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Abstract - There are several ways to remove and treat toxic heavy metals in the environment:
chemical, physical and biological ways. The biological treatment utilizes the natural reactions of
microorganisms living in the environments. These reactions include biosorption and
bioaccumulation, oxidation and reduction, methylation and demethylation, metal-organic
complexation and insoluble complex formation. The biological reactions provide a crucial key
technology in the remediation of heavy metal-contaminated soils and waters. According to recent
reports, various kinds of heavy metal species were removed by microorganisms and the new
approaches and removal conditions to remediate the metals were also tried and reported
elsewhere. This was mostly carried out by microorganisms such as fungi, bacteria and alga. In
addition, a recent development of molecular biology shed light on the enhancing the microor-
ganism’s natural remediation capability as well as improving the current biological treatment.
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E 2 < (Heavy Metal)

P 2
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273 el Ag A%g 7AE FF
As), 7t=H (Cd), ZLE (Co), 78] (Cw), 2
E (Cr), &< (Hg), 7 Mn), Y& (Ni), ¢ (Pb), 4¥d¥
(Se), o} (Zn) ¥°] Ut

n)2-2] A %)=, v]Z 34 A (Environmental Protec-
tion Agency)¥} 538 I A3 555 (Agency for Toxic
Substances and Disease Registry)o] ¢ £7F4£E5& F
£ 3729 Ex ZE= (CERCLA Priority List of Hazar-
dous Substances, 1997)0] ZEA|Z 02X, FF40] F
AANAZ F45EE S Al 259 A= E A
Aol HE 52 3o} 53] 2757 gt v|F 37
A A FL H7] 2 FRHAEA E5A Ha
(As), F (Pb) 18] 31 42 (Hg) 52 Fa%0] 1,2,392
AR H ] lehe AL 23450 B2 feE e
o dept o E & ?z]—a] T AR F JAF e
2 BeF3 9o

I E FHR 2&7|AA 74 AW A o
SRR 12740 2ADF Fol FFE 6 B [

= (Cd), 7 (Cw), ¥ (As), $+2Z (Hg), & (Pb), &
CnlE 2FAA EXE=H2 A, A5 5 $4A
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2. 4% $349 Y4494 +4
55 FE4EL BAda 9 ARl da,
&SR, 40, BAAZ BE, 5 9 A2A @, 9]

"
4, 74241] @, &, 7I=%, $2), JdE(E, D), =8 &
A R A, B8] Ak F A, FEEeR 2
°3% A #, AxF FHAE 5o SAE AHHE,
vl4, 7 }-'—:—- , o) 2| AdH Ak

A7 F AFAL] g7], 4 H 2okez {4 AAH

AuAYAN FHE %
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48 FIFEES F234F (], AA,
A, 2HE 53 At FEAA AL, 53], F
o] Al& (Food Chain)®] 2 F4n]7E $JA]o Q& A3kl
Ae 5L Al 2F49 A SA (Bioaccumulation)
YL Bohod, AR FI4 FHE FBAAA 2
(Bolton Jr. and Gorby 1995).
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1998).

MESE E249 HA % A2 Wy

&g A7 AAE 7leS 3 A, 543
S| /“}i} Lo} FZ o] 2 w3 ety (Cementation), THE-
2], AR (Liquid Membrane Separation), QAHE,
S=AF A7) 525 (Fluidised Bed Electrolysis)d] 3}, <]
Al Gs, 222 (Ozonization), A+ BAFEHY
(UV Photolysis), Z2]37 AEA "oz ALz,
A A& § I ERER FARE T A
233%).

B uhg v EES] AGdAQ] AATNEHE o
43t ez, nAEE] 5 FFLH 434
(solubility)#} v]-2-3]A] (insolubility)2 ZAAAE= 714
223 gAgqlolet: AMdE Qi &g o9yl
B4 & ERA7)E Hell F28 7|eviatez o] 4
ol F= utHg]o} FFe 2 FF%2 £8) = (solu-
bility) & W37 A3 FFele] 2|3 heterotrophic
leaching 28|31 v E FF59 3% vk o
Azt 2 gARrIR 5 E 4 U (Wade et al.
1993; White et al. 1997).
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1. A &35} A %A (Biosorption and
Bioaccumulation)

we shelzlol, Fge), 1213 27 (algae)sh 2& ]
AEEL A AR ALl B o3t oFo]2 Frjod 44
72 X3} (assimilation) 3}7)+}, %2 (concentrate)A| 2
% o)== %3S 71232 ¢/} (Bolton Jr. and Gorby 1995).

dgEEl JUAF 4T AN AWE )
A A&7 (bicaccumulation)®} A A} F-2 (biosorption).o
2 F¥o Ut o3 A Aastel xFHoz
& Az AF AA, F7|F53E e A
NAA F4& Aol EX3he A AAEH o) 3}
3, AAFAE FFAHQA AAY A o], n| &S]
AzE Zde] 9l #7r= (ligand)v} 7]1%7] (functional
group)7h FéoleT HAE YR, FIHe2r
Faol AEZel A AAHE W4e o
(Bolton Jr. and Gorby 1995).

o AdHel F43H AL 299 WA
A Bo] FF&E FA3e oz ol 8Fw, &3t
M 34 A2 o A skt Al Aot

2. Ak3} 31 k-% (Oxidation and Reduction)

UAEES F7] 2995 83 % (solubility)9} o]
£ % (mobility), 78|31 EA (toxicity)el] F <33k 74
= Aoz o8] )} (Wade et al. 1993; White et al.
1997). o= WA Eo] Ald A& Abspk-$- (oxidation)
3 gduhg-(reduction)ol] 2JEjA o] F X Aoz, At
a2 o pjAEo] F42] AR} (electron)E A A A
F4 YA} (metal valence)E Z7HA)71E HHe-& 3]
v, $dubg-2 7 uieo] ubg-& WSl 2y, A
F(Cne A5, Aol A& CrdIDS 545 4
S=rt vl go} ulEe o8 AbdkE Alele] Cr
(VD2 Aoz 2 43 oFAS g7 Id. o
A, o ArEEHY MHUNAE FE45E HEEe uhy
22] stz AL8-" 4= 9)t}(Chen and Hao 1998).

3. 933} 9@ v A3}uk-g- (Methylation and
Demethylation)

Be o AEES S4¢ AW FIEELRE A
& wEE) AT pRoe &S AN £ Y
3% 4 G $EE AT Aok oD VP 9 F4

540 WelA A, B Wz Foldr Ade

‘.2

ot & o2, A E (Se)o] g, v gEl
2l& w3 e dimethyl selenidel= Uzl Are)o) A&y

el ¥ 542 g4 HE i, 22 H2 7Sl
WAt E $20] YfAtee] a2 o F SAE g
A He ez dex glo)d Pongratz$} Heumann
(1999)2] A&l ostd, FAAHAAN Fel® g2 sk
N FFEY EPGS T, 2T AR
trimethyl lead2} monomethyl cadmiumg YA+ 4 )
o1} methylated mercuryx= AJAFSER] 23S R 13}
o g oleldt s 2 el ArS wAEY
Z59 87, 283 F49 FFel uwet FeEAle 1)
AEe] s WAL 2 £ sl FE52 AdE (Se),
42 (Hg), ¥]4(As), F(Pb), W (Pt), 4 (Sn) So] &
A len, ol 27 wetr 44 544 W37
A A= 9hge) vz #8 7= g (Bolton Jr.
and Gorby 1995).

4. F4 F71 53 Bk Metal-organic
complexation)

2 nAEEL F48FA 3FAEA (metal-com-

plexing agent)2 AAME 4 slew, o] BAo] F49
L4359 o]BxE TV oEHN, BAE W FEE9)

718553 A (complex)E A= HAHAE ¥
o} o] 7122 89 W] A}f- 7] F (free inorgani-
cs)?] FTEE RFE 715 S 3 FA FHAE A
A © F&o] AR #9) (uptake)H &= A& AA A
71 71%& s Aot ngEEe] kst HmAQl
24 chealting agent®] o] 2% siderophores® & 4=
9l o™, o] Alcaligenes eutrophus CH34 757} A&
9 FFEozHE, AANE BEd= 7ztez 4€EA
1=} (Diels et al. 1999).

5. 8]4-3 4 ¥3}413 A (Insoluble complex

formation)

Sulfate-reducing bacteria5 dissimilatory sulfate

reduction}A-& &3l sulfateZ sulfideo]- 222 344
Z 4 ik olw) AYALE sulfideo] &E-2 489 Ao
fol-& FEHEH HEEIY, &=t W2 metal sul-
fides® YA o, 1 A £49 AJele] 54 o)o)
metal sulfides2 AAFH 1, FFH0 2= FHo] AAH
= AR Pt} (White et al. 1998). Sulfides} u}F-&-3}
o] metal sulfide® %% o] =& F& o] FFEL,
7+=H(CA), & (Ag), $2 (Hg), 'F (Pb), 1A (Ni), A& ¥
(Se), ot (Zn) F-o| 9lom, o] v&sA] EFAPA 7]
22 F34 AA HHEAAL AF 43 9ld
(Bolton Jr. and Gorby 1995).
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1. A3 4] 24 (Biosorption and Biocaccumulation)

#Z Day 5 (2001)& AM}Fo|Fal Phanerochaete
chryosporium®] A& o]&3ted, CA(D), Pb(D), 18] 10
Cu(D 59 £34¢ F3bwd] o AAL ALAH
£ B 3slgct o] #3= pHY) 6.0 W Hu F&
388 893, 2 F48-2 Langmuir sorption model
# dxs= AAE ®B3oh Yu 5(2000)-2 Durvillaea
potatorumS T3 48 £ ¢ ANRF (ma-
croalgae)E |83+ AR F4A) (biosorbent)E 7 td}ed,
F34 AA AR An, 1 AAEFA L] F4 FF
$o| o] o715 = F4 (divalent metal)s] Tisi 0.8
~1.5mmol gl (dry wt)el] o]2F A& B 33, o
ol 7 (algae)E o437 Tk FFH FHAAA
A Adso] ByE =, ol Cladophora crispate
ZF3= (Ozer et al. 2000), Durvillaea, Laminaria, Ecklonia
a2]3 Homosira 73 (Figueira et al. 2000), Chlorella
sorokiniana & T3t 11ZF¢8] =5 (Chong et al. 2000),
Microcystis aeruginosa (Pradhan et al. 1998) & o|4
g ¥ yEo] T

B WEaTAAA RAER F2 Bacillus lentus,
Aspergillus oryzae$} Saccharomyces cerevisiae o #
Zg2 A4 F34 AAADC wzd, 729 Jl=F
o disi M Bacillus lentusa37 1 FALE, 1
o} © 2 Aspergillus oryzae2} Saccharomyces cerevisiae
&8 BT, ubh, ofde] Agols, AtHes E F
F7} 2 F&o A8 e FAEE ¥y 2ade
(Vianna et al. 2000). o]x o] B|AEE] Mz & 7|
5718 Ad A2y 725 AT YL, o= <8, F
FAE3 FHAHAXE FEFF Ael7t AdSE
Algie}, o] A Rhizopus arrhizus (AHF% 01 7)
o]-4-8} Pb(I), Cu(ID%} Zn (D] ALY Azl
2 5 gled, o] FFe] dsl AR FFAE] w2
F<4-e Pb(IDG R, 2 goz Cu(Dg Zn(ID&E o3
22 B y3ledv}(Sa et al. 2000). 7}7] Yeastd] dF<
Rhodotorula rubra® ©)438 7}=8(C)3} FPhb)e &
Al wrel e, o FFS) F& FAES pH
e o ¥4 HePE Aoz ¥uFYch(Salinas et
al. 2000). Aspergillus nigerg ©]83 AgP|A &, Ao}
9)x= Aspergillus niger@ 338t} 0.1N NaOH= A3k
#%7} Pb, Cd, Cug] AA o &ZEX|gdon, Nigl

4
o o

o aw

RSl AoRgle 57 o xgHYE Byusda
(Kapoor et al. 1999).

Pseudomonas aeruginosa-g o] 43t A§ oA, o] FF
7 AEHel] d2] F&el Ul A2 e FHEE A
I Zshe] 48344 (receptor site)7} A8t glow,
Azye] A3 Cax} Mg 5E5°] TF5% A3
o), AAH o2 FF&o] HMEH FHFAL A& B1
8l o} (Philip et al. 2000). Arthrobacter sp.2] 73-%, <8
AL E3) Aolx Zs <FAIA receptor site?} o]
52 Az EAsi, 21 FFe % F4FE=
= wepdle] pHol @l BE FPE Beohy u s
4k (Pagnanelli 2000). &3tR o2 Ael" Citrobacter
MCM B-181F5F% Cdell W& F71d F3E8 892
), Pbst Znd] FREAE 3FE AAA TS =
dubow o] FFo| & FF<42 uptake: pH, =
7 3349 5= AR FEst AR SRl wieh
2 ok W=}y H 713}9)t} (Puranik and Paknikar
1999). ©) 9], Sphaerotilus natans-& ©]43 CrdID ¥
A7 A AT (Solisio et al. 200008}, Pseudomonas
fluorescens 4F39& o] &3+ o] FF49 FHAA A
# B 7 (Lopez et al. 2000)7} Uw}. olF Pseudomonas
fluorescens 4F399) 2)3t AP L of FF7} 2] F&f
H3te] Ni>Hg>U>As>Cu>Cd>Co>Cr>Pb 49
24 FAEE mHe & w3 53], E colid]
outer membrane protein¢l OmpCE FAYEEA < Wt
We Abgste) zAFozM, ompCrt 2244 TF7F 2
252 & FFo v)3) 3~6vlz FVME S FF
s2g 724 @ B3/ AU (Cruz et al. 2000). =3, F
220 A3 o] =2 Ralstonia eutrophadFE A4
3le] Mz} o] 2| metallothionein F-AAE T
HAA o2 AN2E5 metallothioneine] 7I=EE &
HFRoz2 AAY £ AL B3 (Valls et al.
2000).

2. A+3}3H4 kS (Oxidation and Reduction)

Smith$} Gadd(2000)= Cr(VD)E Cr(IDz B A7)
= 32 A sulfate-reducing bacterial biofilm< ¢]
43l =ZES AT AFE& B3 Philip 5
(1999)-2- #HpellA £ 5 v P& 52 shtd Bacillus
coagulans#37} Cr(VDE CrIIDE 3A7]=dH &
49 $EE& AYD 9SS LT, 1 FFE o
£33 reactorAF A FE4N o B BE IF (2
7] Cr(VD%= 26 mg I"1]& 24217 el AAT & 3l
¢j}. Bender 5 (2000)-2 immobilized® v|AWE silica
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mat consortium® /L33, UVDE UIV)E 34
AX 27)1%=% 0.2mgle] UMV 248 80%7HA A|A
g 5 9l B useg

3. u)-43 4 23434 (Insoluble complex
formation)

Citrobacter sp. ¥F] 7%, q8 F7F4 $I4559
771914 (inorganic phosphate) ligand$} Z33sle] v]4
A9 atez AREHD, FIFH o FFY A2
ol A A (precipitation)s| = A& B.373}¢)v} (Macaskie
et al. 2000). o] F&olo] F7|A9H A ¥4
AA A E JAT o oot g, s nHA Q] F4
9] WG BgAYPPE oz FHol2o vAE]
AAFEE sulfidee] &3 ZAfste] w4342 metal sul-
fidez AAS AMAHE & F 4 Ut Sharma 5
(200002 APPARFo2NE FI& Al e
Klebsiella planticola Cd-1& E&|3tyd e, o] #F7}
thiosulfateZ} 3715 vhfzAHelA] AF23) oke 7l=fk
£ wgAde cdsz A AP A& Rasiedch
Sulfate-reducing bacteria® ¢]£3+ Upflow Anaerobic
Fixed-Film (UAFF) reactor®] 7%, 200 mg ! x|
Cu, 150 mg it 52 Ni® Zn, 75 mgl! ¥=9 Cr, 50
mgll s Cd, 2813 40mgl! ¥ =2 PbE metal
sulfides®) =z 100% AA AAE $ 9J-&-& B3]
%)t} (E1 Bayoumy et al. 1999). White 5 (1998)-2 inte-
grated microbial processZ 7|3t Cd, Co, Cr, Cu,
Mn, Ni, 28]% Zn 59 3458 ad4ez AAY
4 9Jgled, o]+ sulfur-oxidizing bacteria’} AJAMst
Hale] 340z 04% o NE FFEE AL
ZZ (bioleaching)3}1, sulfate-reducing bacteriaE o]
23 ¥7)A) bioreactor’} FF4< v)&3]A2] metal
sulfide2 A AAsH= Aelt} g FAolA F2€
o328 sulfate-reducing bacteria® ZA}SF A3} &A=
7 g7del| ulebr], sulfate-reducing bacteria®ghel] ok
2ol g BT, I FFES sulfidec] JAHE-T =
& AAZEAE AFFAZ Aot FAE o]
B AEFH FFE5 AA 73] Fsides A
&t} (Webb et al. 1998). 38, 71&2] w)ga)A] E§H)
FA AA wge 284S Fol7] #3, Salmonella
typhimurium 2. 238 E2]% thiosulfate reductase §-
WA o4, 2 $AAS BEE ZBA Az 2F
E WEES, 34 AA R Aol A Ada
17} giet. o] A 2§ F thiosulfate reductase’} F-7|

o rle

E2¢) thiosulfate® 38024 sulfideo)- &g Hj7}
AAeL, 8o 483 ¥ v TI=R, W, of
d 59 F4-¢ metal sulfide?] Fe2 g &8FHo=2 A
78t B 10|t} (Bang et al. 2000a, b).

4 B

HZT F349 AA L gL 29 e A
F34 ANEH A1AE o4 P Wl
, ol Tekst R FFEEC] AR Azl

# 7= (digand)t 7% 7] (functional group)s]
7o ek AL WUE o gshs Pl 53,
W X3 A7) wWhAbs FF42) AT A AY
S5 AEoH wpel A% Papsse] Az
sl Mg P BRI T, £, PR
HAMEE G2 A EES FF45 FAAE AL
2e]g Az &, v dEY FF BAdd dg}, A9
AT TAAN T GFE B8 AR EAD)
£ % Helo NS & 4 dE ZledE AlA
5T UA. 9, 48 AN ETY 71ey FHE )
£ W4BEY T34 AA L Arld sde )
A7) 3, A2 X712k g shssikA sk W

2oz HE F5E P A=t

e B e

W ofN o
ald
4
o

X
i

¥ 9

FFEE A Wil dilxez 3e3, B
A a3 BEEHE Mgy Fo] 9ot ofF JEA
A2 v E-52] AAd AR 7|A-E o] 43k Wy
o g AASA (biosorption & bioaccumulation), AF3}3k
£k (oxidation & reduction), "] 3} 7 Pl F Fule
(methylation & demethylation), 24 §7)22 2§}
2 (metal-organic complexation)® wv]&a)A 2-31A|8
4] (insoluble complex formation) 5] 7]2}-& o]4-% o}
Yolo}. o] FF&ol i VEHRH M)A FIFE
o2 049 e BUAIIE v Fad Vet
+ AFde AT 249 59 wAEEFY F5¢
27 283 2330 o oiekgt uh o] FF4 A
gEo] AAHAR, o] F2 Fo], vtH o}, 2F
(algae) 55 o] &3t WP Eol. w3t BAYESS] W
A vlge] FF4 AASHE izt A7 759 A
MEA = 7128 A AHPES A AR
T+ = 7FeAdE AlAska e,
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