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Removal of Dissolved Heavy Metals through Biosorption onto Indigenous
Bacterial Biofilm Developed in Soil

Sang-Ho Kim!, Hyo-Taek Chon’* and Jong-Un Lee
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In situ stabilization of heavy metals through adsorption onto indigenous bacterial biofilm developed on soil parti-
cles was investigated. Biofilms were developed in soil columns by supply of various carbon sources such as ace-
tate, lactate and glucose. During development of biofilms, acetate, lactate, and glucose solutions were flew out from
the soil columns with volume ratios of 98.5%, 97.3%, and 94.7%, respectively, when compared with soil column
supplied with deionized water. Decrease in effluent amounts through the soil columns amended with carbon sources
over time indicated the formation of biofilms resulting in decrease of soil porosity. Solutions of Cd, Cr(VI), Cu, Pb,
and Zn were injected into the biofilms supported on soil particles in the columns, and the dissolved heavy metals in
effluents were determined. Concentrations of dissolved Cd, Cr(VI), Cu, and Zn in the effluents through biofilm col-
umns were lower than those of control column supplied with deionized water. The result was likely due to
enhanced adsorption of the metals onto biofilms. Efficiency of metal removal by biofilms depended on the type of
carbon sources supplied. The enhanced removal of dissolved heavy metals by bacterial biofilms in this study may
be effectively applied to technical development of in situ stabilization of heavy metals in natural soil formation con-
taminated with heavy metals.

Key words : biofilm, biosorption, heavy metals, indigenous bacteria, in situ stabilization
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£E S84 A b oy E Gk AF S, 1)
AE e vAEo] Erldte AxY FIAEPS;
extracellular polymeric substances) EHol| X 3=
S5 AR FFE Yol F3H(biosorption),
ulAE AR (metabolism)S 53 N W29 F
2& #37 (bioaccumulation), thAFERE] 2l A==
sloj2(sulfide) == U4te]&(phosphate) 5 &0
el vkl <fgk AdE A, 2sl - Ed - HEE
#3 52 %3 biotransformation 52 & 4 U}
(Valls and de Lorenzo, 2002). ¢] & u|Qy&E 33
ulAE = EPS 299 EAlske 2l7i=d 8 &
T ol2o] AFstd §HoRRH AANHE AH L
2A Axe] AEF Al AEH xR 74)R
Y=tH F545 §2o] rhssith i AA S5
ALZME-S S AR osix Rl Zhsslt) mEkA
Aol Qe PAES o8-S TEE 7 A AR &4
S WAL oEF g F& F A RIeEE FEol
Al By ft

nAE FE) o &2 S5
shekd &3 71 vis) o 2

flo 2

7 7le E9
KX
=

e

itk o] FA4el ARl Tu& o JHYH
W Z2)3ksks F3Al(sorbents)ell HIsh W3] AH3}

UHTrudinger and Swaine, 1979; Vecchio ef al., 1998).
u)AEo| oA} Zgo vle)EFoln the| A B
o] AvE 34 A7 £xrt wErh(Volesky, 1990;
Lovely and Coates, 1997). ©|A& ®wel 2877t
SAEE THERE FE5 dold tE =2 %
23S 7FdtHBeveridge and Murray, 1980). P&
TH wet F245L dgHoR & 7t (Valls
and de Lorenzo, 2002), 8% pH H&/F W3 4
E&to] 715-8ltH(Ceribasi and Yetis, 2001).

nE F&e ag4e midE 54, oHE 4,

e 274 ol o8l L vt nlE Sde
T2 gl Fhshs vldE $7/, 7, A% DA,
2 $A) g &8 ol lon, LFE 4EE
€ 29EAY FF, & 24 ¥ 52 & 5
Hhg 27lo 2= vAE Aoy S5 Feiol ¥F

F A= UAEC] 2EHE], 25, pH, A4,

B, Qo So] glrHAndres ef al., 2000; Klimmek
et al., 2001; Aksu, 2001).

a7k nAES AL 59 FE5 AA e

=3 7153 B4 sl A9 H A Sl 2 3

f5o] git}, o] Al E FEELE LHE A
JEle] EYE U R wAESH §& Jleg A&
gozH &E FFE0] 3N AHAR FYEA &L
EY Fo 9$991A 22733Kin situ stabilization)”} 7Fe
@2)9] A R-g gfopslarzt st o] W) FEEE F
25} mj A Eo] E9k oA A7 (planktonic) e
= EacE g 2 ASse] 55¢ g}
AR o|Fslmg 1gste] a3E A3 7IdE
Al €t 28y v Eo] vlo] @ HF (biofilm)yS @
ale] BEY At B4 2FE g2 SAST
Eo] 5B ARl Fa%e 143 2HE 7T
T AL Aot

Hlo] @ W22 A wiHe] el F-2Hd nAY
nAEoe] BH|g EPS/t Afsl] dAME 58 T
nAEEL dutdog {AE mEt olEdtivh
X FHo| deei FAEe 5L TR
B E70 uAlEEC] BHldke EPSe A4
A EZAEA vo]eEEE P F #7]1=9
50~90%° °l& =T T FEE AA s 9o,
AEe F2 YR, oud, @i X4 5oz 24
ol gt} o|¥A| EH|E EPSt tldgh S54 ol
A9 o s AdsL AM-FrE dEle ndes EF
W Ze] FEAA FFE 0] o|FRE WFi 314
A71= 98e Fh(Langley and Beveridge, 1999;
Lee and Beveridge, 2001).

ulol QBB S olgsjel A Aelel B wi A
e Fo 242 &2, AASe e A5
A FE v Jo(«E E9, Hiebert, 1998) =
drz AFE AlEZE A Qith mebd o] Aol
7185 o] AESH o2 HillH= EFol ofd
HR] e FFEOR 0¥H ERIA nlojed
FAE s v|PEY] & WS Feges
BE F3E9 o]5E AAlskE Yol 7EdA Y
$e stefelast sk
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21. EQF 24

Aol AH8e B 79 FEE0R 099 A
o7 dHR EgosA FAdAM A
AF S BEFOZRE AL AE BE SeR A
3, AASL 2ol 1067 AZ3IFT} 2mm U
< EF3 EY AEE Ao R o] ety &
23l &9k pH, %ol w$53 (CEC, cation exchange
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capacity), ZI7%HLO], loss-on-ignitionyS ZA4s2
A=A (size analysis)yS A AT

29 BY BA 1Y dtoEA gkt 32
(extractant)® 71819E A Ul $9%(Cd, C
Po, Zn)e] &% EAL defelr] s Table 13 7
L FEAE ARSI

teFgt GAF e W FEE9 85 54 v
etalr] sl E9 AR 109 0.0, 0.1, 05, 1.0,
30N @At 88 Zh7) A3 50 mLY FYIIUL
6 AlZF Bt g2 R71NA 30°C, 100 rpme
HEAlA EESIdt. 598EAH(TCLE toxicity
characteristic leaching procedure, EPA SW-846
Method 1311)0l4E E%F pH7F 5 #igtolH B 2¢
o pH4.93%) CH;COOH 40mLe ¥3, E% pH7}
5 o]Atolm Eck 2go] pH2.8891 CH;COOH 40 mL
£ 9o 30rpme2 18 A7k HhgAIA §&3Hh <)
273982115 (SPLP synthetic precipitation leaching
procedure, EPA SW 846, Method 1312)°|4= HoSO,
o} HNO,& 3:22 &3}3 golg /TR 43}
pH422 XA sl 209 B 40mLe] &£F £
2 A7 F 30 rpmeE 18 A7 wheA 7Y 823}
Aot =9 2% YH(DIN 38313)2] F4-(aqua regia)
2 o]&3 &2 025g Bl E4t 3ml
A2 1mlE @ol 70°CE 17 7185 £23 &
Az BO7t 10mle] H=E FHSE A ¥k
ol 7} HF £EAG die= 3] AAS(atomic

2,

£

absorption spectrometer, Perkin Elmer, AAnalyst 100)
£ olg3ly FE&e dEe A A ¢
et Boe @3 EEe s Cd, Cu, Phell thaiiAl
£ 01N 924 Asel disire 1IN 94, Zn, Nidl
deire 452 o8 & A8k ATHEAER,
2002).

EX W Z 5849 EAl geE i) Sk
A4:3-29 (sequential extraction)yS A-8-314t. o] 4
Fol| AME ALFEHe Davidson ef al.(1994)] A
AlgE S wtor of wf ARS-gH 7} &A% G
Y Z34e) E4) Fele Table 29} 2t

22 HO|2FE B3 ¥

22.1. vlo|2gE A

Hlol e W 2o o8 FTFE FF A #HHY
(columnydle & FaEii), o] ul AM8g AHL o=
g YFEA A7 5cm, 2o] 3L4cmvt HA A=t
som AP 28 B} AFL 570 goIUt B
Holl FY gAL 2L 5 3= 425 o= AF
2 nEqlon, FXE 6line UE2 (peristaltic) HE
(Cole Palmer Inc)2 ARgslt). 2 U Bl v}
oleWE HAge % dAYUE FFH] flFd Ex
o] $zo &2 (acetate), FAME(lactate), EEF
(glucose) 7} 10mMS 937 952 HEE 23 49
of Agkoz FYUSHT). Al 7] BAEE AR
Re BY ] B nAlE Ydo] ghaglel wlE} vlo]

Table 1. Various soil leaching methods applied in the experiments

Ratio of solution Particle size

Type Method Leaching medium to sample (v/w)  (mm)

Diluted HC1 Korean Standard Leaching Procedure 0.0, 0.1, 0.5, 1.0, and 3.0 N HC! 5:1 <0.2
for Contaminated Soil

TCLPY US EPA SW-846 Method 1311 Acetate buffer 20:1 <9.5

SPLP? US EPA SW-846 Method 1312 Deionized water (pH=4.2~5.0) 20:1 <9.5

Aqua regia DIN? 38414 Aqua regia 40:1 <0.2

DTCLP: toxicity characteristic leaching procedure
ASPLP: synthetic precipitation leaching procedure
3DIN: Deutsche Industrie-Norm

Table 2. Extractants used in the sequential extraction procedure and nominal phases dissolved (Davidson et al., 1994)

Extraction Extractants Phases
step
1 CH;COOH (0.16 M) Exchange site and carbonates (easily extractable)
2 NH,OH-HCI0.1 M) at pH<2 Iron and manganese oxides (reducible)
3 H,0, (8.8 M), CH;COONH;, (1 M) at pH<2 Organic matters and sulfides (oxidizable)
4 HNO; (36%), HCI (62%) Silicate minerals (residual)
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LHEL Ptk &= Aot UeA ARE Tt
371 EA 27 gAY 8 23 £oe
0.34 mI/min®4 500 mL/day7} S35 E ST}
ojFd 2R 1047 BAYS FYslH HlolL
58 A& AP FA6 24 A1 992 AY
T vew frETde AFS, fEY
pH, A3Igdd9, nAE +5 2439 B W
00 vloledEo| FAHHA FUFo| ¥ BE
< A ZolnE AYE % F uiEsHe 2
9] FIE vologE PA 213 NEZ AR
sl 3tk mAE 4= UV-vis spectrophotometer
£ AME3led 600nme] A FEFe FH:
{optical density)E 243159t} ¥ A8 (control)2A4]
o] gle Bol24E ZHd U5ty 2 438
Hw3lg). BE Ad 875 10% G4k g0 244
7k AAsle] 3348 AASIH.

o ne

222. vlo] AR % FaE& 143}

AelA Zies wog HY Ul Bl nlo|odE
< NS F, FES0E o0dE B e A
7t EG vlAE B8l ulol @ Eo o8 FEET
s e S Hofslr] sl Aoz A
5§98 Add U8tk Y FYE 7
% 99 88 Axs] A3 AR8E FE52 Cd Cy,
Cr(VD), Pb, ZnoE CdCly(Aldrich), CuCly(Junsei),
K>Cr,O;(Junsei), PbCl(Junsei), ZnCl(Junse)s AHE-
sttt Aol AM83 B2 o]2uIrAE FHAA
182 MO/em A&E 7he 2258 AMS3IGon &%
SAE ARSEA 3 a2 AR FES &
Ao] 9 AL Yol e Bhd 5 243 F
dstglon AF2aM ez Sttt

ZF4 g99e 1x2 Cd, Cuy, Cr(VD, Pb, Zn<
S=7F A7t 30mglle] HEE Az F EF s
Fzol] ¥y A% HEZE B3 £7] 500 mL/day’t
FABIESE 2084 mlh £=2 FYIAT. 270l
AP FHFE 3] FF5 & Y F 7IZE A
AL 24 A7 B IUIE Fof AHEFE F 24 A
7+ H9E RE5E AFs] 5 TS B934
ot 25 &9 FYF FEF A= 1047 A3}
Atk 22t FY Aledls vlel2F o A% 34 54
o] FRIF Cr(VDE A3lar, vlwAEe]| vlsl ulo]
LHEA o FHlg 4 AnE Holx ¥= (4,
Cu, Pb, Znol W3} z}ZF 100 mg/Le] T=E A=
gk & E3sld 1697 54 ARl FY3Hct. E¥

< T8l Zd AR e 4E5E Fds
24 A7 DRI = A F s FE5E FJFIIA

FEre 02pm THE T3HAZ ¥, 0.1mLe]
HCI(Ultra pure grade, Kanto chemical)S %3t
FHe] W F2E 5 e FEE5S AT
F84 B4e ICP-AES(nductively coupled plasma-
atomic emission spectrometer, OPTIMA 300XL,
Perkin Elmer)E o]l $=alslict.

3. 48 A W nF

31 2 =g X7 sEy 54

A B A7siek 58S B4 A9, pHe
5.82~6.59% UIE}stom Bk 6.142A4] 2k
pHE 23t} E%e] CECS LOI 34 23, 7zt o
7 9.14 meq/100 g} 6.2%= JEREOH QmiA A
I 22 90.2%, PIAlL 8.7%, AE L1%EA AHEY E
g Byt

tdt FEA] 93 85 EAE Yol 23, EY
285 RA AAE 01N FAKCd, Cu, Pb 32
4) 2 EF(@n FEE)E o189 WMEAEAREUEH
5, 200200 &3] F2H O oY BN S #F
82ke Cd 0.6mgkg, Cu 3.2mgkg, Pb 55.7 mgkg
2 7n 2268 mgkgS R0, o= AR 3A TP
AGEEA g ELLFESH/E(Cd 1.5 mgkg,
Cu 50 mg/kg, Pb 100 mg/kg, Zn 300 mg/kgkt vl
S W BF B ol

AT i ESel skl EXFTAAG™ AA|
H 01N F2he vIES s %003, 05, 1, 3N)
2] Ak 713k 799k SPLP ¥ TCLP whgol] o
£%, 2ol STE /BIES A 22 F

Table 3. Concentrations of extracted Cd, Cu, Pb, and Zn
and pHs of the studied soil after various leaching methods

(unit: mg/L)
Extractants pH Cd Cu Pb Zn

Deionized water 6.14 0.3 0.1 1.9 0.3
0.1 N HCI 1.46 0.6 32 55.7 375
0.3N HCI 0.94 0.8 4.6 87.6 463
0.5N HCl 0.84 0.8 5.4 1113 539

1N HCI 0.52 0.8 5.6 111.7 524
3N HCI 0.18 0.8 58 1084 573

SPLP 0.6 3.6 552 728
TCLP 0.4 04 215 352
Aqua regia 32 172 3526 2268




EY Y B2 vjAEe] o3 uoledE

F4&9) g% w3l 2 £ pH WS Table 39 Y
BT 53k 4be] w%rt S7Hl wet pHE
HAg et oo wet FEEE FEEY Tl
Z7khe dubAel 2daE JeRidth 3N gateR
2% 4% 01N 28 vt & 2 v A= &
& 329 Hgon, 01N gaes 22398 A%
ol Bl FF4e] £30] 15~20% FES VRIS
o}, SPLPo| 93 & W 01N Fies &3
= el vl Cd, Cu, P HIR3 & FE3%
ou Ine & 24 AT ¢ w2 o] 2EHUY,
TCLPell 28 Hhie 01N gates g2k Wit
HW3IEE Woll Zne ¥isgh & FEse Cd,
Cu, Pb= A& <fo] &= UK Table 3). &4, &=
B3] Axx)9} Kloke(19797F AN S Ede] Hjs&-
FAIZ(Cd 3mg/lL, Cu 100mg/L, Pb 100mg/L, Zn
300 mg/Lye v S ul, 4 23 A3 EG Y &
2 7138 & Cd 3571 47mg/l, Pb7} 3755 mg/L
2 Kloke 71EAE 2Hsh= A0E YePdo @M A
7ro] A3l W} Cdel Phrt 82Ele] A&Hoz
FAZ Y2 FeAol e Aoz =

EY AR tigk d&4FE FE Table 490 e}
U ZH AlEe] 94d e wESE Fig 19 =
A&kt Cde v F34¢0 vigled 4 7K &4
Fel7l A FUsh E¥sly glon, vAdFHes
EA)sls vjgo] 0% F=E Eth £33 Cwt Zn
of Hls) fr1Eel HFslEat A Atskd Fef v
&o] EIth Cum BN oF 40% A7t AF4e
2 &3 9o uAdRd g Fore A
ool v)go] ¥ Ao Uehgth PhE oF 40%
7y Ao EAE v gy F sd ¥
B2 vjgo] T FF&l vE B FE-g A
F gtk ole Pt FE FE Azl ol A3}
ol5Irt thE Fol HlEl v dAsEoIY fIIE
I A ez EFdve Ao AP
(Alloway, 1995). Zne thE ZF&ol vt w3y
Fepeel vlgo] oF 30% A== A veEh} AESH
Frert 28 AoE A

P4 FHe B3 8 FES AA 439
47 gk 375.5 211.2
o 100%
2
8
E 80%
=
Te eExchangeable
g§ 0% o Reducible
2E mOxidizable
85 40% @Residual
52
[e:]
£ 2%
o
E 0%

Heavy metais

Fig. 1. Partitioning of sequentially extracted metal contents
in the studied soil. The numbers above each bar represent
the sum concentrations of 4 phases (unit: mg/kg).

32 HO|2EE &3 WY

321 vleledE A

E9F 570 g2 228 o) zhz} gol25¢F 10mM
23, 4, E5T @49 7894E 500 mL/day
7} EREeE St 28e B3 v ©
a9 Fga golesl {ES BuE Az wel
4% AE Fig. 20 Ve f&5= 48 AT
A3 FRE GaEow gadke 10d0] R AlHe|
M gol29E 438 mijday, 2492 430 ml/day,
AEe 424 ml/day, EEF2 413mlsday’t 22t
APE F33ld HZEHAT. ol g TS AS
A fErd o HAh 240y ol olvlz

520

Effluentvolume {mlL/day)
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440 I | - Acetate
420 b —o— Lactate
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400 1 I L i i L A ) i 1
0 48 96 144 192 240
Time (h)

Fig. 2. Volume of effluents through the columns over time.
DIW: deionized water.

Table 4. Heavy metal concentrations determined by sequential extraction (unit: mg/L)

1 step (easily extractable) 2 step (reducible)

3 step (oxidizable) 4 step (residual) total

Cd 1.2 1.0
Cu 2.8 8.5
Pb 52.1 85.8
Zn 652 65.5

1.0 1.5 4.7
15 9.0 21.8
81.8 155.8 375.5

10 70.5 2112
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°lg 1 94 Go9E AEFoR BEY FFFO
24 E% W EZ nlgEd] o3 ulo]od o] ¥4
A, AARE vle|eHEOR st EY W TF
| 7o vz—h} Fo| 58] AW Rz o
ARk B3 § EH e ATR Mol A7 Ul
EF Ul BR vAEEL I >R >R &
o= rlo¥EE Eé*éoﬂ dad gAY s dsske R
o2 YEsit
%ﬂiﬂ Ase 4ES vXE F8 A F st
A &) pH 2 A3 Ag] wsls 24 A7k #
7& ZEHT) v 27] 24 A7 A T ol
5 9F 7.19] pHE vepd vhd 498 =93 2
HE-2 olit} oA ¥ 64~6.89 pH S B3t
(Fig. 3@)). ©1213 HEL 1090 ZAX e 77+ &
¢t B & ¥SkE Kol @ A9 dAsH fAH
Yo, 10U7te] Hy pHe 2ol 7.12, 244
6.63, FAIE 647, T=F 6208 Ztzt 2AHYCH &
o]0l Hisle] EAYS FUE AHY FEFoM
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Fig. 3. Measurement of (a) pH and (b) redox potential of
the effluents over time. DIW: deionized water.
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Fig. 4. Optical density at 600 nm of the effluents over time.
DIW: deionized water.
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o] A5 AEle Bl E ARGTH Bl hitel
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32.2. vlol oW Ed) 93t FF& A5

B9 Ayl 10987 ga9s FAFeEA Hloj
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Cr(VD), Pb, Zn) s=&-1g 1047+ YR 5 2
Hol| A& o= 100 mg/Le] £F%(CY, Cu, Pb, Zn)
< 1697 FYs Al W fEF W 24 FEE
FEE 243k

A8 A, T SFEES A2 FUT 30mg/l
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T dlo] Q@B 23 A|A kS FHlo] el
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Fig. 5. Removed concentrations of dissolved Cr(VI)
through soil columns over time. DIW: deionized water.
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