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In-situ Precipitation of Arsenic and Copper in Soil by Microbiological Sulfate
Reduction
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Microbiological sulfate reduction is the transformation of sulfate to sulfide catalyzed by the activity of sulfate-
reducing bacteria using sulfate as an electron acceptor. Low solubility of metal sulfides leads to precipitation of the
sulfides in solution. The effects of microbiological sulfate reduction on in-situ precipitation of arsenic and copper
were investigated for the heavy metal-contaminated soil around the Songcheon Au-Ag mine site. Total concentra-
tions of As, Cu, and Pb were 1,311 mg/kg, 146 mg/kg, and 294 mg/kg, respectively, after aqua regia digestion. In
batch-type experiments, indigenous sulfate-reducing bacteria rapidly decreased sulfate concentration and redox
potential and led to substantial removal of dissolved As and Cu from solution. Optimal concentrations of carbon
source and sulfate for effective microbial sulfate reduction were 0.2~0.5% (w/v) and 100~200 mg/L, respectively.
More than 98% of injected As and Cu were removed in the effluents from both microbial and chemical columns
designed for metal sulfides to be precipitated. However, after the injection of oxygen-rich solution, the microbial
column showed the enhanced long-term stability of in-situ precipitated metals when compared with the chemical
column which showed immediate increase in dissolved As and Cu due to oxidative dissolution of the sulfides.
Black precipitates formed in the microbial column during the experiments and were identified as iron sulfide and
copper sulfide. Arsenic was observed to be adsorbed on surface of iron sulfide precipitate.

Key words : microbiological sulfate reduction, in-situ precipitation, mine soil, arsenic, copper

) QESA 3 Qe NG S AAEARE o] 3k BT 3 diEHEolol ojEl Aol %L:é}c’l%gi
HEkElE gelr), AW Fslole FHe] §F & ol AYs LImrt o 75 FIER HdEd. o
AFoMe B4 SF4508 0FE £ F&EA Aol EGE v sl B ureEole)] 98t 49 3
< fegozn 54 Ui 99 243 riey 2848 IR 99 —Er—ﬂ A3, g B W via, 74,
o] dhgke zbzh 1,311 mg/kg, 146 mgkg, 294 mgkg S8 JER} E38] ujhe] eHo] 4lzte Aleigrt. 3824
AY Az nAESE 3k shdof 9%te] pH F71, Ay Fa, ’\‘l' shek 7ra, w)49b e o 7t
& Bo] AU o 0 g w2 FFE A L& A= %i%l_ﬂr kel B WeE 27 0.2~0.5%,
100~200 mg/LE JERdTh w8 = 3igtdoz 398 FAL F2s 2odE 4y A48 3 A, vi
o} FEle F AYANA BF 98% o1 AAHAG. e AAE vk TES §AE Y3 F, g o= g3
B HAAS 43 M e S48 Bl49 7Y 8-S ddo] vepgo, rAESHE ke 3ee fed
APMe AAEo] 30U o4 %}ﬂﬂ eFgAE B vjAESE A o A" AL JHE
FeSo}l CuSE ueltor HlAie tifE d 58 S350 ds 202 AU
F0| : vAEY g B, YR AA, B B, w4, 7
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oA ESHE Bt $hele 3 (sulfate, SO )
A8 (electron acceptor)Z o433k Sk
vhe|2]oHSRB; sulfate-reducing bacteria)e] EFo| ¢
sl gatd o] o] F3lol(sulfide, SS)0E FAH
= 28-S W3, ole MEEEEHoE FAEA (3
3H]) jhgoll wlste] wj¢ wheE Ao duA Ut
(Gibson, 1990). PIAESA 29 ZAolA FAE FF
slo]e2 FE5L F3Ee] FHE AN, Fd"
B sl wie e 8= o8l F4 o]0
& FoENH AALTHMetcalf, 2003).

it S$E4508 0¥HE 4R EY ¥ X35
ol 7FE de] ol8EHE EWrled o9E BHS
Adez Aol Azske WH(ex-situ pump-and-
treat method)°|tHe]S 9, Keimowitz ¢t al., 2007).
ey olgjgt WPy Avlz) B3l v, ohEk
o] 38 EZE AR, Y AT L9EY =
2 9ol Jom, thiFe] A7t s 5
©go] et

uABEE Fatd 2 el AAE Fslel2e
EF W g% o2} Whgsie FsE Feo] AHES
PR Fago| YA A-MISMP; in-situ metal
precipitation)=l= &= 7[dE + ArkSuthersan,
1997). E<F 4 el Beo] EAlsk= 34t 5 47
T FUE s R 54 Y94AE JANE # 9
o, de|glopt B ZRE FAEE 3 o83t
7] ojH & A%, FADE IR Fd8) =
He T o} ES AR ¥ 54 4
29 AE F3 27k =S HEE FYg 2
87t glo] M= B85 A7 EE AxFA|
A SAYTS FFEsIH HuE g 2 o] Zd
oAl thE EY7]&d] Hste] v]go] R AFsic)
E3) #7135 Ed 2340 s BgFor o9y
UE EYS] 7L, f7I5ES m=o] Ealst
@02 ol§3A HER §7E LE7A] B4
of e & e Pl sk

| AESE AT BYE ol 8g TEEe) A 7]
zo g A+e x5 Azlsela gds] ArH
3 Qith e A, =9)e] Aatol vwE Wt 7]
E7wo] o|Fojz|A] gke AH oA HlAk Y H
HE Wollxe] Hla 3 sk(Lee ef al., 20053, 2006),
| E8HA gaka el 93 mackinawite(FeS) &
X Ha et al., 2006), 220 T oFE & o o

£/ 2

g MRS A Be] JF 2 e nd A
A](Chang and Kim, 2007), k32l 3t gl

£ vAESH FF45 343 A7 (Song ¢ al.,
2007) 5°] 3% v} Uck.

o] AN AR EF € A3lrE LGATIE At
339499 D7sHredox-sensitive) EA 949 &
FE5E VBT I B kg o€l A9
Aol AR 7iee] E8498 A¥L B9 Hist
2 sk

8]2-2] (batch) AEolM e EYLEZRE EADAE
RS F2319 2 EY HES F uig3ie] A
7l w2 pH, AFSIEHAHS, Bhatele dF, 8 F
4 & 79 wsls FFS nAESH g
9 2 T34 Ao AAE BAslERY] RS
gelslet. T3 /MY B S84 A 488 Ho)

= F

g 2

2 913 H4e] P (comn) 24 AL Tfaky
A sk,

sl Ao DL ARE vioE ) A
Q) FUARYH 2RI e BAE) $I5id
294 49e sa9ed. BUe B Yor W
S el 34 YL BUSYs SABsE g
o

sfgh =@ 23 Vol Y98 WSS P AR
of S 2 YEEHS seRIom dxz g5}
2 F7o] WASAGEA RS WA sk, @
A 27 2ol % 2e AzA 87

do) Fuke)] Ajgo] FREATE 27 SR T
Holl AXA Fn|o} Ao EYellA 2 it 57
& shako] B zlo] $th(lee ef al, 2005b; Li
al., 2008). 2008 54 3% AlE FH AF B Eol
UE XA A= 30~60 cme] HES AFHsl] 48
o o]&3Art.

AN B A2 AX T 10mesh®t 80 mesh
AE o)g3k] AAskaL, 10 mesh ©)3le] EY AEE
E%F pH, 2<¥7(oss-on-ignition), %ol w352
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o] 243 d=RA, F 2L 9 ghh F £ A}
B35 21, 80 mesh ©]5te] E%e 9U<(aqua regia)
T3 = F25 Al A3 & 24 2 ¥h
2 10mesh o|3le] EYE tlgoR ikAy)
(elemental analyzer; Flash EA 1112, Thermo
Electron Corporation, USA)~E— o] g3l BA3IHT)
EF U 559 e 95 B9 ¥ f=agEe
Zuhgs3 e 7| (ICP-AES, inductively coupled plasma
- atomic emission spectrometer; OPTIMA 4300DV,
Perkin Elmer, USA)YS o]&3le] =3It ¥
AR BE 4AE 871 10% 93 %quﬂ 2472}
AFsle] &71e FaHY = FFES AASIH
EF W FE59] A deuE @] 93t A&

Z(sequential extractionys AAEtHoH o] ] A¥
off AH-3E FEAY 59 &Y &4 Jee
Table 13} 2t}

2.2 o4& &Ba

e #Y dhEElole] Exls H o)2-g T3

WA AR Fo) welRlolE §o1H0E Weke
W A Ag I8 F5HEo] H o)L} wkgale} Ao

A gulR]e] sodium sulfate(5 g/L)¢} ferrous sulfate
005 gL)E Arksty EZuAAE N (inoculum)
I1mLE pour plate Ee2 HFSAT I 30°C
27004 HAZE ¥71d £7](anaerobic jar) WellAd
&3t A3 ZA9) = (colony)e] UEREOH, o8 B
Sled 3 4 gezlote] EA1E FRIT U
o} EFE HENL SH5S5 50 mLet AzEA &
< EY NE 5g& T8 vigrlelM 1 A7 5%
150 rpme E A& & AAPYGNZ & 2 5

MRS ol

r

o

23. 3|84 MY

Ax"E BEY A8 130 g8 2409 €9 400mLE
serum hottledl] Ho} Y7 (autoclave%e— o}-8-3}
o Bt BAY0EE vEhes) FEPE 1:19
H&Z 4o] 7‘415_3}93\‘:} Ao g9 gHe 18}
7] $3td #HF ©aY $%7F 42 0.05%, 0.1%,
0.2%, 0.5%wfv) So°) QE% A2t 7t HE AE
off FASKNTHTable 2). 24P ZE NHC 24
500 ppme| =HEF *ﬂi?} —?— FA3AT. o F el
S S A E HEAE Y A A= HEIN

FslE e 23N 48 T3l syt 7] o, o] FAER (§}§}-'} B 7223 (control)}S 9
Table 1. Extractants used in the sequential extraction and nominal phases
Extraction step Extractants Phases

MgCl, (1 M)

CH;COOH (0.16 M)
NH,0OH-HCI (0.5 M) at pH 2
oxalate buffer (0.2 M) at pH 3

[« NV RN O FO R S Y

HNO;, HCI

diluted HNO; (0.035%), H,0,, CH;COOH (0.16 M)

Exchangeable (easily extractable)
Carbonate-bound (easily extractable)
Manganese oxides (reducible)

Iron oxides (reducible)

Organic matters and sulfides (oxidizable)
Silicate minerals (residual)

Table 2. Setup of the batch experiments

Batch no. Bacteria Substrates Additives
A x carbon source (0.2%)
Bl o DIw"
B2 0 carbon source (0.05%)
Na,SO, (100
B3 o carbon source (0.1%) %50, (100 mg/L)
B4 O carbon source (0.2%)
BS o] carbon source (0.5%)
Cl1 O DIW
€2 carbon source (0.2%) NaSO, (50 mg/L)
C3 O Na,S0O, (200 mg/L)
C4 0 Na, SO, (500 mg/L)

*Deionized water
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& AR HEIR g2 vwARodlE AT G
2#E FHTFE FHsTh

Aoz Hie P2 SFH EYTE Axst
7] §1gk Aleko 2= NaH,AsO,(Aldrich)} CuCl(unsei)
5 7 AR AR g AR F 2R
EolAE AR 7t g ME dYHo=E HAs
T2 & zkzF 70 mg/Let 30 mg/l YTk 2 e
A8 AEdl= Tt wEe 3IHE Tyl 3t
Fo] F7H4Ql F9Jol uke-& FAsrTIeAY HF-¢t
o] s g HYE LA sIHcH(Table 2).

249 384 48 AEY Ny(100%) 7F~E purging
3l butyl rubber stopperZ U+E ol 7143 #
AL FASEA FEES FUT AIFTE 4297 ¥
SAAEL o] 717+ B3t FTHes SAE AF s
pH, A5leAY, 4= F24 %, Filole T
2459t Fitol2e & ion chromatography
(DX-500, Dionex, USAYS o] &3t} Hasiqch. 2
Hge FEAY S AAsch

24, YA HE

Ao ¥ A7L 4cm, Zole 30cm7} E]Ei
=2 A= AR} BY 570g2 B ¥
Aol AHEF 1, 2, 3 =33l 2FE Q_oﬂ(u]_,_
70 mg/L, 72 30 mg/Lye Ax3lH AT FUstATh
Lol 2919 913 HIE 4line 952 (peristaltic) H
IMasterflex L/S, Cole Palmer Inc, USAYE A&
'5‘}%1‘:}

& B8 vlEse S99 F25 T FYT

9] %‘%*J% Zold w7lx] FE4 498 2087 F
g %, lﬂiﬂr zeds 42

2548 Fusl Mu 47 AL 01%8}0310131, 2

# 20 100 mglel Na,Soh 2555 FYsled 3}
S FAEE) B8lE e =i, 2E 30

Table 3. Time table of the column experiments

pal E_Eu ]zﬁ_

£ 100mg/Le] Na,SO8h vl HEAS HE s
naEsA a9 o 9% 2% PBE YAg
s}aaumable 3. oIF 3094_73 ARE 2R3 )

__/

Ol

oF AR ARE WEHE 88
F7Hoz A 02um LIS B3 iz ¥
pH, UHAAHS), Fole ¥, §F FIE I

Oy =

5-& BAsGith 53] As(V) As(ll) 32 st
7] $Eld vl 4L e Fol2udTtERA|
(anion exchange cartridge; LC-SAX, Supelco, USA)
g AR EA §9 Fo As@DyE EEid &
ICP-AES(OPTIMA 300XL, Perkin Elmer, USA)Z
AL, As(V) TS & As I3 As(I) ¥
7k} zpo] 2 ATt

28 49 =F 3499 FHE NEE 2L ke
2449 glove boxdl A = 47+ AZ% & XRDX-ray
diffractometer; D5005, Bruker, Germany)$l SEM-
EDS(scanning electron microscopy-energy dispersive
spectrometer; JSM-6700F Jeol, Japan)E <|-§3}4
FE 9 g8t 24 248 AAETh

3.4 Zdnt ¥ uF

. QY EQS| X|7EEA S&
+XJ%& i Eoke] Aalstd B8 Bl 4
= Table 494 72} AE iy EY A9 pHE
299 7}Abde) pHE B ole Beb3Eo] AE
o =ZEm AAHE Gago] B o wol g
o] glo}, pHE ZAske FHolN TR0 BES
ol2wiA ato] Y ol B AR ¥

Time (days) Column 1 (control) Column 2 (chemical) Column 3 (biological)
0-20 As 70 mg/L, Cu 30 mg/L (N, purged)
As 70 mg/L, Cu 30 mg/L. (N, purged), 0.2% carbon source solution
21-50 DIW" DIW inoculum
Na,S0,4 100 mg/L Na,S 100 mg/L Na,S0O, 100 mg/L
51-90 As 70 mg/L, Cu 30 mg/L (oxygen-rich)

*Deionized water
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Table 4. Physical and chemical properties of the soil sample

Parameters Values  Tolerable level*
pH 2.99
Loss-on-ignition (%) 6.3
Cation exchange capaci
(meq/100 g) y pectt 89.48
Sand fraction (%) 78.2
Silt fraction (%) 10.3
Clay fraction (%) 11.5
Total nitrogen (%) 0.008
Total carbon (%) 0.064
Al (%) 1.4 -
As (mg/kg) 1,311 20
Cd (mg/kg) 0.1 3
Cr (mg/kg) 6.5 100
Cu (mg/kg) 146.1 100
Mn (mg/kg) 284.9 -
Ni (mg/kg) 29 50
Fe (%) 1.44 -
Pb (mg/kg) 2949 100
Zn (mg/kg) 79.8 300

*: Kloke (1979)

oL sEL 8948 meq/100 gO & H|wA =A
Rt} A7 63%2 ZAEOH, YEEM A
I 2 782%, AE 103%, FE 11.5%2] ¥1&-L
ARSI AT AFAF] FAR B W {718
e Ao, vy 5o MBS 5 wjFo] o)
2W3sEo] = vl Zew wvEc & A4
o} gk grEke 74z} 0.008%, 0.064%5A4 o$- wol
t A& F4FE Y e Hre Aid Bie] 2
Ho] "ash Aoz vt}

B vlae} 3459 oF AEE A 4,
vl 1,311 mgkgel g vERio] o] 4gst
Fe Ak ol Y AY9E dAeE g Lim o
al.(2008)°] AT A3t veRd Fd 1,910 mgkgRthe
w2 FA o, Kloke(1979)7F AAleH EelMe]
=% Al SEAAA | B3l 658 o) w& 3ol
At a9} el o] B a4
Ho| 3&3HAR Blsted Zb2h 158 2 3wyt w2
TS VAL Qo] 2Fo] MH he ANk

A=A HA 449

rlo

weld] $33 B9 ¥ ERTYE g
olE FFE 2ol HzH F HEHo] YL Ao
AT AE Ege] goz 2go] He YUA
gh ol AgelMe Ee A7 uldelir AdE.
olg ¢ 0|22 Iz vy PhSO, FEY HHE
S gAsle e Ad 9e-S Kk olE
o)Ak

E9 A8 Uit d455 43E Table 590 Yt
Witk vdE 97 AskEa) d AletEd) Agd ¥
EH7} XHH 87 o% RFA &AL %121°tt1 ol A, W7k

O M mY

e Roz :&%s}aaq 29 del 34, 2

= Yo Felol vge] Bo} olF FaSC] Y
o) FoeE BAEe S Uepit, del 74 of
ewgy Fejol ko] 108 mgkel s AUiEo®
o} B2 ol AA §¥H] S £UB TP
o] g Ae= vehdrh,

_ﬁkr

3.2. 324 4

TS oFo] gagdw FAAS FEe o) viAy
BE HEIA %2 H|ZAS(Table 2¢] Batch A)%}
MBS HEF AE(Table 29 Batch B4) 70¢] A
Zholl wp2 pHe} AkslEl7 ¢ WslE Fig. 1ol Yk
Aok pHEl 2%, HIZAZME 6.71~7.42 ARolollx]
& HEE HolA] agtoy nAE ABdXE 27
pH 7.059014 tiAlH e 234 Zvtsled 875714 A
&5t o]2d pHel e 3 3l Wigo) &
3] ksl Ao RA, S B gl &

71EE AL FEE AAEAE 018 A4
3} Falpart YAEY G2 S MHCO )7 718
wf ol pH/F d5std S 3 AladlolMe
FrrHo R Fado] FMBER FAMED, UiEe
FEEE B2 pHIX ole®rt A3lslng 3435t &
7} 6% Sohevk(Suthersan, 1997).

A1 A Y B FZAIBo)A -10mV~20mV HY
o] Z& JER wbE, nAE AR -100 mV o
8te] 78t 29 3g 2. sl d )7} -100 mV
ol3ljl Tl xZelM = nAEEA kg #9lo] &

Table 5. Heavy metal concentrations determined by the sequential extraction (unit: mg/kg)

Exchangeable  Carbonate-bound Mn-oxides

Fe-oxides

Organics/sulfides residual total

As 07 (0.1%) 65 (0.5%)  453.0 (34.9%)
Cu 3.6 (2.5%) 4.6 (3.3%) 374 (26.4%)
Pb  10.8 (3.7%) 1.2 (0.4%) 523 (18.1%)

672.9 (51.8%)
19.2 (13.6%)
132.1 (45.8%)

88.7 (6.8%)
67.5 (47.7%)
85.1 (29.5%)

770 (5.9%) 1,298.8
9.1 (64%) 1414
6.7 (23%)  288.2
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Fig. 1. Variation of pH and redox potential in the batch
experiments.

W3] dojdth(Postgate, 1984). 53] WAE HE A
B g 13 B¢ ABISAA9E F43] 248
A=), ole Fslole] A=A LstEEAY A
A &37F BT AeE Ho|y AzHoz 33 &
A F30] A it 9 vhElE]olrt &3]
of Age Ao} HYrh =3 Hlaet FIe I
oA 2 o5Ado] mig- RouR FHEE 3
371 U SUE 4 Qloh

akeds Z=9lst A8 ME(Tuble 2¢] Batch A~C4)
AA ARt e I ] wskE AEs Fa
327} Ad Fo= v ZA]E9 Batch ASh 2298
FUsA @S Batch Bl, 3419E FHIA ¥
Batch C1& A|Yslie R AY HEA 70% o]
o) ghated garel 7+Av) dehdoh vAE HE Al
H21 Batch B49} A%, 657 § Ao TEHJS o
akd o] 7h4Eke. 96,3 mg/LE H| WA E(15.8 mg/Ly
Hlale] 2 Al o] el Ax & JolE BT
(Fig. 2). 438 =7¢ 39 o= fABeER
3etael F3E YT HAUEIE R AztE,
tABE GF AlRoME #itge] §43) A4ad Ao
2 Bo} vl Bo] g9l uhe-g £33 Aoz e
tHGeets et al., 2005).
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Fig. 2. Variation of sulfate ion concentrations in the batch
experiments.

o] A3 A= o] vlwAl g} AT 2jo)E BT
ol Bk 74 AR £ 1.4% EAske o] 394
S3islo] BAE Fe(Do} 3atgo] g=o] dE
3lsjol2o] HiSEled A FFslEe] YR A Ao
2 =i CuS Fele] 1 3 JHET 23
Hoj & 7ol o, A3 +8](146 mgke) 7
o] g Aolg I W YRS FH JFEY Ao
2 dAH 59§ FHE] ol 7€ dE 4
oMz WA en ol 43 Ax FeS9t CuS
7t AEHATER) 33 d #x).

4290 A% A A, nBES HEIA G2 A
R vjs) AE A W] FE& el A 7
ZHo] o EYo g I H|Ae) Fe 3
A 2 DA &L Aog Yyt z+ @b
oo e FE4 Ake] WsltE Fg. 39 uEr
Uigich BlAs) 7o) BT gAhYE FYA ¥ A
ol & oA Ao 7Adir] ol mAES] \t
2o] FABEA] g Aow eyt 849 .
7} 02% oVdd A A% AF & 15¢0] AAskRt
H| Aol %27} 35mgl ©]&2 "ol 95% o)Ak
vt o FoA AARNeH, AFo] FEE 42
d FolE= 1mg/l ol3tE 74T ubE BAhd &
=7t 0.05%% A% A8 £3 Fox 1255 mg/le
H)27} Gol lo] vjAEe] EEe Bag HAxFH|
7 #EYE Zloz waEd. e A, gahd F
= 01% o9 =794 8 kol 0.63mg/L
o|3lE ZAadted 96% o2} AMA E&S Bt A
wFo g Il FHe ©ade FYslx viEn
o 44 A= Aoz Jeiyth £8¥oE & o,
viAo 7o A H2E HFAE 02% ode &
A9e] a3k Ao vehyrh

o] FUe FASR @& AL Hjgle HlA&
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Fig. 3. Removal of arsenic and copper with various
concentrations of carbon source solution.

o} 7Ele] YA Aol asAo|gjlon, ol gt
g elE FA B A ARl 3 Ao ddEn,
EZuAE DS 100 mglel 3L Bade
o ZFz}b 69.12 mg/Lel ¥W)298.7%), 19.22 mg/Lel F
g(96.1%)F AAY + UATHFig. 4). WA wE
o] B¢ AAd| &Rl FAEE olgs 1 Hul=
HE2 e FYsld AF olsd
= Aol & ZIHQ] ZloE Jehgth

e
YA e A, HAE TR A% g Fof
ole AE Wob Uitk W Fele BIPE 9

3R] g2 APE 27] T 50% F=7F AAH

<o, ol F3E Aol F A o FFI
gaglel o3 e whezlebrt e B B
o} ABEFZH(biosorption)o] LT R 2 AL
T 500 mg/Le] FAES FU515E woll= 100mgL
EE 200mg/Lel ARl 238 vliet Fale A
7 Ego) 2F ;&om% Aoz AU ol A
A e gige] Ea7) myEe] -8 A
TFe8E UeE AXERes oA o thd &1
9l A7t 2,

3.3 ZHEA MY
A& o] zsPE 90%_] }F_o]- A3 1,23 Hj&2= 19
Bl 2 3 gee RUEYst A9 Fig 59 7
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Fig. 4. Removal of arsenic and copper with various
concentrations of sulfate.
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Fig. 5. Variation of arsenic and copper concentrations in
effluents during the column experiments. (a) input of only
metal solution, (b) bacterial inoculum and supply of $O,>~
or 87, and (c) input of Oy-rich solution.
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Fig. 6. Result of XRD analysis with the first precipitates in the column.
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Fig. 7. Result of SEM-EDS analysis with the first precipitates in the column. The peaks are designated as, from left, O, Fe,
Na, As, Al, Si, S, Fe, and Fe.
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Fig. 9. Result of SEM-EDS analysis with the second precipitates in the column. The peaks are designated as, from left, O,
Cu, Si, S, Cu, and Cu.
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