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5- Dissimilatory Iron Reduction Bacteria
6- a-FeZO3
7- a-FeO(OH)
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1- X-Ray Fluorescence
2- Source Clays Repository of the Clay Minerals
Society
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5- Colony Forming Unit
6- 9,10-anthraquinone-2-sodium salt
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1- Freeze Drying

2- Stephen Brunauer, Paul Hugh Emmett, and Edward
Teller

3- Tryptic Soy Broth

4- 1,4-piperazinediethanesulfonic acid
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1- X-ray Absorptionfine-Structure Spectroscopy

3 Soyb ol agl lide 1AL Jolee ;Yoo Lo ¥ 4 AQS
ol e jlasd Yo olee Yoo due & 4 NAU-2 ¢l o5 Jbs
P AQS j9ia> ) ) (il Lulyd ran ) ) 4ol 658
YV 5 3905 NAU-2 5 NAU-T 53 iy & ialo] plosi s, ¥
Jol 59,30 o Lials a51y8 oS sl cpl odiad ylis 48 dg duoyd
2 oS AQS s > el oad plogl gy olodily b
ol agl Jlade 1 a3 VY 9 Y/D 4 iy 4 NAu-24 NAu-1
ExSLy S amd e oLt gl ol 1 (Y USS) A5 3g0me S48
ool 5l pae > & 50 (9, 8L 90 Shewanella sp
ol Pl g ) GialS skt 4 S8 pml e b dtans
P05 g0 Hlols 0 a S)AQS joan Lol gyl lya o8
ol a5 Saogh dpul sle el (s
A5 (st 2l el Gal8l 4y omie (a8l e (1558 LS
oL eizmen gols 2 cilas (V) oen 5 (& i b &S
PSP yob dn ool (s (LS adgl Co s &5 0D
P NAU-1 ) 50 Jlie olgie 4 09 NAu-1 I 5YL NAu-2
Bl o, Yo 3 as) Lials S il oY L5 AQS e
Sde 3 NAU-2 (gly Lol o saalie jay & cusdS 1w (s3]
(Y JS5) dpwy ialS IS 5 o yd YA & ialS jlade ailie o
sl pie > il () 93 cnl ) LS gloj e Jgb )3 Lol
ol gl e 5l inlS 0,28 S 5l ooy B 5 ¥V 4 L AQS
2 oalS 0y w8 awy NAU-2 g NAu-1 gy 4y )8
$7SL Jolw (g 9 0855 38 681 sledobo b sali slalos
33 Sl U glyscinl (bl g3 oyl Wy 09 o )3 V5l a8 ddveds
8L Lolyen 5 68k (y9h (NAU-2 9 NAU-1) (o) (sloyless
(7 Js) cuslord idate (loj yg2xe 2 043
2 ol Sl b 4 5 (10) )Ken g o
Lo bl bowg (NAU-2 5 NAU-1) gyl 93 ) Lials
LS &S W) dox oyl 4 By (0 9Suwg il b 9o
g a8l o 51 ) e by Il 3 NAu-1 )3 s
S ke a0y L JJanliS) (S 53 (Cl) (o St 0]
02l 31 (S 5 5l ey hlS NAU-2 S5 g oo stalS
a0Y 3 (trans) 5 So b opal g Sl oSl ) 5
0 () s oSl 53 S ] 5 35550 ol sl
inges G35 (V) ol Sad g (o 1o inlS (Sl e
09 0as s Jew lgie 4 NAU2 3 058 ol & alSin
ol &S 0g do Ve I pl o s HielS 6iuS b ool
) Jhaal 5 oS 3 5 b ol J gty b nlS 008
Sosliiwl Ly (W) ghlSen 5 (S dowg & &5 392 aliio (303



IFAY 15— oloys Yo)lods YV uls (S gl ay s YOF

—4a—NAU-2 ---0--- NAU-2+Sh-AQS
—=a— NAU-2+Sh+AQS ---a--- NAU-2+PSh
6 5
- 5 1
3
2
3% 4
v
3 PO S
X 5] LG T
3 =3
- !
Moo
1 4
0K s 2 A "
0 5 10 15 20 25 30
Gsy) o)
(&)
—4a—NAU-1 -+t -~ NAU-1+PSh
3 ---0--- NAU-1+Sh-AQS —a— NAU-1+Sh+AQS
25 1
—
%
% 2
Y 15
ERRY P
5, .
€ g T o
0.5 1 o
0 ﬁ > # 1 ———ts
0 5 10 15 20 25 30
(3y) 0k (©)

390 oloj e 13 NAU-2 (0 NAU-L (i) g lows 53 sl b 15! B3 93 oyl (gl cpuSloe duang o =Y IS5

Do dioyd Yl jieS adiued (6L ol el 5 005 pe (558 Gl o Y o VE 4 sy 4 AQS luds jd yolas oyl
£ 90 st SRS )3 0ud (Sojlul Jglowo 93 opal ko PG clon )3 SialS gl Cas s B 900 CigS g Culon
590 Sl €isS 5 cuslon (NAU-2 5 NAU-1) cudg il I gy Cslon pal 4uS1 > (Jlie glgis 4 39) CuielS
sl ol oo 3 93 ol (gjludlil gy > e 4 &8 o (28 1 59, ¥+ )3 &) Lals’ S 5l a0 AD L5 AQS
Ol ¥ JSd o wiagy 03,8 cdl 0 1) AQS &S olejless )0 oS Hde wline oy e ;3 sl (gl Lol D4 39, O D5 S |

ol 05 031 L sy b ol adgl jlade 5 LialS JS 5l aoys O 4 ials
o yoie S g)am ST CiM > Sl S oo 4, Ly colon | jide ciglS 3 (sunj G20 ool & ol
LacadMs )3 @l oyl a5 395 o0 bl awj ials > M3 (Y JSCs) el delsl loj Jsbo pd (s ytdn pylds (Jg sieS Cspus

e > oMl I sl by olil o luSs g 53 s ledolw L salis clajlos o ialS 0yiud 50 (S5 90 opl )



b bl SsnS gum ST s Sl 018 g
daols il g 0395 s Jobis (oolsj Jslge yb cou
9 ST sl e ol s 5 3l Slslid g e85 955
o] bS] zals alsl clacus (Fy ¥) Aib e o e ST
sLaeS g dhwg a (halS 5L (chl )3 b S bawgs S 3
9 525 (V) Wgbmed Uy S Jlian S (Seolinzge 5
sledgbo (il = ialuST Jousily 51457253, ol (V1) oy en
@3laj hde 4 ()15 sl © g5 SlaesyS g () S
L coslon aile) by S 28] cajls zals )3 ail e
0> Sy Ly olmlS 6,51y Jsluw Sy 45 63,55 1 b (CuisiS
A e 1> So 8 opal LialS 4y yomie e ploul wus]

g s

g 45 cladlls ;5 (F) cwly] a5l Jlaie o 5ol s
ey ol L a Lol )5 (V) phl—Sen 5 b
Shewanella (¢S, j5io 3 S5 ol (slotpus 5200 o8]
IS a1y iy LS lade co8 S plool putrefaciens
A5 A5 S ClanS B lg Snd <Clynis
adllas sl > dlols gl b cuisS 5 culon b abaly 55 ol o)
3 gl s |y gy el 0 BN pioen Ll ol alie
Sl a8 100l cod yal clasuS g n ST adgl M
eSSl el g ey G )gel 2] (SladenS g, S|
I ¥ gmans al (glos 5000 ] Vol 025 )15
9 (Kso:\~_ﬂ) CoselS 4y (KSOZ\fH) Jlicde dn lyium g y8
(VF5 ) il o ialS Laes anil 53 (Kso=) ) coslon

—a—G---p-- G+PSh ---0--- G+Sh-AQS —a— G+Sh+AQS

2.5 4
—
i, 2
a,
x"!'.
_'.I.J
11.5 ,
Y]
i
11
30‘ Lo R Grooeeees o
7éo.s ] N o
()
0 7* e L Ay 1 1r 1
0 5 10 15 20 25 30
(G35) 0L

(JY}J\):F)A:M'L:YC‘PIL‘L{G}}OAT

0 5 10

(o)

15 20 25 30
(Gay) Oy

395 ¥ Gloj @ 45 Cuslod (0 g Cui g (A1 (gl p3 sl b 15wl Lo 93 (2] (glopuSiloe sl —F JSS



IFAY 15— ol )3 Yoylod YV uls (S g 0T aypis YOA

—a—NAU-2 ---A--- NAU-2+PSh —a—NAU-2+Sh+AQS
0.7
0.6
—
} 05
2,
{ 0.4 1
3
%403
1,
0.2
0.1
IOPEEE SRV SERLE -5
0 By O *
0 5 10 15 20 25 30
Gy ol
)
016, —*—H ---A--- H¥PSh —m— H+Sh+AQS
-
3
2
4
1,
ol
)

() 0L

(s)

0.6 —4&—NAU-1 ---A--- NAU-1+PSh —a— NAU-1+Sh+AQS

(Y sa o) Jsdons 53 T

0 5 10 15 20 25 30
()j))d\n)
()
—4—G  ---a--G+PSh  —a G+Sh+AQS
0.5 -
0.4 4
—
a
i 0.3 1
=
—}j‘ 0.2 4
3
o)
014
,,,,, O
N S ISP
0 5 10 15 20 25 30
(Gay) oy
@

Ooloj Lo yd lidee (51d )low 45 Carilod (5 g Cui 938 ( NAU-2 (& NAU-L (A g S5 45 Jgkxo 93 o] gyl dunlio —€ JSUI

whygol (pml s s S8l duglio gy (V) o)an
gLl Shewanella alga (¢ xSU dlwg 4o cosben § c5eS
g il Ve Gygel aunST )3 558 al &S 0s asuiie b S
3039y 8 0y93 S Jobo > cuslon I yidio plp B0 CuiS 13 4
5033 03l GalS 1, el ul s o8 s (ialS (il
2y 5 153505 ol oS ) o3z s (58, ol
e 681 S w815 5 AT g5l ecsislsise s el wile
<> il le ol > &5 ) (5318 ST JEalS 03 (g5,
ST Cehl S )3 odoe (glo)gSh lsic 4 oy daw
ol oldlbs gl (V8 gVF) aiib o (g ) pialS sy opal
2 aS o wST ool ol pdaw 09y yiawd j3 a5 Cawl 03l

BITAN

s 45 35 ol (Sl rizmen Jlel 5l ol ol

) 85 Cogmo (s (0l 0090 Jol 59, 0 3 ials jlade
Yiotol g o3 (Sattaw Jolge S5 cos ials adgl (slacas
S dST ey (68 (sledgbo 51 g Ul U] o sy &
93 bl Al 4 ialS Sde SV eb 0y &S Jls )3 w4 e
dgae 638k gl g AT shaw g9y 00D (Paw Ol
0SS g Cuwd &S Wlod,S Culi idsy 4 bt opl (VF) 29 o0
J5S ol 0325 o dlswsg 42 S8 ol (slasuS| i ShalS
Mo Clad 4 Cans CuieS o3y pdaw dalllas (ol )3 30 oo
LS 05 g gloaily i 4 e o (Y Jgan) 92 yiey
0% g & ladllae )3 ad Coled 4 Cand CBgB ) (u



YO ol S8 al g il duglio g owyp

9 CigS 13 S8 pal (umj il 59y 2 09Il oaims Jliz]
Shewanella (5,1 alg sy oo s9b s
A Cas |y oy ptalS eobl w8 S sbol putrefaciens
2 s 68 L el il oles gaw b 4 CsgS
ooled b 4 0, S B0 s o bl 5 %00 (glaalllae
o ) (s i S0 6358k sledgh g Sl oy iy (b
B S i o ladllas () 55 45 )S1.(YR) ol lis coielS &
oy ey il ke CoigS AQDS) (59, siims JUis
(Y85 A) o> glts o ey (Lo Sl sladsho s (oo yid b
0 5500 Olallles o e & Cund Cubl b g pl ials
(V) Casl o ol

dyg- |y (smy el anld Slesls 58 al cloilSilussld
2 s pialS a3 UIE 4 w3503 5,155 cish )3 oy
4 anges G5l ol pe 5 LilSuls 13 35290 S0 pal
b ot 018 BB 5 8L sldsho o (o (olos Yot
2 aS ol Gl piored Slalllas (V) S o sl 5yg0 ol
o] bS] Slazslo S b ol oSh 5 anb (slgtaiias
(9 Cabl caiSol dslo) LSl wolid 5 (gl S ilo)
9 VP V) Al (i RS (sl (otee 09I slosi g
iantids 9 S a8 pl (WSaddes Cuodl &y agr b o5 (VF
Al 6r9p8 el diej ol 3yt adlllas @ o

Fe acid-AQS

25

20 A

15 A

(L) aw T 228 ds)s

0 &

otalS 3 5555 () tage Csleg] oy g b eitis bL3)
o2l ST S St S5l (6531 290 gume Wl s
IS sy 4 o (nj epdytals Cubls o) 2 55 (AG)
6531 a5l ol (e sl Shy 500 g ST Cddle (08
9 onl giluli g 93 (ol (e e 5 ¢80 Jlas!
IS > a9 Cuedl gl 55 baST(AG) cplpls ¢ 5)138
Lo Sk 9 0y gaw I (17) 1l o () pialS
o S 59y 3 (0B il Jeusly) dpuT (Seolindge s
(Y0) 238 oo 31 g ySL bawgs S5 8 ol (gl sla S8 als

9 oAl lasus) 3 (S GRALS 4oy drulio
G g il
LS A3 S A md o s Ltalej] pbl §1 ol gl
< g NAU-ISNAU2 o s La gl ol 55 i
gl I Jols b5 b bl ool & (0 JS3) 13k oo coslon
ity Gl b8 gl )l cbllas (¥) o)Sen g Jogis Lawgs
5 Csig il ciSanl) S b ol el leglSilgld 0,
9453905 (B)l55 ol S 8l (glasensST ) i (ol
NS 356 ol cpl )3 1y SIS 5ol UL g 0329 o «l) o3l
5 ) B el mbs (glaptangS] 3 o bl azzadls
Sl i oled s )0 j9> oo L olyan ol (glaS]
2l (g 10l sl ol gyl 5> S G g 55
36 (S s 3 (A) ohSan 5 Sl Loy &S (gladllas 5

O Fe acid+AQS

i

S

H G

NAU-1 NAU-2

)LA.J

59, V0 oloj e 33 wiulojl (G € 15 dw (2T g j RIS 0 g —0 IS5



WAy - ol 3 Yoyladd YV il oS g ol ay s P

S o S5 558 ol 3 i ) oSl o5 PRI

&bo

1- Achtnich C., Schuhmann A., Wind T., and Conrad R. 1995. Role of interspecies H, transfer to sulfate and ferric iron-
reducing bacteria in acetate consumption in anoxic paddy soil. FEMS Microbiol. Ecol. 16: 61-70.

2- Bishop M.E., Dong H., Kukkadapu R.K., Liu C., Edelmann R.E. 2011. Bioreduction of Fe-bearing clay minerals and
their reactivity toward pertechnetate (Tc-99).GeochimicaetCosmochimicaActa 75: 5229-5246.

3- Bonneville S., Cappellen P.V., Behrends T. 2004. Microbial reduction of iron(IIT) oxyhydroxides—effects of mineral
solubility and availability, Chem. Geol. 212: 255-268.

4- Caccavo Jr.F., Blakemore R.P., and Lovley D.R. 1992. A hydrogenoxidizing,iron(IIl)-reducing microorganism from
the Great Bay estuary, New Hampshire. Appl. Environ. Microbiol. 58: 3211 —3216.

5- Chao T.T., and Zhou L. 1983. Extraction techniques for selective dissolution of amorphous iron oxides from soils
and sediments. Soil Sci. Soc. Am. J. 47: 225-232.

6- Cornell R.M., and Schwertmann U. 1996. The Iron Oxides: Structure, Properties, Reactions, Occurrence and Uses.
VCH.

7- Dong H., Jaisi D.P., Kim J., and Zhang G. 2009. Microbe-clay mineral interactions.American Mineralogist. 94:
1505-1519.

8- Dong H., Kukkadapu R., Fredricjson J., Zachara J., Kennedy D., and Kostandarithes H. 2003. Microbial reduction of
structural Fe(IIl) in illite and goethite. Environ. Sci. Technol. 37: 1268-1276.

9- Egashira K., and Ohtsubo M. 1983. Swelling and mineralogy of smectites in paddy soils derived from marine
alluvium. Japan Geoderma 29: 119-127.

10- Fischer W.R. 1988. Microbiological reactions of iron in soils, in: Stucki, J. W., Goodman, B.A., and Schwertmann,
U (Eds.), Iron in Soils and Clay Minerals, D. Reidel Publ. Co., Dordrecht, The Netherlands, pp: 715-748.

11- Gates W.P., Slade P.G., Manceau A., Lanson B. 2002. Site occupancies by iron in nontronites.Clays and Clay
Minerals 50: 223-239.

12- Gates W.P., Wilkinson H.T., Stucki J.W. 1993. Swelling properties of microbially reduced ferruginous smectite,
Clays Clay Miner. 41: 360-364.

13- Gregg S.J., and Sing K.W. 1982. Adsorption, Surface Area and Porosity. Harcourt Brace Jovanovich, London.

14- Hansel C.M., Benner S.G., Nico P., and Fendorf S. 2004. Structural constraints of ferric (hydr)oxides on
dissimilatory iron reduction and the fate of Fe(II). Geochim.Cosmochim.Acta 68: 3217-3229.

15- Jaisi D.P., Kukkadapu R.K., Eberl D.D., and Dong H. 2005. Control of Fe(III) site occupancy on the rate and extent
of microbial reduction of Fe(III) in nontronite. GeochimicaetCosmochimicaActa. 69: 5429-5440.

16- Komlosa J., Kukkadapub R.K., Zacharab J.M., and Jaffe P.R. 2007. Biostimulation of iron reduction and
subsequent oxidation of sediment containing Fe-silicates and Fe-oxides: Effect of redox cycling on Fe(III)
bioreduction. Water Research.41: 2996 — 3004.

17- Kostka J.E., Haefele E., Viehweger R., and Stucki J.W. 1999. Respiration and dissolution of Fe(IIl)-containing clay
minerals by bacteria. Environ. Sci. Technol. 33: 3127-3133.

18- Kostka J.E., Stucki J.W., Nealson K.H., Wu J. 1996. Reduction of structural Fe(IIl) in smectite by a pure culture of
the Fe-reducing bacterium Shewanellaputrefaciens strain MR-1. Clays and Clay Minerals 44: 522-529.

19- Kostka J.E., Wu J., Nealson K.H., and Stucki J.W. 1999. The impact of structural Fe(III) reduction by bacteria on
the surface chemistry of smectite clay minerals. GeochimicaetCosmochimicaActa. 63: 3705-3713. No. 22.

20- Lamb C.A., and Grady R.I. 1963. A study of soil heaving with frost. Ohio Farm and Home Research 48: 43—47.

21-Li Y.L, Vali H,, Sears S.K., Yang J., Deng B., and Zhang C. 2004. Iron reduction and alteration of nontronite NAu-
2 by a sulfate reducing bacterium. Geochim.Cosmochim.Acta 68: 3251-3260.

22- Lovley D.R. 1991. DissimilatoryFe(IlI) and Mn(IV) reduction. Microbiol.Rev. 55: 259-287.

23- Lovley D.R., Holmes D.E., and Nevin K.P. 2004. DissimilatoryFe(Ill) and Mn(IV) reduction. Advances in
Microbial Physiology 49: 219-286.

24- Lovley D.R., and Phillips E.J.P. 1986. Availability of ferric iron for microbial reduction in bottom sediments of the
freshwater tidal Potomac river. Applied and Environmental Microbiology 52: 751-757.

25- Roden E.E. 2006. Geochemical andmicrobiological controls ondissimilatory iron reduction.ComptesRendus
Geoscience 338:456—467.

26- Roden E.E., and Zachara J.M. 1996. Microbial reduction of crystalline iron(IIl) oxides influence of oxide surface



YRV Sl S8 al g il duglio g (w0

area and potential for cell growth, Environ. Sci. Technol. 30: 1618—1628.

27- Royer R.A., William D., Burgos A., Fisher A.S., and Dempsey B.R. 2002. Enhancement of biological reduction of
hematite by electron shuttling and Fe(Il) complexation. Environ. Sci. and Technol. Page Est:7.9.

28- Russell J.D., Goodman B.A., and Fraser A.R. 1979. Infrared and M&ssbauer studies of reduced nontronites. Clays
Clay Mineral. 27: 63-71.

29- Seabaugh J.L., Dong H., Kukkadapu R.K., Eberl D.D., Morton J.P., and Kim J.W. 2006. Microbial reduction of
Fe(III) in the Fithian and Muloorinaillites: Contrasting extents and rates of bioredcution. Clays and Clay Minerals,
54: 67-79.

30- Shi L., Richardson D.J., Wang Z., Kerisit S.N., Rosso K.M., Zachara J.M., and Fredrickson J.K. 2009. The roles of
outer membrane cytochromes of Shewanella and Geobacter in extracellular electron transfer. Environmental
Microbiology Reports. 1(4): 220-227.

31- Stookey L.L. 1970. Ferrozine- a new spectrophotometric reagent for iron. Anal Chem. 42:779-781.

32- Stucki J.W. 1988. Iron in smectites. In: Stucki, J.W., Goodman, B.A., Schwertmann, U. (Eds.), Iron in Soils and
Clay Minerals. D. Reidel, Dordrecht, pp. 625-675.

33- Stucki J.W. 2005. Iron redox processes in smectites. In Handbook of Clay Science (eds. F. Bergaya, B. K. G. Theng
and G. Lagaly). Elsevier, Amsterdam (Draft Version).

34- Stucki J.W., Lee K., Goodman B.A., and Kostka J.E. 2007. Effects of in situ biostimulation on iron mineral
speciation in a sub-surface soil.GeochimicaetCosmochimica Acta. 71: 835-843.



Journal of Water and Soil (53)9LiS @alioo 9 polke) S g O &y i
Vol. 27, No.2, May-Jun 2013, p. 351-362 i FAI-YFY oo AFAY 15— 35,5 .F oyleis FV ol

Study and Comparison of Microbial Reduction of Structural Fe (I11) in
Nontronite, Goethite and Hematite

N. Ghorbanzadeh®- A. Lakzian*- Gh. Haghnia®- A. Karimi *
Received:13-08-2012
Accepted:12-03-2013

Abstract

Microbial reduction is an important process that affects properties of ferric clay mineralas and iron
biogeochemical cycling in natural environments. Oxyhydroxides and phyllosilicates are two major sources of
iron in soils, rocks and sediments that potentially have ability to bioreduced over the time. In this study,
comparison of bioreduction in two main sources of iron (oxides and phyllosilicates) in the presence of
Shewanella sp was carried out. For this purpose an experiment was conducted under laboratory conditions in the
form of a completely randomized design with 16 treatments and 3 replications. Treatments included bioreduction
of goethite, hematite and two type of nontronite with and without electron transfer (AQS) and controls (all
mentioned treatments in the absence of Shewanella sp). The results revealed that bioreduction in goethite,
hematite and two type of nontronite increased in the presence of AQS. The extent of reduction in the presence of
AQS was 21%, 9%, 3% and 8.7% in NAu-2, NAu-1, hematite and goethite respectively. These results have
shown when iron oxides (goethite and hematite) and iron silicates are the dominant form of ferric iron in soils
and subsurface sediments, Shewanella sp can survive and produce significant amounts of Fe(II). In the identical
conditions of bioreduction (concentration of electron donor and acceptor and equal number of bacterial cell) size
and surface area of mineral play an important role in efficiency of bioreduction.
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