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Abstract

The characteristics of attachment and bioleaching for

pyrite surface by indigenous acidophilic bacteria

By Cho, Kang Hee
Adv. Prof. : Park, Cheon Young, Ph.D.
Dept. of Energy Resource Engineering

Graduate School of Chosun University

This study is to investigate the bioleaching of pyrite using indigenous
acidophilic bacteria from the acid mine drainage. SEM was used to identify the
morphology of the indigenous acidophilic bacteria and the corroded pyrite
surface. When the indigenous bacteria oxidized the pyrite, the extracellular
polymeric substance(EPS) was formed and coated surface of pyrite grain. The
formation of the EPS was probably secreted by the indigenous bacteria and the
EPS contributed to the bio—film function. In the EDS analysis, the elements C,
O, P, S, K and Fe were detected in the EPS. Numerous indigenous bacteria of
which size range between 1.19 to 142 pm were attached along the cracks on the
pyrite surface. These bacteria are able to actively select the sites from which is
most ease to gain energy through oxidation. On the pyrite-leaching medium, the
pH values were higher in the bacterial sample than the control sample, whereas
the Eh values were lower in the bacteria sample than in the control sample.
Because the indigenous acidophilic bacteria were capable of bioleaching the
pyrite. The Zn content in the pyrite-leaching medium decreased with an

increase in the pulp density.
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AF-Eo] o]Fojx gt (Murr and Berry, 1976; Shrihari et al., 1991; Ohmura et
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1978; Bennett and Tributsch, 1978; Edwards et al., 2001).
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2-2. AA-n|ekal A

EZ dg oyt wgd  AA-ugd(growth-medium) /2 basal salt®}
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Table. 1. The subculture for indigenous acidophilic bacteria in the

growth-medium at 32C

Subculture 1 2 3 4 5
N 0 Eh 0 Eh 0 Eh 0 Eh 0 Eh
ame
PP ey P @y P ey P @y P v
Hwasun
1.87 501 2.03 520 2.04 486 2.02 492 2.04 296
AMD
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el 2ol 7 SRl Al w = Adog-n) kool deojvk= pH, Eh B /HAlIF
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Fig. 2-1. Polarization microscope (magnification x300) analysis image of pyrite

sample(Ch; Chalcopyrite, G; Galena, Py; Pyrite, Q; Quartz).
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Fig. 2-2. X-ray diffraction patterns of pyrite : A; pyrite(raw sample), B; after
71 days of control sample, C; after 71 days of bioleaching sample(P; pyrtie,
Q;quartz).
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3-1. AF-n]gdo A pH 2 Eh W3}

Eztab golrp AAg-wglo A g o vehte= pH 9 Eh ¥3tE Fig
-1e vepith Bz Elol s HEsr] d AA-wlde] pHE 44401tk 34—
Gollo] Ezulg glolEs HF & 39 $ol& pHZF 3322 fhashal, AE ¢ 21¢€9
© HW 196e7 #asglth 279 o] 59 pHe A4 2® 2458 FAlsslvh. o
o} o] AA-weFele pHYY #radts 99 wH ol quAgdes Hrpeh ¢
& o] EZ whg|lold ofsle] ()27} Zo] AtsEo] it em 7| wfitol
o}

w
_1_4

(o]

S"+1.50, + HyO—>bacteria reaction— SOy +2H " (D
Hl kol o 59 ZH(elemental sulfur, SHo] =l glotel] oJale] sulfate(SO;
SOEm AslEle] (A3 o]l FAHH,S0)S ARG wEom AZAdnt
(Lundgren and Silver, 1980).
25°+ 30, + H,O— bacteria reaction— 2H,S0, (2)

%3 Zelemental sulfur)o] wrEl2old] &) AbslEe]  sulfite(SO,, ST,
thiosulfate(S,0;, S*"), 3L tetrthionate(S,05, S*°")9} 22 39 FE] &
dEa, FbEel e & dHEolrl ARSAIA A 2ol HF Q)
H,S50,2 AAA77] wi-o=z AZbsttHlLeduc and Ferroni, 1994; Das and
Mishra, 1996).

S+ O, + H,O— bacteria reaction— HySOy + 0.5 0y — (3)
bacteria reaction— H,S0,

AAz A & E2E 150 ml #igedel H7bsle o, wjke el FrE

W g Rl 59 FRE REAon Ay Adarir) MY 130 Foln

e 9

[e} .
By golrl FE 7] A A-wjekele] Eh 157 mVellth E&abe glo}
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Fig. 3-1. The variation of pH and Eh vs time(days) in the growth-medium.

_14_



3-2. A&l Feol A upeE e o} JhA4 W3}

A Aab-w|eFele]l B zukg glole] A A& Fig. 3-2¢] YWERWTE Fig. 3-2& SEM
Al A 2zt wrE EolE AR AlFd Aotk FEAFHo I AHAFH R
T o, wFEr] ey vk v1d A 39, dhE g ol

F-215 7] witol FEst atgglol AAG AlGrt ol H A
Ak 5 A zEdel FAE wEEolE JNAFT AAtel E3FEA g7] wEe|th
wepa F vl A v 2ol AAFE sketelr] $18) 4, HHEl ot
2E FA MAFTE F45E WH(McGoran et al., 1969), v

;é]-
o]
=) =] - 2 = = =] = = =] -
A gaEel FEE Ffole §¥e FFste AAFE FR%E 3y
7t
&

=

(MacDonald and Clark, 1970), ste]2]o} A} 2Fgof] oA AHls &= &4
aFe S-St MAFE FHe W (Landesman et al, 1966), BFH go} &
o & ZUtEE AR(acidity)® MAFE FASE ¥HMcGoran et al.,

1969), drgglo} BE o2 QA F = R

(o]

|2 dFem AAsE F4sts W

&l 2stgre 2A3sle] AAGFE FASE W (Torma et al, 1970) So] glth
gy olE WHER QA7) @Rt Fig. 3-29] uhe|gol-A Aol 237
7F e A o A7), A7) 2 APETE UGehte 2o g2 sjAEn o

Ao A 2 e 377 Fig. 3-200A4 YERA] ¢k
AL olnl WHEE = AdujeFel sl B v golrt Ag-n o] & A &3}
A7l diEow siAEnt AAF o Aduds ALste] A & F 5 G-

S|
okelo) pH 7HAaEX F7)7F webx s 9leivh
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Fig. 3-2. The variation of bacterial population vs time(days) in the

growth-medium.
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5 A& EPMAS R AHuE-Aslal o8 HAE Ve Aot
150 ml¢] ATCC wjFHel o=l & ial &34 4220 mesh=0.85 mm,
015 @& ¥ 1794 (Fig. 3-3A), 31¥(Fig. 3-3B), 63¥(Fig. 3-3C), 814 (Fig.
3-3D), 101¥(Fig. 3-3E) ¥ 111¥(Fig. 3-3F) &9 wst A1 sdAqdx 149
of iR Fe B A HrEgfolE o] H-AH I Fig. 3-3A9 &3#4 A &
ol Rz dbEefole] AV]E Heolrk 164 el AL 237 nmeltt. Fig.

3-3Boll Al ®e R Ex AR wrE ozt A A&l ke FEYAE

a1 BafEe FEdAtEe] A e FAld FAmo] uvehdrh EA 1

Holl Fad Ao FEYAER EHT 7P JAES EF dtEeole o

ALZRgo] oJEfA A E HAstE 52 g A
=]

=
£ 50 weelole] wed A R

w.t% = Cu’l 0.01

al

N

4 of g EDS #4243 ¥ 174
(Fig. 3-3A, 2 point) S7} 66.45(¢]st atomic %) Ferl 3355 12[al v 314
(Fig. 3-3B, 1 point)oll+= S7} 67 Fer} 3302 HEHU oW, 1743 3149 24

EHE] So Fed] Hl&o] A 2118 Vet
Fig. 3-3ColA 289 F& oo FHAAE] F&F o] 9l uhd ol
e dAEE oz AAEE EPS &2 (Rodriguez-Leiva and Tributsch, 1988;
Sand et al, 1995) &7] W % ZjRge] BtegfolEoe] FAH o] rH(Fig.
3-3D). 3 AFAERE PAdE ¥edo] 7+ A B EPS B4 =] F
Hol FAE S & F Ak vEgoled o AP He Aom 4= o EPS
Eo1 3

FAEL2 "y glolrt Eo] A &2 tiF(control) Al B AA = HF TAEHZR] ot
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o). Fig. 3-3Ee1A holmoke] #we B2 uteelobmol F24] wule] TR

N O

Fol FFEo] vk o]E wH|golEe FEA e g s el ¥y
F-zpete] shioiE F-AAA GFA7]1a Atk Fig. 3-3E0 A ¢} o] ulg gfolE o]
FAN ) wue Adgon Wi FAse 2AA (colony)E o] F Fat 33
Ao AATFZR7F S94d3 A (imperfection), 318t o7 ZAglo] okslaA HEi=
ARARA7L W9 (dislocation) 7} owom g2 gt wEHEolEE o8t A
AAEE AsA ), dreelolE2 24 xHolA duAE 4A 78 F Ae

A SHimperfection), 3}8t4 o2 Aglo] oFstitAa wi= AAHZAA7E ¥ $(dislocation)
7b dojyt A= gy Bl ElolEE o] &ste] SEA WA dUAE 4
A 78 4 A AsHimperfection), %9 (dislocation), ¥]Z3}3 ) (minute
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and Murr, 1982; Bennett and Tributsch, 1978; Edwards et al., 2001). Fig. 3-3E]
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a3 Az LSt =, Tomma 5(1970)0] st HE =7] pHE 2.3
g xAstd vy gote] AE77F b whEal pH 23 olst H& ol ow XA
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32 = Gr BF 544 oz AXE
2 wjoFele] pH7E Bd4e] PZC B} o uiy
offi7] Bk aH T B Aol A WFele] G sha] pHE G2 PZCS) 24

uoh vl zgstdohd FANe) wEdsts FAsE WA Ho) LAsE We
Bejelolrl & AN glolth. AL wwel EXF SAguHelolEe] ¥Hal7)

Alzbske Hl9F 8149 (Fig. 3-3D) % 101 (Fig. 3-3E)9] Hj<kele] pH= 2H2 3.32¢

347 ZA Y} olehgro] wjgFAe] pH 7h7F 3329 347F W A Mo dn
HASHPZO Kt Fo} &AM gydeles 487t Hol Bz uteefolrp H-2
sh7] ofef Zxlel Hrh el wjgle pHYE FE A PZCHUY Hobx HHH|
glotEo] FAHA HWe LHAE o] F= WS vEHelolEe] #H|g EPS =4
(Fig. 3-3D)o] A4 W al(Kinzler et al, 2003), o]&aL Al FHA 19
(Ohmura et al, 1993)¢] z F-zrelal % o] EPS &4 %W $HdstE HA &

(Sand et al.,, 1995; Kinzler et al., 2003) dld|g|ol&0o] F-2& = & AH7H <

e 248 7] dE o2 4 " (Tributsch and Rojas-Chapana, 2007).

Fig. 3-3FelA] 4 wpwe Fag B3 sibd dleglolse de7t ¢35
o] ‘JrE]rErTﬂr. ol ¢} o] FEE HEF e v ElolE st AA o) AR
An g e gl oste] dojupw, wrEejolE At oA e o) dnkA o
2 Yehs EgoltH(Murr and Berry, 1976; Berry and Murr, 1978).

Fig. 3-39] 334 gdo] wjrekoz Ratg vty oo HH+= SE oy
A2 &8sl Acidithiobacillus ferrooxidans 22 Acidithiobacillus thiooxidans®l
AFE = Aoz AAdEHKelly and Wood, 2000). 9)vkshd shse FAbe| g9 Bz
TAH dEE ol s 94 ol dE ATCC wgde] FFA5 7] wiol ot

Fig. 3-4% dte|glo} A8 2ZA FAFmrt 1%Ad 619 41 a4
Hof| waslt §7Fg 9] FE(cavity)EClth olFE F5ES A9 4% FJH=
e grERAo s wjdE el vt SEA ] wwd gpHRAow W
TEEL AdAow gAY Aoy ®merh FEA gz wHd P
EEol HPFAE Ao ﬁl—E AL B F7F vk Keller$ Murr(1982)% 2~
cm  A71Y AE
ferrooxidans(30C) ¢} 31

ox,
olok
(1
i

(single-crystal  cube)e  Acidithiobacillus
g wre| g oH (55Tl w17l A v FAH(B0T) 14¢
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Fig. 3-3. SEM images of indigenous acidophilic bacteria on the pyrite surface.
A; 17 days after inoculation, The EDS analysis point([ ]2) was positioned in A.
B; 31 days after inoculation. C; 63 days after inoculation. The hexagonal
corrosion cavity were developed on the pyrite surface. D; 81 days after
inoculation. The arrowheads are indicate indigenous acidophilic bacteria on the
pyrite surface. Note the enzyme stalk materials covered with pyrite surface. E;
101 days after inoculation. The numerous indigenous acidophilic bacteria were
attached to the pyrite surface. F; 111 days after inoculation. the indigenous
acidophilic bacteria cells is due to shrinkage of the cells during preparation for

SEM. Scale var is 1 mm (A), 5 mm(B, C, F) and 10 /m(D and E).
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Fig. 3-4. SEM images of corrosion cavitys on the pyrite surface(61 days after

inoculation with bacteria at pulp density 1%). Scale bar is 50.0 gm.
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3-4. AEATHAE=A

we EolE A WgAIZIE FHA xHe] AMEXYFTFTAEHAEPS) F2
lipopolysaccharide(LPS)(Edwards et al., 2001)¢} &2 #7718 A#2 AAs= A
o7 HadAtHKinzler et al., 2003). Kinzler 5(2003)9] st Acidithiobacillus
ferrooxidans245-€ F&E EPS TAARES A (natural sugar)® A2 (lipid) &
wol glom, Aot Qi g Ao RAEdth 53] EPSt Fe®
o H¥EE Pt &HEA 1WuE 4 W (indirect mechanism) 22 §-3)| A]

o2 odeld dth(Fowler et al., 1999). AELFFA = (EPS)2 BHd o
AE FHS S8R U F71EF N(ZL2 organic capsule, Tributsch, 2001)-2
2ol o] AlELTFAE o FREYAGH ] G vAT GHEA JAHE
o] g5l A+ Aol TEMEA oA ¥a A 2w (Tributsch and Rojas-Chapana,
2000), °] EPS =42 AN WS AR AstA7Ie 73 v eole] FAE
w 7lse] e Ae®E dEA rhSand et al., 1995).

W ol oY 7HA] Ao w AET A=A EPS)E EHlske oz e
AUt F AEXgTFA=LA L dFY FriedzA] drEeelrl aA sk F2}
sk Ae w71 Asty, 22 &k o= S
7] $lstod, AAdE Zpdstr] §she], 1w =] %%%%i =4E g5
ste] 12]al A= "Hbiomass)®] 7]ss 97 fste Aot AR dEAd Yot
(Konhauser, 2007; Rojas—Chapana and  Tributsch, 2004; Poliani and Donati,
1999; Escobar et al., 1997).

Fig. 3-5v 179 2335 FHA-8 = wjFolol A AFHT F24 42 ol

Fig. 3-50l= w9l 2] EASAMY e golgo] F34 e F3H] Sl

n&

KeN
=

2
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2
)
=]
=

flo

O

<
AL
rlo

Lol Eydar, EzptEelote] of& F4d Aow ddE= AXEfTIA=
ol FHEUTE Fig. 3-50M #ZE= o] AlxosdA=dL B2ty elotad
oeto] B = 27 Reor AA4dr. &84 w2 (Fig. 3-501A4 2x74)el gt

H

EDSEA A1 S7F 63.18(atomic %) Fer) 36822 HAEHUT AEXgSAE
(Fig. 3-4¢l4 1x18)el diste] EDS#EA s A3 C7F 70.45(atomic 26). O7F 14.20,
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P7} 1.01, S7} 954, K7} 039 12|31 Ferl 44102 H=
At FAM-EF wjgAe A AFHE FHA dA} wH ol
HE e 7] B4y AEdsA=dEe] 8% e Kol #HEEHITh
ghe &F7] meke] AEFTIA=A(Fig. 3-614 2%/l whste] EDSHEA 7
A3} 07} 33.83(atomic %), P7} 3.43(atomic 26), S7} 41.04 12|31 Fe’} 21.432.%
HEFHAJT Fig. 3-6°014 &4 H2HA Ao disted EDSIAg 23 S7}
65.86(atomic %) Fe7} 34148 HE=HAT. AELTFA =DM P/ A== A
< Kinzler et al.(2003)e] €3] EPS F%& 494 A S (natural sugar), A&
(lipid), 4 2 JAatge] ¥HS 7] w2 A dn. &3 2 A5 AEeF
A A oA SS9 Ferl HE%E = A2 Tributsch®t Rojas—Chapana(2000)7F =7
S AAE Bz drHgolr) SE A s e ALlo] EH[F AF LT IA A F
A7 wiEo® A ET. 2 AEeFAEAEe] EFUE ol e A 3
& R, 24 4 29s =9 Qe Ee e
HAFASEEE FAShs BEg 58 ot aestd 2 AxdsdA=de A
4 7]°5(Rojas—Chapana and Tributsch, 2004; Poliani and Donati, 1999; Escobar
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Fig. 3-5. SEM images of extracellular polymeric substance(EPS) and indigenous

acidophilic bacteria on the pyrite surface(17 days after inoculation with bacteria

at pulp density 1%). F; Framboidal iron hydroxide. Scale bar is 4.0 um.
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Fig. 3-6. SEM images of extracellular polymeric substance(EPS) on the pyrite
surface(61 days after inoculation with bacteria at pulp density 1%). TF;
Framboidal iron hydroxide. Scale bar is 20.0 mm(A) and 5.0 m(B).
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3-5. urelelo} 3% 54

Fig. 3-72 =2 dtegols &2 4-8& njefdel HTA 8d s g4y
FHolth Fig. 3-704 SojiieFe] EXSAMY wheeglolEe] A4 xwe £y
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Fig. 3-7. SEM images of indigenous acidophilic bacteria on the pyrite surface(8
days after inoculation with bacteria at pulp density 16%, pH=321). F;

Framboidal iron hydroxide. Scale bar is 5.0 gm.
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Fig. 3-8. SEM images of indigenous acidophilic bacteria on the pyrite surface(61
days after inoculation with bacteria at pulp density 16%). Note that indigenous

acidophilic bacteria were excavated in the pyrite surface. Scale bar is 1.0 m(A)
and 500 nm(B).
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b

1.00um

Fig. 3-9. SEM images of indigenous acidophilic bacteria on the pyrite
surface(113 days after inoculation with bacteria at pulp density 1%). Note that
the rod-shaped indigenous acidophilic bacteria were deeply excavated in the
pyrite surface. The boundary between pyrite and bacteria was very smoothed.

Scale bar is 2.0 mm(A) and 1.0 wm(B).
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Fig. 3-10. SEM images of corrosion cavity on the pyrite surface. A, before in
ATCC medium. The natural hexagonal cavitys were originally developed on the
pyrite surface. B; 16 days after control medium. Note the refular patterns of
hexagonal cavitys were distrivuted on the pyrite surface. C; 41 days after
inoculation. Indigenous acidophilic bacteria and the Fe-hydroxides were attached
to the around and inner hexagonal cavity. D; 63 days after inoculation. The
hexagonal cavitys were corroded and were connected together. E; 81 days after
inoculation. Note the enzymatic stalk materials were covered with the pyrite
grain. The hexagonal cavitys were completely connected together and then
formed cracks. F; 101 days after inoculation. The cracks were extensively
corroded and greatly widen. The numerous indigenous acidophilic bacteria were

attached to the pyrite surface and to the inner crackes.
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Fig. 3-12. Variation for concentration of zinc with time(days) in pyrite-leaching

medium(@; bacteria, O; control).
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