R, B 715 5ol AE Wtk (Wierzbicka,
1999).

ot 7] ool visl EY 29L A
Y= Bflol] Ag=e 7|7t oW AlYL Hew
SRR FFE At 0HE EYS AdA g3
FA 2 A AR 3 BA7|e A2 ulg oY
ok ARl Fa4 A e 31eky Ay, 8
g5 A3t 9 FEY 52 E 5 Aok Nourbakhsh ef
al., 1994).

& e F SUEN EYoRRE 54 ?:‘—'—
£ 8Z(leaching)dl] AAs We] Ut £&H
L2EE EY 2 HAE FOo2RH 29858 *ﬂﬂﬂw
EH7|eR 198249 oF Jeslslo] frEdFt 5o

A Sl A H-8=le] $ividskandar, 2001).
| dig z“:‘*‘«l gL BETe A Felol

% Pﬁ}ﬂl Y W] o] EYeRiY SEEE
T ol 23 S8 AHAE AMES T FARE

AAE S 5286 9 AH UKo
al, 2004). 2Eh} B8 §3He FH7} ol Ae
93 334 2% 919 A% §2 54 3o
she 5 o] oJelsH Be P9 ouixE B
Ht, w3 WYz $359 85 Bl UES
2g Wt oije B4 $AEe] A4EE B
o] JH(Tyagi and Couillard, 1989). H= Sof o]g]
& oH g4e) FA4L RIS U & 3

= 72 nAgEsy *H (microbial leaching,

bioleaching)e] A¢tE . At}

m A EEH G-E&olA =3t S8 AL
== vtelglols Acidithiobacillus ferrooxidans, Lep-
tospirillum ferrooxidans S-2 AXIsWEZ A thivoxidans
59 Felade & 4 Aok Mufoz ef al., 1995;
D’Hughes et al., 1997; Dew et al., 1998; Dastidar
et al., 2000). L Z 19223 Waksman=} Joffeol] <]sh
2] wjokd A thiooxidans(Waksman and Joffe, 1922)
© 37 BN BPshe ESUEGToE o B

240
r=

2 B8 YRR ASA Yol Lo oix)
& A, A ey HH°J°“-4 pHE 1~1571A] &
ZtHRulkens, 1995). o] o] TH50| AL & 5
gEEYH 242 §adtd £a8 2do Hr
(Egs. 1-2).
So+H20+3/202—"H2504 Eq. 1
H,S50,4+Soils-Me— Soil-2H+MeS0Q, Eq 2
(Me: metals)
FEECE 09 EY, FAE, £EXE ez

g HAEER §&d B AFEE 3 SR GA
u 2T &S o83 FES FHle ¥3k(Chen
et al., 2005), BFENA SF&e mjAESy 2=
(Chen and Lin, 2000), #A &3t n] &5 A g

St 38% A WA= 9L o dl, 2007),
AAH Sekrol ofa) PaY 4 AYzyE B

skl A ferrooxidanss 183 ks £&(Lee of
al., 2005), 3 €A ZHE Pb, Zn, Cu, Cd, Ni
5o FE5 88 d7(ang e dl, 2002) 59 AT
So] #E v ot 28y FEE50Z 09" &Y
o AAF ¥R BEgg didez 3 vigEste g2
o et A7E A9 ¥ vl gl AAo )
e SERe S5 £EWe] EAES B
A3l tigte g mesw gJon tiekdlh mjzler F

FHg IRYoR BEUEZ BE BRI FEES

e AR EYME g9FHo s S548 45
T £ Ug Ao ZidEr). o] dFoMe FY &
AAZ BEgE o s 3l A thiooxidansE
o] g3k ”l*@ﬁﬁ}x—‘? |EH A8 7S 493
2 AEsSIAL o] uf n|AESH &4y vAs o
7EA F8. =9 gkl s selsty Flon,
olF F3lo] A Bl uig BAlFelL a8&49
2] Wt F9e) 7R 28 E AFsizAl s
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2. WYY

2.1, NEH ¥ 5tEHEY

el A8 B AlEe A7E gEA Ao
AT Aok AFEANA AFEAT. At AR
A & AR AMEENCH 400 m? TFE9] BA||
ZAugat Abd FAHA 5ol k. A A &9
Ha A geow AR AFH TN AEF U PR=
FE 52 99 itk EY AEE AHEE §A
W A ¥z 89 S ez AfH s

AHE ANEE AAAZE A7) F 80 mesh(F 7
0.18 mm) A& ol§3te] HA(sieving) ATh °| F
<0.18 mm Y=o EUYE 3l pHE A3k 4
sl & Pb, Zn, Cu, Cd, Ni, Cr, As 2 Fed] EY
W AgEke 24t w8 S840 24 HelE
@] Y3l AR EYS UFOE Jung(1994)0] At
3 e 93 A45ES TASATH(Tible 1). 9%
F22 B oy 74 FEI fMuEe 345 94
o] Jid As Al7iel EsieE 7 sl o
WA 4= 9le ARE sshibgol A3 ARG
AF3 Fal e FEd olFEel HH3t A

i

Table 1. Method for the sequential extraction

BE A Z3cH(Tessier et al., 1979).

2.2, A thiooxidans HH 2F

o] 3ol Ag-g sl A thiooxidans(ATCC
8085)= American Type Culture Collectionor] £
vokt}, A, thivoxidanst medium 12501 3H(sulfur)S
A7kl ajefsision vigle]l 2438 ohEat Zith

@ Medium 125: (NH,,SO, 0.2 g, MgS0O,7H,0

0.5g, CaCl; 0.25¢g, KH,PO, 3 g, FeSO47H,0
0.0091 g, SF 1000 mL

@ 94 %

U AE WS 1.0g9] 5 #E 250 mL EkA3
ekl & whE7 | autoclave)lld] 329l A 100°C,
3089 2702 H#sty ool e medium 125
djel 100 mL "RAES HE3e] wjdstart. vl
ZL 26°C ¢} 37143 @730A wideien dHlE]
ole] @Axx pHE &7sle] HAetsiqct

23. 2824 E&54H
9% A 159 medium 125 8<% 300 mLS ¥
o £ (slurry)E® %3 ¥ A thiooxidans 18 mL

Extraction step Extractants

Reaction time

Fractions

1 step 0.5M MgCl, (pH7) IS min (vortex)  Exchangeable fraction
2 step 1M NaOAc (pH 5) Sh (vortex) Fraction bound to carbonate or specially
adsorbed fraction
3 step HOAc 25% in 0.04 M NH,OH-HC] 6h (96°C) Fraction bound to Fe-Mn oxide
4 step 0.02 M HNO;,, 2 h (85°C), Fraction bound to organic and sulfides
30% H,0, (pH 2), 3h (85°C)
20% HNOj; in 3.2 M NH,;0Ac 30 min (vortex)
5 step HF, HCIO,, HNO, 9h (90°C), Residual fraction
3h (140°C),

10h (190°C)

Table 2. Experimental condition of the batch tests

Set  Soil Medium Sulfur (w/v) Inoculum (v/v) Temperature

A 0% (0g) A. thiooxidans 6% (18 mL)

B Medium 125 1% (3 g) A. thiooxidans 6% (18 mL) o
15g . 26°C

C (300 mL) 2% (6 g) A. thivoxidans 6% (18 mL)

D 5% (15 g) A. thiooxidans 6% (18 mL)

E 1% (g A. thiooxidans 2% (6 mL) 26°C

F I5g Medium 125 1% (3 g) A. thiooxidans 18% (54 mL) 26°C

G (300 mL) 1% (3 g A. thiooxidans 6% (18 mL) 4°C

H 1% 3 g A. thiooxidans 0% (Deionized water 18 mL) 26°C
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ro

& HEY vdE MBS Ead SR 18mLe ¥

B HEES FUE zdoN 7z 0, 3, 6, 15g9
3}e FUskd 45 AES IYIHTh =5 270
o

A thicoxidans®) FUY%FE 6mL, 18mL, 54mLE
2743 A87E 2ASATHTable 2). o139 432
26°C, 150rpme] ZA02 APson, F24479]
A. thivoxidans®] AR QlolA] &9 2AE &
o] $J3lA] 1% AT Qo HE= 4°CoN &
Z AYL AYslo) 2k WE YA 42 &
£2 It ZE AP FEAEES ANER
E%E 10 mesh(37 2mm) ©]3e] R-& ARt
%7] pHe 22 A3 &5 4% 3HEH A
thiooxidans= 3713 270X 45 F<t ulgst A
< AMSSHATH

Ado] FAEE T A A7 A= wkg
7] el 8dg A3 pH, & Fe?t 2 3
Fe, Pb, Zn, Cu, Cd, Ni, Cr, As &g =33t
T3 uke 8§ 7F 87] Uiy A5AE AR &
e ESS 3l Ad AxAAY 7 Iy
Ege oA gisisld a5 e
19 de] 2% gt vt
FE2E AAEk] 8E4E M Fo| FAEARE
Lae] A Z2FA7] 2 f5 3
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¢

>

b

ft
0
;ﬂﬂ.
rﬂ—:r

¢
4

i

5
i

i
o

4 8
i

S

&
b

\, e

Oy

o i

24, 244y

ghE 87] WellA HHE 89 A8 pHe= Orion
720A pH metere] €23 Thermo Orion 9135AP A
& ol &3l 43I o] W) A3 calibration
pH 7.00 2 4.019] B3 9% pH 4L o]&3l] &

R - olFe - 295 - A9 - 993 - A3 - AEd

elch. £F Fe?*e ferrozine W (Stookey, 1970)&
ol&5le] A% & UV-vis(Shimadzu, UV-MINI-1240)
E °]%, 562 nm T4 ST £29 F Fe,
Pb, Zn, Cu, Cd, Ni, Cr, As ¥=e FFaslr|=4d
3 EA e 9] ICP-OES(Optima 5300 DV)E o83}
o E43t9t.

3. @ ¥ E9

31 A% Exel B2lEEy 54

Agol ARgSH A A B Eelgsty 54
<& 2AVE A3}, pHE 54724 RHlEY £33 E
o] At AZElA] e Roz AT S
g 53 39S AT ESF W F85 §Fe P
7F 1,927 mgkgl Z 71} 901 ol Bowen(1979)
ol AAg dut B | Wit TFH35mgky 2
Kloke(1979)7F A|A1st Ho&-2-31A17H100 mg/kg)ell B
3l i =& FolATHTable 3). ol tIF-E A}
Ao Ao} o] A AMH &Fol] o EW W) 2F
& B 5ol o] A9 FE oHHUoZ 28] o
wolth, Pb oj9jol= Cu &3] EF W B o
(30 mgkgel W3l T U 184 mgkgo 2 e}
$om Zn $¥H(115mgke) GA EF W B T
(90 mg/kg)ell HIgk ohd =4 UERgt). o) Cu ¥
Zno] ©r9e] FA fholn AUk gy gFEo
ol B Wrpg o2 AA] Bl R3] o
Folt}. ©)E2 A3 Nigt Cre) e E Ul 3
o FFET 54 ogton Asot Cde FXHAETA
o3tz A #=Art.

E9 949919 Pb, Zn, Cudt 28 F3&L oA
7t 46 mgkge) FHS 7H Croll Wsle G452
AN BTt AR Eoke] FH o ddel Pbel AL

D37 FelRE AFE UK 324 X
o] URL 2 F oFo] Lol AEA] 3] ol &
7Fedt FEll 1~-394 & ezt AAY 75.6%=
XL UYTHFE 1). Znel A%, FEE o

Table 3. Concentration of heavy metals extracted with the aqua regia digestion in the shooting range soil (units: mg/kg, nd:

not determined)

Metals Fe(%) Pb Zn Cu Cd Ni Cr As
Concentrations 44 1,927 115 184 nd 12 46 nd
Average level" 35 90 30 0.3s 50 70 6
Tolerable level” 100 300 100 3 50 100 20

DBowen, 1979, PKloke, 1979
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Fig. 1. Sequential extraction of the soil sample before
bioleaching. Step I: Exchangeable fraction. Step II: Fraction
bound to carbonate or specially adsorbed fraction. Step III:
Fraction bound to Fe-Mn oxide. Step IV: Fraction bound to
organic and sulfides. Step V: Residual fraction.

Hlgo] A9 624%E A 1~3 ©A 2
B2 27.0%7F EABIAT Cudl AL 9A] 25
Helrt AR 463%=2H 7P B FRS A8
1~3 B4 & Felv 35.9%24 Znd wjstd tia
=9kt Cre] AS, £&57] ofHe AFE Fe v
&l 94.7%=2H Ao FE-S AAET Uk AA)
o PhE A9 FIFEEL 4257 olde ¥
£ wa e, Phe] Apofut ojFo] Lol Fe)
FE ZAFE Fezx] 28 EXE HH

_E‘.FIHU o

32. 5834 & MH

32.1. pH W3}

Table 29} 7o) tdgt 2AoA mAEsHy 85
AYE AYsle B¢ #1302 dkg 47 U] £
< AFsle] pHE ZAst)

EAES 0%, 1%, 2%, 5%= A8k 3 3
o WE rAEs &5 A¥L MYPS A B, C
ZZ(Table 2 ZHZ)lA pH W3S AlyyH 38 4
AT & A 279 A% Azbe] g w2
71o) 2733t pH 26 ®|dted pH7} HAF F7H8he A
o2 ERISSChFg. 2(). W I F] g Yo
£ B, C, D 279 7% H3¥o] 7= < pHot
A&Ro7 74l 2590 AFAENE we)e pH
0.67F<] "GolATh. o= A thisoxidanss FES 7%
Fikelte] dAEE-S sixe 3o) vt=a] "Hast
< Yepih Ay A& F gdo] AR wizx] A4
g2 &8 Y% D F404 pH 4t 7 g
g0} oF 10d0] ZAASHARE B, C HAME
A pH k& vepilch

o o

o

30
25 |
20

I 15
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05 |
0.0 ' : ' ' :

Time (days)
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25 M‘\.
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~&--B ~
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Fig. 2. Variations in pH affected by (a) sulfur concentration,
(b) microbial inoculum amount and (c) temperature over
time. Refer to Table 2 for experimental conditions of A~H
sets.

F FE 1% S FY8k A thivoxidans)
AESS 42 6%, 2%, 18%, 0%& %43 B, E,
E H z70A2] pH ¥slE duud, 7% &2 A
thiooxidans® HES F 27(18%)9 7% e 3%
7P e pHE H3lom 8de] AAsINe o pH
0.839] & vJePATHFig. 2(b). AT 108e] =5t
™ B Z7(6%)7F vl pH ¥t Fdg HiloH
AY 5 AN F 27 25 pH 0.78 Yelith
271 2%2] MAEE FHES E 24 48 0
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Yz - olEe -

§9 Bs F 270] ulsje] Hujos e pHE U
ot Alzte] ATl 1 2ol R pdshe
4e Bglow 25do] AAHUS W pH 092 2%
Hoieh. Teht AABS BEHA 2 WwAEY H
27 A% Azke] Z3kgel wet pHrt Z7ek
Ae HelomM F7HQl Taol P AuN 27]
of 2 FaolLo] ARHT UL T ULk

ewo) mE TR §2 48 AW BY G

27908 3 F 1%, A thicoxidans 27) A%
6%2 YA deiolM 8 225 26°C, 4°CE 7}

7 gesidet. ol Mg 8% /He e 2
Ao] 7H53 Hh3-Z(reactor) 5ol FHSIA] FL @
g A4l A AL A FENE £5 &
7t JeleA 9 o5 stetsbr] 913 Zolinh 4
3 73, B 2Z¢ME Aol Ay=E B9 pHrt
A&RoZ 7rrEgon) £CoHA AP G 2AY
7% pH ¥/t A vehA ol 2271 A
thivoxidans®] UM & HFE nXe ZAoE &
S A CHFig. 2(c)).

w

22. S84 5% W3l
71 & B2 0%, 1%, 2%, 5%=

I

243}

I - A - WG -

10

Pb (mgiL)
<D 3% - (=)} [we]

Time (days)
20

D S

10 | oA —aB

~4—C @D

Cu(mgil)

Time (days)

Ay - 2Ee

334 83 499 1St B¢ FUHA g
A SHHE 3% FUT B-D 22f wiled 3
S e YBel FREl 859 o= Ushon)

(Fig. 3) ol% Fig. 2014 Yehd pH Zta H3a=
YXsh= o]t

Pbe] A%, 25¢ AN 2%>1%>5%2 F T
ToZ £&%o] Egto e Bt A 27 7
S5 Aort A BAEA LtchFig. 3(@). ¥ 7t
2 71893 Ade BEY 5 EAske Ph el
Cu % Zn ol st 108 ol =31 2 &4 &
HE & F3& Histe 474 §&0] 7Fed séEH
Heoz Brslal &9 Pb o] Wi Wkt
o}, 5%°] &g FYHAS A4S 259 AHHAE
9 Pbe 62mgkgd &7 €3 W, Cue
134 mg/kge] £EHA}. ol Fitelte AL
2 Q)] A0 )eE AslE & 225 Y
Pp?t 0|3} A¥sle] f3lert vlg e PhSOy S
FAE97) dEoE Aogd, 38 FYR B A
Sof ¥l3le] Phe] £&F0] gouZ nAETH 85
719l &3k £98 JepriE s, o 4t
Ppel A% StslEg ol &3k 8Ee HE3E o
e ZEEAYE & JHEN SE2HA ¥ES

Zn{mg/L)

(d)

Cr(mgfl)

o T ot Ctind ¢ e
0 5 10 15 20 25

Time (days)

Fig. 3. Variations in the extracted (a) Pb, (b) Zn, (c) Cu and (d) Cr affected by sulfur concentration over time. Refer to Table

2 for experimental conditions of A~D sets.
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vepdct, o] w Pbe] A TE-E PbSO.yel Helst
AREQA] e FRo|=QIR] AR FF Aol
Znd} Cue] 829 9o 5%¢} e 73 D =74
NN 4z 1%} 2%2) g Hol& Bet C 27AxT)
Aoz & 8232 UepltkFg 30), ©).
1%% 2%°] ¥1&E IS FYs 24 Aol 45
Fol zpo|7t AA] At ol ¢ B e FFY
o we} gttt E5o] AujHos gasly Znz
Cud] §&o| &dd] F3d Aoz Jogn, v 3
£ T3 &2 A 279 AR AYe] £5E w7}
A Zn 1.0mgkg, Cu 15mgkgel W& &8 1
o Fdshte] tirlERgo] Yk uAESH §E0)
AR ofs 202 et o] AydMe F
A =7 skl 7P B T 3 FUdE o
M we 245 88 488 29t oy o9
EY ARl IS Folge g iislae) g48 2
7RI & W R ushge 38 e A
2 oAH FAE 2 rlsdo] Atk v e
B3=rt wi- Hormg Fushte & Yl Fas
F A7 g A3AzI o] o) 7] & U
© IR BS9S] s HEg FAE A

(C) | -O>-B —8—FE —&F -@-H |

Cu{mglL)

0 5 10 15 20 25

Time (days)

opEt A Egke) AstE A&Hom [uE
UTHChen and Lin, 2009). wi2kA Abde) A ohAt
EQ s A4 & 208 g5 s AXEe
FHge] Ha g Aot} W (Cre] &34 oAM= 7}
B g FYS D 2HoA w2 £35S 2Y
AT B ® C &20M vehbs Cr £33 & X%
o]& RHolx| UrhFig. 3(d).

2] BY el EAjshe B4 3uslre] 24931
ofH& A% U¥HoR FIstS FTF3R= bioaug-
mentationg F3edof & Zlo|t}, o] wf AR Aol
AL MAE BYHEE sk Aol Fas o
A o] AeME 2 uAE FEd W &5
284 #FsA.

HAAE TPl W Pve] €& A, A thivoxidans
T F 27 59 7he AT e £28] v
gt 5do] At vAE 27| FUF 6%
2l B 2744 Pb &Fc] 7FY &23] U
(Fig. 4@). 28 2719 /M & £E39E BJA E %
AFEEF 2%rIHE 1080] A7slH8A Phe] 82%
o] $73] Friste] 25¢el AFstH e wW B 219
BET & A0|E Holx] Uttt A thicoxidansE

20
()| ~>-B WE —aF ~0-H
15
)
S 1.0
£
[
N g5
0.0
Time (days)
08
(d) | B -—8E-&aF -6H

Cr{mgll)

] 5 10 15 20 25
Time (days)

Fig. 4. Variations in the extracted (a) Pb, (b) Zn, (c) Cu and (d) Cr affected by the initial bacterial inoculum over time. Refer

to Table 2 for experimental conditions of A~D sets.



464 Ria B o A

re MmAE H 28e b91 8Fol vl
SFhHT A7) AT PbSOy, WS B

820) 7191 U Yich. OE FREAME o
BEL AFH) Qe A BIE 1Y R §5
B BYow ot AT oY B e £5 345

9] EAFo] F3] pw s verATth(Fig. 4(b)~(d).
£3] Zn# Cul A, 7] nBE JEF 2%9] =
AdqM =z 25¢ 7 Folle W =& EEHFE B
ZA717ve) A 717 2 njAEo] 83| AR &
T °“iiﬂ} a3 vk 271 oF 107K 7P &
UAE JEF 2A(18%R! F 244AM 7P =&
Eir BPong w7kl o EYE Agsior &
ol sl HETHE FME 2ot de A

e

3

FN

@ 23 747 26°Cs} 4C
Ag el exol BE WAL 85 D88

oIt st 2

i

6}251‘:}(F1g 5(a)~ (d)). ]t

Age] Al A thzooxzdansﬂ 224 (mesophilic)
02 ¢F 26~30°Ce) 257k Al 7 s o
(@) R ————
6 | g
-) A
g 4
£
2 B
-G
0 | 1 13 ] 1
0 5 10 15 20 25

Cu(mgil)

0 5 10 15 20 25
Time (days)

3 - 1Y

- 7 - AEd

}Oll

o ArHez Yo 4°C 2R e thAlES &
i3] &4 %f& Azolr}, gref FAEFE o83}
2 Aol DA sitw) 8F 7IsL A83
Hd 257} ‘;@}XE %a A= f“ﬁ—a— FAEAY E
= 3ee = A L1

1ol B3 g3ty 7

'

3.2.3. PbSO, A
s} Wi 99l FYS Thae) ol tlgEed
oJs) SO = A5E F 850 e Pr2tsl A%
310 2849 PhSO,wE fé!du&i'%i Pbe] £ %

£L U3 Ze 9 A 2aE v kel E £9,
Chen and Lin, 2009). El~— 543 ﬂlm}ﬁa o
BaR]E o]H3k Phe) e £&F G828 oA &

3 wie} 7o) o] ATOINE Uehsieh. aeht o 4
oMt 7o) pHrt 1 olst2 ke A 27
M kel sl ekl SO Hrke HSO, ¥
7k $HBER PhSOyyt PEH 0= FEHEA ] )
3l 8lolo] Rt A EG 2o FAE HAE

o Y& HHH BB ofel e AYoluz Py

HlojE o] 2o 7123 27884 speciation Z271
20
(b)
ol S
) P
910 | o -
: & <
C ,.u
S 05 |y e
—a
00 | | | | I
0 5 10 15 20 -
Time (days)
08
(d) _
06 - =
A S P —1
g S e e =4
g ﬁ
02 Lk /gﬂ
.'/
00 g —u g -5 ——8—u
0 5 10 15 20 "
Time (days)

Fig. 5. Variations in the extracted (a) Pb, (b) Zn, (c) Cu and (d) Cr affected by temperature over time. Refer to Table 2 for

experimental conditions of A~D sets.
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Table 4. Heavy metal solubilization (%) from the studied soil and enrichment factor of the heavy metals in colloidal

suspension

S Heavy metal solubilization? (%) Enrichment factor in colloidal suspension®

et
Pb Zn Cu Cr Pb Zn Cu Cr Fe
A (S 0%, bacteria 6%, 26°C) -19.8 38.1 23 11.2 1.6 1.0 1.1 1.0 1.4
B (S 1%, bacteria 6%, 26°C) 44.4 72.4 76.5 68.5 25 0.9 0.8 1.1 1.5
C (S 2%, bacteria 6%, 26°C) 53.5 83.6 84.5 82.7 2.0 1.2 1.0 1.3 1.4
D (S 5%, bacteria 6%, 26°C) 63.3 92.0 86.0 38.8 4.0 2.7 1.7 23 2.8
E (S 1%, bacteria 2%, 26°C) 50.0 794 80.6 713 25 1.4 1.1 1.4 1.7
F (S 1%, bacteria 18%, 26°C) 46.1 81.6 81.1 72.4 2.7 1.2 0.8 1.3 1.6
G (S 1%, bacteria 6%, 4°C) 373 65.6 64.7 50.1 1.2 1.0 0.8 0.8 1.1
H (S 1%, bacteria 0%, 26°C) 21.9 62.9 394 47.7 22 1.6 1.5 14 1.8

DHeavy metal solubilization (%)=(Reduced concentration/The original concentration in the pre—treated soil)x100 (%)
DEnrichment factor=Concentration in colloidal suspension/Concentration in the treated soil
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Fig. 7. Sequential extraction of the soil sample after bioleaching for (a) Pb, (b) Zn, (c) Cu and (d) Cr. Refer to Table 2 for
experimental conditions of A~H sets. The set I is the result for the initial, pre-treated soil which was included for
comparison. Step I: Exchangeable fraction. Step II: Fraction bound to carbonate or specially adsorbed fraction. Step III:
Fraction bound to Fe-Mn oxide. Step I'V: Fraction bound to organic and sulfides. Step V: Residual fraction.
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