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[. INTRODUCTION

1. CONTEXTE

1.1.Le fer dans le milieu naturel

Le fer (Fe), 4"° élément de la crolte terrestr€'2métal le plus abondant dans la Terre
(Schwertmann et Cornell, 1991), est présent dasdbs, essentiellement dans les minéraux
primaires issus de la roche mére ou secondairagflors de I'altération des roches (oxydes,
silicates, carbonates, sulfures, phosphates). Ledieun élément qui présente une tres forte
réactivité grace a ses capacités de sorption etpsagriétés rédox. Ainsi les cycles
biogéochimiques de nombreux élémemg(As, P, Pb) sont contrélés par sa spéciation. En
milieu réduit, la dissolution des phases minéraliebes en fer (oxydes, hydroxydes,
oxyhydroxydes...) peut augmenter la mobilité des él#s qui lui sont associés. Au
contraire, en milieu oxydant, leur mobilité estuid par ‘piégeage’ a la surface en réponse a
des processus d’adsorption ou dans la structusslile par coprécipitation. De plus, si I'on
considére que la plupart des réactions de dissalatii précipitation du fer se produit par voie
microbienne, la disponibilité et la transformatidnm fer jouent un réle essentiel sur le cycle
global du carbone.

Dans les sols et les environnements sédimentdaestabilité, la surface spécifique, la
porosité, le taux de dissolution, et la cinétique tchnsformation des oxydes de fer sont
contrdlés par leur structure cristalline (Corn¢lSehwertmann, 1996). La précipitation et la
dissolution de ces oxydes de Fe sont dépendangesamglitions de pH, de I'état d’oxydo-
réduction du milieu et de la présence de ligandamiques (McBride, 1994). Les parametres
chimiques et physico-chimiques (pH, Eh, présenceligends, température et régime
hydrique) sont eux-mémes souvent sous la dépenddesectivites microbiennes qui les
modifient en permanence.

Le fer ferrique est en général insoluble, maigéispnte une tres faible solubilité exceptée
dans certaines conditions acides, réduites ou é&epce de ligands. Par hydrolyse, les ions
Fe’* peuvent précipiter sous la forme doxydes de festallisés comme la goethite,
I’'hématite, I'akaganéite et nanocristallins comméddrrinydrite (Fig. 1.1). La solubilisation du
fer aboutit le plus souvent a la formation de fardux ionique ou complexé, sauf en milieu
tres acide. Dans le milieux naturel, le Fe(ll) pelatdsorber sur les surfaces minérales ou
microbiennes présentes ou précipitées en miliedaxypour former des solides riches en Fe
peu cristallisés, cristallisés ou mixtes de typerbyydes de magnétite (He" ,0,), vivianite
(Fe(PQ)2.nH0), Fe(ll) et Fe(lll) (rouilles vertes), sidéritEgCQ), hydroxyde de carbonate
ferreux (F8,(OH),COs) et amakinite ((F& Mg)(OH),) (Lovley et al., 1987 ; Lovley et
Phillips, 1988 ; Mortimer et Coleman, 1997 ; Frekision et al., 1998 ; Cooper et al., 2000 ;
Ona-Nguema et al., 2002 ; 2004 ; 2008 soumis ; &aclket al., 2002 ; Fredrickson et al.,
2003). Ces solides peuvent eux-mémes évoluer,retidn des conditions du milieu, vers des
structures cristallisées comme la Iépidocrocitefdeoxyhite, la maghémite et I'hématite
(Schwertmann et Cornell, 2000) (Fig. I.1).
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Figure I.1. Présentation schématique des voiesatsformations des oxydes de fer les plus
fréquentes (Schwertmann et Cornell, 2000).

1.2. Les oxyhydroxydes de fer

Les oxyhydroxydes de fer sont des phases minérdleguistes dans les sols. Leurs
solubilités contrélent la biodisponibilité du féeur stabilité thermodynamique est elle-méme
fonction de leur structure cristalline (Cornell ®hwertmann, 2003). Il existe une grande
variété d’oxyhydroxydes de Fe qui présentent diéfedade cristaux différents (Cornell et
Schwertmann, 2003). A I'état naturel, ils se trouvees rarement sous forme de phases
pures. Le tableau I.1 regroupe les oxyhydroxydsespleis communément étudiés dans la
littérature ainsi que leurs propriétés physico-dhims. La solubilité des oxyhydroxydes
augmente en général dans 'ordre goethite<lépiditercferrihydrite.

Les oxyhydroxydes de fer sont formés a partir tgdiolyse de Fe(lll) ou de I'oxydation
abiotiqgue ou biotique de Fe(ll) (Ehrenreich and d¢id 1994; Emerson and Moyer, 1997;
Cornell and Schwertmann, 2003). De plus, en fonctles conditions du milieu et de leur
stabilité, certains oxyhydroxydes peuvent se ti@nsér en d’autres oxyhydroxydes souvent
plus stables. Par exemple, la ferrihydrite quitastmodynamiquement métastable peut se
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transformer en goethite ou hématite en conditionigugs (Cornell and Schwertmann, 2003).
Cependant, les cinétiques de transformation som¢deen I'absence de catalyseurs. Certains
cations, anions ou molécules neutres peuvent neodlés taux de dissolution ou de
transformation (Cornell and Schwertmann, 2003).

Tableau I.1. Propriétés physico-chimiques des odgdwydes de fer les plus étudiés dans la
littérature.

Ferrihydrite Lépidocrocite Goethite
Formule FeyO14(OH), v-FeOOH a-FeOOH
Systeme cristallin Hexagonal Orthorhombique  Ortbarhique
Morphologie principale -- Ecailles Aiguilles
Surace spécifique moyenne%(gt) 100-700 15-260 8-200
Energie libre standard (KJ.nol -699 -477.7 -488.6
Produit de solubilité (25°C) (log Kso) -39 -39.5 0:4

Etant donnée leur ubiquité et leur réactivité, dayhydroxydes de fer jouent un role
important dans le contrdle de la mobilité des élémeaces (nutriments, métaux toxiques...).
Ces éléments peuvent étre adsorbés a leur surésamdant ainsi la dissolution lors des
processus de dissolution réductrice par exem@epdlvent également étre mis en jeu dans
des substitutions isomorphiques aux sein des sgtegtcristallines des oxyhydroxydes de
Fe(lll) influencant ainsi leur morphologie, la taildes cristaux, leur surface spécifique, leur
réactivité de surface et en conséquence leur tawkissolution en milieux acides ou réduits
(Schwertmann et Latham, 1986 ; Fisher, 1988 ; R4j@®2 ; Bousserrhine, 1995 ; Trolard et
Tardy, 1989 ; Davranche et Bollinger, 2000a ; Chraed Schwertmann, 2003La plupart
des métaux substitués au sein des oxyhydroxydé®dg) modifie la solubilité des oxydes
et ralentit leur transformation en un autre oxyeefer par rapport a leur homologue pur
(Trolard et Tardy, 1989 ; Cornell and Schwertm&09Q3).

1.3. L’oxydo-réduction du fer

La mobilisation du fer est tres fortement contrgdé@e les conditions oxydo-réductrices du
milieu (Fig. 1.2). En conditions oxydantes et a ¢ élevés, le fer ferreux est rapidement
oxydé en fer ferriqgue (Stumm et Morgan, 1996) alpr®n condition réductrices, le fer est
sous forme Fe(ll) soluble. Ces processus de digsolprécipitation peuvent étre biotiques ou
abiotiques. Les micro-organismes peuvent transfotenter par bio-oxydation (aboutissant a
une biominéralisation) ou bio-réduction (aboutissanune biodissolution) soit, par voie
directe (transformation enzymatique ou fixationed grotéines spécifiqgues) soit de maniere
indirecte en modifiant les conditions d’oxydorédoict du milieu (pH et/ou Eh) par
production d’'acides, de complexants ou de rédust@trancis, 1988 ; Ehrlich, 1990 ; Lovley,
1991 ; Bousserrhine, 1995).
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Figure 1.2. Modele du cycle rédox biogéochimique fdu dans les sols. Figure modifiée
d‘apres Ona-Nguema (2003).

1.3.1. La bio-oxydation/biominéralisation

Dans les lacs, les zones humides et les sédimdedsgpisodes d’oxydation du fer se
produisent périodiqguement, notamment en fin de ecytydrologique, lorsque les zones
humides s’assechent (réoxydation du Fe(ll)). Ceesi bactéries comméeallionella
ferruginea et Leptothrix (Widdel et al., 1993) peuvent, en présence domggénduire
l'oxydation du F& pour des pH proches de la neutralité et comiwaithiobacillus
ferrooxidans pour des pH acides. Trés réecemment, plusieuesieibnt montré que certaines
bactéries étaient méme capables de produire detesxie Fe en milieu anaérobie (Widdel et
al., 1993 ; Straub et al., 1996, 2004 ; Kappléd@wvman, 2004).

Les particules d’'oxydes de fer peuvent étre preduisoit, en surface des cellules
bactériennes soit, a I'intérieur de ces celluless bxydes de fer formés a la surface et a
I'intérieur sont appelés respectivement minérauxog®niques extracellulaires et
intracellulaires (Fortin et Langley, 2005) (Fig)L.

Les processus de biominéralisation sont dépenda(als de la croissance de phases
minérales, (b) de la présence de molécules starties, (c) de I'espace disponible (matrice,
vésicule), et (d) des cellules microbiennes ellésnes (surface, concentration, propriétés de
surface....) (Fortin et Langley, 2005). Les microamgmes sont capables d'associer
intimement leurs constituants organiques cytoplgees ou extracellulaires a divers
minéraux, qui se retrouvent ainsi soit, intégréssain des cellules soit, plus ou moins
intimement associés a des matrices extracellulasioesent tres spécifiques. Dans les deux
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cas, il apparait clairement que ce sont les aésivhiologiques cellulaires qui contrblent
directement ou indirectement la production, le dépire parfois la résorption des
biominéraux. Ce contréle est intégré de facon dola hiérarchique et globale, depuis
I'activité de la cellule individuelle jusqu'au détenisme de la morphologie de I'organisme
entier (Ricgles et Livage, 2004).

A

200 nm

Figure 1.3. Observations réalisées au microscopgjagonique a transmission (MET) des
oxydes de fer amorphes intra- (A et B) et extrataile (C) sur des bactéries. La formation
des aggrégats des minéraux amorphes ont été ob&dev&urface cellulaire des bactéries
ferro-oxydantes cultivées aux laboratoires (D).lkBea et al., 2004).

1.3.2. La bio-réduction ou biodissolution

Dans les environnements anoxiques, comme les lExcsnarais, les sols hydromorphes,
certains micro-organismes sont capables, en absatiogygene, de réduire les
oxyhydroxydes de fer par un processus de respirdigsimilatrice couplé a I'oxydation de la
matiére organique (e.g. Lovley et al., 1987 ; Lgveéd Phillips, 1988 ; Roden et Lovley,
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1993 ; Loveley, 2000 ; Zachara et al., 2001 ; 20R2den, 2006) (Fig. 1.4). Le Fe(ll) est alors
mobile ou peut a son tour précipiter pour formes ngnéraux secondaires dans les sols et les
sédiments. Les principaux minéraux observés enittonsl réductrices sont la magnétite
(Fe'Fe",0,), vivianite (Fe(P@)..nH0), Fe(ll) et Fe(lll) (rouilles vertes), sidéritegCQy),
hydroxyde de carbonate ferreux {HOH),COs) et amakinite ((F&,Mg)(OH),) (Lovley et

al., 1987 ; Lovley et Phillips, 1988 ; Mortimer @bleman, 1997 ; Fredrickson et al., 1998 ;
Cooper et al., 2000 ; Ona-Nguema et al., 2002 42@®D08 soumis ; Zachara et al., 2002 ;
Fredrickson et al., 2003).

Les oxydes de fer nano-cristallins sont plus facdat réduits par les micro-organismes
gue les oxydes de fer cristallisés (Ehrlich, 1990vley et Phillips, 1986a ; Munch et Ottow,
1980). La dissolution microbienne des oxydes deséeproduit selon plusieurs mécanismes.
Des mécanismes directs, nécessitant un contae kentnétal et les micro-organismes et des
mécanismes indirects, ou la transformation chimiqguemétal s’effectue a distance par
I'intermédiaire de produits du métabolisme microb{Eelmont, 1993).

Somrce de Cet de M
Dionrenr d’électrons Froduits du
métabolisme
Composés organiques 0, B-COCH, |
{CH 0 d

Chaineg
respiratoire
Bactérie

Oxydes de Fer Fel+zoluhle
Fe3+inzoluble

Acceptenr d’électrons

Figure 1.4. Schéma fonctionnel d’une bactérie fe¥ductrice.

Le phénoméne de réduction dissimilatrice s’accompade I'oxydation compléte de la
matiere organique utilisée, jusqu’au stade,CG¥ec réduction d’'une quantité correspondante
de Fe(lll). Sans ce métabolisme le fer joue le ddecepteur final d’électrons soit, principal
dans le cas de processus de respiration anaéiblariste aussi des métabolismes ou le
Fe(lll) joue le rbéle d’accepteur d’éléctron annexe cours de processus de fermentation
(Lovley, 1991 ; Bousserrhine, 1995). Dans les deas; I'oxydation a lieu au détriment de
I'hydrogéne, de I'acétate, d'acides organiqueseatambreux produits aromatiques issus de la
décomposition de végétaux (Pelmont, 1993 ; Ehrli&90). Bien que ces métabolismes aient
été trés largement étudiés, la biochimie et lesamiémes de réduction du Fe(lll) restent mal
connus. Les mécanismes proposés actuellement soparéie enzymatiques et varient en
fonction de la nature du milieu. Dans certain dhs, été montré que le contact entre la
bactérie et 'oxyde de fer est nécessaire a lactemtu (Arnold et al., 1990 ; Bousserrhine,
1995).

Dans le cas des mécanismes indirects, les mican@mges produisent des agents
réducteurs dans le milieu (oxalate, pyruvate..rariEis, 1988 ; Lovley, 1991 ; Bousserhine,

BN

1995) ou encore utilisent les vavettes a éléctrmalécules qui transportent les éléctrons
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(substances humiques) (Lovvley, 1991). Pour ckkstinécessaire que les bactéries puissent
trouver une source de carbone fermentescible @oubst humiques, catéchols,
hydroxyquinones...). Dans certains cas, le profihdel mécanisme pour la bactérie est
minime. Les oxydes métalliques sont utilisés commézeptacles des réducteurs
intracellulaires sécrétés lors de la croissanamiéau anaérobie (Brown et al., 1999).

1.4. Le cycle du fer et des éléments associés

L'ubiquité du fer dans les milieux continentaux,uptée a ses différents degrés
d’oxydation et a sa spéciation, en fait un factegportant de contréle de la mobilité des
éléments dans le milieu. Bien que représentantfaifsde partie du poids sec du matériel
particulaire (entre 1 et 5%) et souvent mal ciiistg$ dans les environnements de surface, les
oxyhydroxydes de fer possédent en effet de trésdgsasurfaces spécifiques sur lesquelles les
cations meétalliques ou les anions (phosphates tates, par exemple) peuvent se fixer
(Stumm et Morgan, 1996 ; Sigg et al. 2000). Lesnéldéts peuvent soit s’adsorber a leur
surface soit dans certains cas étre sequestrésogarecipitation (Cr, V, Co...) (Stumm et
Morgan, 1996 ; Warren et Haack, 2001).
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Figure | .5. Schéma des processus qui contrélesydie biogéochimique des métaux dans les
environnements aquatiques (Hering et Kraemer, 1998)

Si les processus biogéochimiques gouvernent laildison des métaux dans différents
compartiments environnementaux (Fig. 1.5), la padpective des différents mécanismes
impliqués dans la séquestration des métaux vane whilieu a I'autre. Ainsi, I'adsorption des
métaux sur les oxyhydroxydes de fer est un prosessportant dans les sols et les aquiféres
puisque la faible biomasse qu’elles contiennenhdrées processus d’adsorption ou de
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complexation par la matiere organique négligeabiegze et Cherry, 1979). Il a été proposeé
gue dans les eaux de surface océaniques ou lagustrdynamique des métaux est régulée
par la séquestration biologique phytoplanctonigumud’adsorption par des surfaces alguales
(Gordon et al., 1982). En realité la situation lesducoup plus complexe et on connait mal
'importance relative des formes organiques et nailes des métaux dans les eaux de surface.
Dans les milieux anoxigues (zones humides, fondsadge sédiments...), la solubilité du
Fe(ll) issu de la réduction biotique ou abiotiquexgthydroxydes de Fe(lll), est contrélée par
des minéraux contenant du fer réduit comme desolydes et sulfures de Fe(ll)/Fe(lll).
Néanmoins, la distribution et les conditions derfation de ces minéraux parfois peu stables
(rouilles vertes) dans les sols restent mal camtai Ces minéraux représentent pourtant une
étape clé du cycle biogéochimique du fer et dorscaliéments traces associeés.

Les oxyhydroxydes de fer, peuvent également seatwircatalyseurs dans le cycle de
métaux rédox sensibles comme I'arsenic ou le chr@eag et Stumm, 1994). Dans le milieu
naturel, les minéraux de fer peuvent jouer un rétd de ‘détoxification’ dans les eaux, les
sols, et les sédiments au travers de réactionsrédtitre d’exemple, il a été montré que la
réduction du Cr(VI), espéce toxique en Cr(lll) éticélérée par la présence de goethite et de
lépidocrocite, le transfert d’électrons étant fagibar I'adsorption de Béa la surface des
solides. De méme, la ferrihydrite transforme le IlBbfoxique en Sb(V) plus inoffensif
(Belzile et al., 2001). Dans les eaux de drainag&pdbitations minieres abandonnées, des
oxydes de fer amorphes peuvent précipiter entra@naat eux un certain nombre d’éléments
comme le Sr, Cs, Pb ou U. En revanche, la rédudtiotique de I'U(VI) mobile en U(IV)
insoluble peut étre diminuée par la présence d'esyde fer réduits préférentiellement a
'uranium (Wielinga et al., 2000). Le Co(lll) pelut, se substituer au fer dans la goethite lors
de la précipitation. Ensuite lors d’'une réductiootique, le Co(ll) reste adsorbé sur la
goethite restante (Zachara et al., 2001). Le nickgbrécipite avec les oxyhydroxydes de fer
et il a été montré que sa présence, méme en failaetite, retardait la bio-réduction de la
ferrinydrite (Fredrickson et al., 2001).

Ces gquelques exemples non exhaustifs, montrent, dprec les cycles biogéochimiques
d’un certain nombre d’éléments traces, dont lesame&tsont intimement liés au cycle du fer
et a la capacité de séquestration des oxyhydroxyhieder. A ce titre, au-dela des
connaissances fondamentales, les enjeux envirommame liés a la compréhension des
dynamiques spatio-temporelles des oxyhydroxydesedeportent sur la dépollution et la
remédiation des milieux naturels ou les problemedrditements des eaux a des fins de
potabilisation et concernent des éléments tracedésvéHg, As, Sb, Se, Cu, Zn, Pb, U, Ni, Co,
Cr, Cd...).

2. CIBLES D’ETUDE

2.1. Les surfaces bactériennes et la bio-oxydatiofer

Les minéraux biogéniques sont des minéraux quioseent en présence de micro-
organismes. Les plus fréquents dans I'environnersemit les oxydes de fer et de manganese,
les sulfures (de métaux lourds), les silicatese®minéraux carbonatés (Fortin, 2004 ; Fortin
et Langley, 2005 ; Fortin et al., 1998, 2007). Léormation peut étre passive ou active
(Fortin, 2004). Le fer (Ill) qui s’adsorbe trés tiement sur les surfaces bactériennes, forme
frequemment des précipités d’oxydes de fer insekisur les surfaces bactériennes (Mayers
et Beveridge, 1989 ; Ferris et al., 1989 ; Konhaesd-erris, 1996). Les mécanismes actifs
sont reliés a lactivité métabolique des bactémes engendre des gradients chimiques
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pouvant mener a la sursaturation de la solutiora da précipitation de minéraux. Les
mécanismes passifs sont eux, reliés a la réactdaétéla paroi cellulaire des bactéries
(Daughney et Fortin, 2006 ; Fortin et Langley, 200Bhatellier et Fortin, 2004 ; Fortin,
2004 ; Fortin et Beveridge, 2000 ; Fortin et a@917 ; Chatellier et al., 2001, 2004). Ce sont
précisément ces mécanismes passifs, ou plus exadtées réactions non métaboliques qui
nous intéressent dans la premiére partie du traValsouvent été montré que les bactéries,
du fait de la présence de groupements chimiquestifeeaa leur surface, catalysaient
I'oxydation du fer et la précipitation d’'oxydes & (Ferris et al., 1989). Warren et Ferris
(1998) ont montré lors d'une étude de I'hydrolyseFee(lll) en présence et en absence de
bactéries que les taux d’extraction du fer dansyssemes biotiques étaient plus élevés que
dans les systemes abiotiques. lls ont alors émygpdthése que la précipitation du fer était
influencée par la présence de sites de nucléatlarsarface des bactéries et par conséquent
que la précipitation du fer était une conséquenoceci@ de son adsorption. De plus, les
observations des cellules biominéralisées danslieumaturel suggérent que les cellules ou
les polymeres exocellulaires qu'elles sécreteneserde surfaces ou de lignes de nucléation
(Fortin et al., 1998). Chatellier et al., (200102 ont également montré qu’une oxydation
rapide de Fe(ll) en présence de bactéries provbdmdormation de lépidocrocite et de
ferrinydrite sur et prés de la surface des cell(Fég. 1.3).

La présence de bactéries affecte également la wlogie des cristaux de lépidocrocite
comparée a celle observée dans des systemes abmtighatellier et al., 2001). Cependant,
des études menées en présence de bactéries, ted8ie SG ou PQ* en concentrations
typiques de celles des eaux naturelles ont monteéla) présence de bactéries avait un effet
minime sur la morphologie des oxydes suggérantlgymésence des anions était le facteur
dominant de la nucléation et de la précipitatios dgydes (Fortin et Langley, 2005). Ces
différentes études montrent qu’il est actuellemdiificile de savoir si les surfaces
bactériennes jouent le rdle de matrice pour la &ion des oxydes de fer dans
I'environnement. Concernant la bio-oxydation du, felusieurs points restent également a
éclaircir. En effet, si Chatellier et al. (2001002) ont montré que I'oxydation de Fe(ll) en
présence de bactéries provoquait la précipitatiorydes de fer a la surface des bactéries, le
mécanisme de cette précipitation n'a pas encoreléiiement mis en évidence. Le Fe(ll)
s’oxyde t-il en solution ou a la surface des baeser Si I'oxydation a lieu en solution,
I'apparition de nano-cristaux correspond-elle a wausorption de Fe(lll) suivie d'une
hydrolyse ou les nano-cristaux de fer se formeneih solution et se lient-ils ensuite a la
surface?

Pour répondre a ces questions nous avons réalis¢ ceite thése des cinétiques
d’oxydation du fer dans des conditions controléepld, de température, de concentration en
oxygene et de conductivité, en la présence etabsdnce de bactéries. Pour quantifiésr
processus microscopiques impliqués, nous avons léténpe volet par une étude de la
cinétique d’oxydation du Fe(ll) adsorbé a la suefdune bactériBacillus subtilis

2.2. Etude in situ de la bio-réduction (biodissan)

Depuis ces dernieres années, de nombreuses émudesntsntéressées a la bio-réduction
du fer. Cependant, la plupart de ces travaux onepsur des descriptions qualitatives des
phénomenes, en particulier sur les mécanismes ahmgggues ou biogéochimiques de
destruction ou de formation de minéraux (e.g., l®yet al., 1987, Roden et Lovley, 1993,
Roden et Zachara, 1996, Kukkadapu et al.,, 2001erBed et al., 2006). Les principaux
facteurs influencant le processus de bio-réduct@rt aujourd’hui mieux connus, et incluent :
la nature et la qualité de la biomasse, la natartodyde (structure minéralogique et surface
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spécifique), l'influence des sous-produits de réac{réadsorption de Fe(ll) a la surface de
I'oxyde ou des surfaces bactériennes) (Roden eitidyr2002 ; Roden, 2003 ; Bonneville et
al., 2004, Chatellier et Fortin, 2004). Cependangins d’attention a été accordée a la
description quantitative du processus de bio-rédnctL’'un des principaux enjeux de
recherche concernant la bio-réduction du fer esicdde développer des stratégies de
guantification de la réduction par voie biologigipar exemple a I'aide de modéles) et des
processus géochimiques associés dans les systatuesis L'objectif de la présente étude
n'est pas de mettre au point des modeles, maisudatiier in situ le processus de bio-
réduction des oxyhydroxydes de fer, c'est-a-direectitment dans un sol naturel, et
d’identifier et de quantifier les mécanismes telge da réadsorption, la reprécipitation, la
redistribution d’éléments, qui sont associés aroegssus. Jusqu’a présent, la bio-réduction
du fer a été essentiellement étudiée en laboradoii@de d’oxydes synthétiques ou naturels
(e.g. Lovley et Phillips, 1986a ; Lovley et al.,819; Francis and Dodge, 1990; Roden et
Lovley, 1993 ; Roden and Wetzel, 2002 ; Roden ehZea, 1996 ; Kukkadapu et al., 2001).
Si la plupart de ces études ont permis de compeeeidde caractériser les mécanismes de la
biodissolution réductrice, elles ont été réaliséless des conditions tres éloignées des
systemes naturels, c’est a dire sans tenir compténfluence des différents composants des
sols, des flux d’eau au sein des sols, des vangtimoclimatiques. L'étude menée dans le
cadre de cette thése consiste donc a développeteaneologie capable de quantifier et de
caractériser la biodissolution du fer directemerisiun sol.

Cependant, développer une telle technique posenaic nombre de problemes liés a des
verrous méthodologiques. Par exemple, comment éwalle taux de dissolution
d’oxyhydroxydes de fer spécifiques, dans la mathégrogene d’'un sol naturel? Comment
extraire ou isoler un oxyhydroxyde afin étudievbéution de sa minéralogie au cours d'un
processus de réduction? Comment quantifier la oéptisn éventuelle des éléments
associés ? Pour pallier a ces difficultés, nouss\aéveloppé en collaboration avec Bernd
Nowack (EMPA, Suisse) une nouvelle technique quisigie a insérer directement dans
différents horizons de sol des supports inertes/lfgoe) recouverts d’oxyhydroxydes de fer
synthétiques dopés ou non en As(V). Cette méthgamloriginale offre la possibilité de
mettre directement en contact des oxydes de fenptimon de sol et sa solution sans perte de
matériel et sans avoir la difficulté, ensuite, dpager les oxydes de fer du reste de la matrice.
Cette technigue nous a permis d’aborder des qusspiois spécifiques comme :

- Le role de la cristallographie des oxydes, daedture de I'horizon de sol choisi et des

conditions rédox y régnant sur la cinétique etllextde réduction en conditions naturelles

des oxyhydroxydes de fer,

- La nature des produits secondaires de la rédu@ideur impact sur la mobilité des

éléments associes,

- L’effet de la présence d’ions substitués sutdes de dissolutions des oxydes de Fe

- Le rdle des colonisations bactériennes sur legesus de bio-réduction.

3. ORGANISATION DU MEMOIRE DE THESE

Outre l'introduction qui commence le document &t denclusions et perspectives qui le
concluent, ce mémoire se divise en deux grandsitebaui se décomposent comme suit.

Le chapitre | concerne une étude de la biominéiadis et de I'oxydation du Fe(ll) en
présence des bactéries. Ce chapitre est lui mérisg din deux parties. La premiere partie est
constituée d'un article paru en 2008 dans la reemeironmental Science and Technology
(Volume 42, pages 3194 a 3200). Cet article egtlat'‘Bacillus subtilisbacteria hinder the
oxidation and hydrolysis of E&ions’. Dans une deuxiéme partie, cette étude @sptEtée
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par une étude de la cinétique d’oxydation du Fedi§orbé a la surface de bactéBesillus
subtilis.

Le chapitre 1l concerne l'étuden situ de la bio-réduction d’oxyhydroxydes de fer
synthétiques (ferrihydrite et Iépidocrocite) domés non en As(V). Il est composé de trois
parties, dont deux articles. Le premier de ce<lagtiest intitulé ‘A new tool foin situ
monitoring of Fe-mobilization in soils’. La versigavisée a été soumise en Juillet 2008 a la
revue Applied Geochemistry. Cet article est congptBtine étude de la dissolution réductrice
de lépidocrocite dopée en As(V) dans un sol hydrpim®: étude cinétique de terrain. La
troisieme partie de ce chapitre correspond a uanskarticle intitulé ‘Environmental impact
of As(V)-Fe oxyhydroxide reductive dissolution: axperimental insight from in situ
monitoring’. Cet article a été soumis en Juin 2808 revue Chemical Geology.

Cette these s'inscrit dans le cadre d’'un projebtiBochimie du fer et des contaminants
associés (As, Cr, Cd)", financé par le programméonal « ECCO » ECOSPHERE
CONTINENTALE : Processus et Modélisation. Ce pr@ssocie 'TUMR 6118 Géosciences
Rennes, TUMR 7590 Institut de Minéralogie et Plys des Milieux Condensés (IMPMC),
le groupe ITO de 'ETH Zurich (Suisse) et 'UMR &b&cobio Rennes. Le site de I'étude est
localisé dans le bassin versant expérimental deviteNaizin qui fait partie de 'ORE
AgrHys, labellisé par le Ministére de la RecherehBINRA.
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II. CHAPITRE |

Biominéralisation - Oxydation du Fe(ll)

Ce chapitre est composé de deux parties, la prempartie traite le role joué par
Bacillus subtilis dans I'oxydation et I'hydrolysesiions F&". Cette partie a donné lieu & une
publication parue dans « Environmental Science @&adhnology ». Le format de l'article a
éte légerement modifié pour que les détails debadés employées apparaissent directement
dans le texte et non plus dans une partie ‘suppgitformations’. La deuxiéme partie est un
complément qui porte sur la comparaison de cinésqdioxydation du fer a différentes pH en
présence de Bacillus subtilis (réactions non médighes). Dans la premiére partie, nous
avons montré que dans des conditions de saturatemsurfaces, I'oxydation des cations
Fe’* en présence de bactéries conduit & la formatimxytles ferriques. Dans la deuxiéme
partie, des conditions de sous-saturation des segant été adoptées, afin de déterminer si
les cations F&, adsorbés pour la plupart d’entre eux, s'oxydaiena quelle vitesse.
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1. ROLE JOUE PAR LES BACTERIES DANS L'OXYDATION ET
LHYDROLYSE DES IONS FE **: LE CAS DE BACILLUS SUBTILIS

Mohamad Fakih
Xavier Chatellier

Mélanie Davranche
Aline Dia

Cette partie est extraite de ‘Environmental Scieanue Technology’, Mohamad Fakih,
Xavier Chatellier, Mélanie Davranche, and Aline [2808)Bacillus subtilisbacteria hinder
the oxidation and hydrolysis of #dons. Volume 42: 3194-3200.
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RESUME

Les bactéries sont souvent étroitement associéesxydes de fer dans le milieu naturel.
Cependant, leur réle exact dans le processus agpipaon des ces oxydes est encore mal
connu. Dans cette étude, des ions Fent été progressivement ajoutés a différentes
concentrations de cellules dgacillus subtilisen conditions aérobies constantes, tout en
maintenant le pH a 6,5 par ajout de NaOH. Les ®g@h abiotiques produisent des nano-
cristaux de Iépidocrocite et la cinétique de préafipn est largement autocatalytique. Les
syntheses biotiques ont produit des petites pd&tcomal cristallisées pour les concentrations
intermédiaires en cellules bactériennes. Par con#&reformation de ces particules est
totalement inhibée pour de fortes concentrations aallules bactériennes. L'effet
autocatalytiqgue est retarde, et son intensité @dtiite. Dans les deux cas, I'oxydation et
I'hydrolyse des ions E&sont plus lentes.

ABSTRACT

Bacteria are known to associate closely with seapndiron oxides in natural
environments, but it is still unclear whether tteagalyze their precipitation. Here ¥dons
were progressively added to various concentratiofisBacillus subtilis bacteria in
permanently oxic conditions, while maintaining thté¢ at 6.5 by adding a NaOH solution at a
monitored rate. The iron/bacteria precipitates wdraracterized by wet chemistry, SEM and
XRD. Abiotic syntheses produced nanolepidocrocitd #heir kinetics displayed a strong
autocatalytic effect. Biotic syntheses led to tlenrfation of tiny and poorly crystallized
particles at intermediate bacterial concentratiand to a complete inhibition of particle
formation at high bacterial concentrations. Theuomnce of the autocatalytic effect was
delayed and its intensity was reduced. Both thdaiian and the hydrolysis of £dons were
hindered.

1.1 INTRODUCTION

Bacteria affect the cycling of metals by sorptiorogesses (Fein et al., 1997,
Daughney and Fein, 1998; Burnett et al., 2006an&et al., 2006). They also influence the
formation and dissolution of minerals, includingnroxides, which can themselves adsorb
many organic and inorganic molecules (Randall gt1899; Ferris et al., 2000; Gao and
Mucci, 2001; Dixit and Hering, 2003; Spadini et, &003). Specific bacteria thrive in
environments where iron oxides massively precigjtatuch as iron springs or acid mine
drainage (Fortin et al., 1996; Emerson et al., 1¥98erson, 2000; Anderson and Pedersen,
2003; Baker and Banfield, 2003; James and Fer@i®4dR More generally, secondary iron
oxides are commonly found in close association withsorts of microorganisms through
non-metabolic processes (Fortin et al., 1993; Szbdlam et al., 1996; Fortin and Ferris,
1998; Jackson et al., 1999). It has been sugg#satdbacterial cell walls or exopolymers act
as templates, which catalyze the nucleation andityr@f iron oxide crystals with specific
properties (Ferris et al., 1989; Schultze-Lam gt1896; Fortin et al., 1997; Fortin and Ferris,
1998; Warren and Ferris, 1998; Mavrocordatos andir&002; Chan et al., 2004; Fortin,
2004). A few laboratory studies investigated th@asition of bacterial cells to Eeions
(Chétellier et al., 2001, 2004; Chan et al.,, 2004).continuum between sorption and
precipitation of various bacterial cells exposed R&" ions was observed, with mixed
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conclusions as to whether the cells were favoringai the precipitation of the Fe oxides.
The study of the effect of natural organic mattetize kinetics of oxidation of Fe(ll) has also
led to different conclusions, depending on the tgpdigands considered (Rancourt et al.,
2005; Wightman and Fein, 2005). Here, we exposeteasing concentrations &acillus
subtilis a model Gram-positive bacterium, which has beseduin several studies
investigating the interactions between Fe and batwurfaces (Beveridge and Murray, 1980;
Santana-Casiano et al., 2000; Chétellier et aD120@004; Rose and Waite, 2002; Chatellier
and Fortin, 2004; Chan et al., 2004), to progressidditions of F& ions at constant pH. In
addition to the characterization of the precipdgaby SEM and XRD, we measured here over
time several parameters related to the kineticghefreaction, such as the rate of proton
release and the redox potential. The dissolved nicgearbon (DOC) and Fe(ll)/Fe(lll)
concentrations were determined at selected timékodgh metabolic effects were not the
focus of this study, we also monitored cell deatloigh enumerations.

1.2. MATERIALS AND METHODS

1.2.1. Synthesis of the Fe/bacteria composite sisspes

Bacillus subtiliscells (ATCC 168) were grown in Tryptic Soy Brothif@, 30 g.L*) with
yeast extract (Difco, 5 g:B), at 37°C under mild agitation according to a peot adapted
from Daughney and Fein (1998). A preculture of hilGvas first inoculated from a Petri dish
and incubated for 24 hours. 2 erlenmeyer flask® diters containing each one 1 liter of
growth medium were then inoculated using 6 ml ofcpiture per flask. Cultures were
harvested after 7.5 hours, while in exponentialsph@he 2 liters of bacterial culture were
mixed together and washed 3 times in 500 ml oDaM.NaCl solution, using centrifugations
at 10000 g. They were then left to rest overnighb°€, washed again twice in 500 ml of
0.01M NacCl, and finally once in 100 ml of 0.01M Na@n aliquot of 10 ml was sampled
from the stock suspension and dried for a weelOa&C7After a week, the dry weight of the
sample was recorded, the weight correspondingdd\i&Cl| salt was subtracted, and the dry
weight of biomass present in the stock suspensias thus determined. In parallel, and in
order to obtain an immediate estimation of the l@ssconcentration, the optical density at
600 nm (ORoo) of the suspension was measured. Preliminary itedisated the dry biomass
concentration gin the suspension was related todgyby the linear relationship jdg.L™") =
0.286 ORQo’, which we used throughout our study to deternhioes much stock suspension
was needed in each experiment.

A Fe(ll) stock solution was prepared in X58.0° M HCI ([FeCb] = 1.25x 10° M, or 0
for the blank experiments). The bacterial stockpeunsion was diluted to the desired
concentration (g= 0, 0.135, 0.350 or 1.30 dry g'Lin 500 ml of 0.01M NaCl solution, and
introduced in a thermostated beaker set at 25°@tigy at the time t = 0, 20 ml of the Fe(ll)
stock solution were added to the suspension ateaafa0.05 ml/min, using an automated
burette (Titrino 794, Metrohm). In parallel, the pths continuously maintained at 6.5 by
adding progressively 4.4 0.7 ml of a 0.1 M NaOH solution, using a secontbenated
burette programmed in a pH stat mode. The totall fioncentration of Fe was thus equal to
approximately 480 uM. After the end of the additmfnthe Fe(ll) solution (t = 24000 s), the
suspension was left in contact with the atmospla¢reH 6.5 for another 56000 s. Each
synthesis was replicated six times, using indepethdgrown bacterial cultures. Three blank
experiments were also performed at a bacterialemnation of 1.30 g.t. In one experiment
for each type of synthesis, the Encentration and the redox potential were reabrde
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1.2.2. Scanning Electron Microscopy (SEM), X-Rafyr&ation (XRD), wet chemistry and
enumerations

Dissolved organic carbon was measured by filtering suspensions using O
cellulose acetate filters (Sartorius). The filteateere diluted with ultra-pure water in order to
reach a carbon concentration in the 0-10 fgdnge, and measured using a Shimadzu TOC-
5050A carbon analyzer.

Dissolved Fe(ll) concentrations were measured uaipgotocol adapted from Viollier et
al. (2000), by adding 0.5 ml of a3 ferrozine solution and 0.5 ml of a’2® ammonium
acetate solution to 4 ml of the filtrate of the merssion and recording the absorbance at 562
nm. For the total dissolved Fe concentrationsnfl.5f the ferrozine solution, 0.5 ml of a10
M ammonium acetate solution, and 1 ml of a hydramjhe hydrochloride solution (X0v
hydroxylamine hydrochloride, 2M HCI) were reactebwl ml of the filtrate overnight. Then
0.5 ml of an ammonium acetate buffer solution (1@mmonium acetate, pH 9.5) was added
and the absorbance was recorded at 562 nm. Tha liakationship between absorbance and
Fe concentration was obtained by calibrating tligeeimental protocol with standard FeCl
and FeQ solutions. Since Chatellier et al. have demoretr#tat F&" sorption ontdacillus
subtilis cells was reversible when the pH is lowered (Qhéteand Fortin, 2004), the total
Fe(ll) concentration was estimated by adding 0.50frh 1 M HCI solution to 4 ml of the
unwashed suspension, which brought the pH downGa 2.2. After 1 hour at pH 2, the
suspensions were filtered and the filtrate was dddé.4 ml of the ferrozine solution and to
0.4 ml of a 10 M ammonium acetate solution. The absorbance ofstietion was then
measured at 562 nm. In Table 11.1.1, the percentdg€ée in the +Il oxidation state was
estimated by dividing the total Fe(ll) concentratioy the total Fe concentration, which was
equal in all systems to 4§0n.

For the bacterial enumerations, 100 ul of the susipa were sampled either right at the
time when the culture was harvested in late exptaigrhase or att =0, t = 25000 sand t =
80000 s. Different dilutions were prepared in $egrowth medium using a laminar biosafety
cabinet (Bioair, Safeflow, Class Il) and sterilenddions (autoclaved beakers, pipette tips,...).
For each dilution, 100 pl of the suspension wasapion a tryptic soy agar Petri dish and 6
drops of 20 pl of the suspension were dropped arhen Petri dish. For some dilutions,
replicate Petri dishes were made. The Petri disle#e incubated for 20 hours at 37°C. Then
the number of colonies was counted. The morpholo§yBacillus subtilis colonies is
somewhat characteristic. Based on this, contanonally other strains was found to be
negligible. The numbers of colonies counted on dethi dish are presented in Table 11.1.1.
They were used to estimate the order of magnit@idieeonumber of colony forming units per
dry g of bacteria in the bacterial suspension at different sampling times. Those are
presented in Table 11.1.1. The dry weight of thetbaal suspension at the time when the
bacteria were harvested was calculated by assuthaigno bacteria were lost during the
washing steps. This assumption likely led to atnedly precise estimation since the
supernatants during the washing steps were tragspar

At the end of the reaction, aliquots of the Fe/eaatsuspensions were also sampled,
washed 5 times in acetone in microtubes (6000gnik), dried at the critical point (Balzers
Instruments, CPDO010, Liechtenstein), and obserwe®&BM. The samples were observed
after being coated, or not, with Au-Pd nanoparsiddg cathodic deposition with a JEOL JFC
1100 sputter. The equipment used was a JEOL JSNIF6Bield Emission Gun Scanning
Electron Microscope operated at 5, 7 or 9kV. Thepsuasions were washed 5 times in ultra-
pure water (10300g, 10 min, 5°C), frozen, and tlyephilized at 0.120 mbar (Alpha 1-4,
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Christ, Osterode, Germany). The dried samples \aeedyzed by X-Ray Diffraction. XRD
measurements were performed with a Philips X'Peffradtometer, using a Cu source
operating at 45 kV and 40 mA, and a Kevex Si(Li)csstate detector. All samples were run
in a step-scan mode for the ang®®, 2t 0.04°/30s from 8.5° to 90°.

Table 11.1.1. Number of colonies per Petri dishr Each dilution, the first and second lines
correspond to Petri dishes inoculated with 100fiduspension, spread on the agar, and with
6 unspread drops of 20 ul of suspension, respégtiVhick characters correspond to the data
selected for the calculation of the number of cgldorming units (c.f.u.) per ml of the
original undiluted suspension, which was obtaingdakeraging the selected numbers and
taking the dilution into account. m is the approatexnumber of c.f.u. per dry g of bacteria
selected for Table 11.1.2.

I(Ec)spzoge;;g:ﬁ; aS€  Blank experiment (g, = 1.30g.L % Iron experiment (c, = 1.30g.L™Y)
Time <0 0 25000 80000 0 25000 80000
(seconds)
10° 0:0
dilution 0;0
10 0:3 0 0
dilution 1; 4 1 1
10° 28: 29 8; 11 0: 0 2:1 0;0
dilution 29; 42 5.9 1:0 10; 6 0;0
10° 58 10 1 46 1 0
dilution 78 6: 6 2 51 0:0 0
10 104;118 14 0:0 1;0
dilution 61; 61 27: 21 0:1 0;:1
10° > 200 193 51 3;2
dilution > 200 102; 121 2:1 57
10° > 200 27
dilution > 200 35: 39
10 > 200
dilution > 200
Per ml 2.9x1¢ 6.1x 10 8.1x 1¢f 1.3x10°F 4.4x10 io%‘x 3.0x 10"
Perdryg 3.4x10" 4.7% 10 6.2x 10° 9.7x1¢  3.4x10% 1'0?" 2.3x 10
m 3x 104 4x10° 6x 10° 1x10° 4x 109 i(} 2x 10

1.2.3. Kinetics and stoichiometry

The normalized rate of proton release v(t), avetdgeeach period of 1000 seconds, was
calculated as:
_N(OH)-N(H")

O = R

where N(H) and N(OH) were the number of moles of Hind OH added during the
period of 1000 seconds considered, and KfFe 1.04x 10° was the number of moles of
Fe?* added per 1000 seconds for t < 24000 s. The $imithiometry of the reaction was also
calculated by determining how many Okid been added per introduced ‘Feation, after
having subtracted the effect of the acid in the IFe€olution. The reaction of
oxidation/hydrolysis of the protons reads:

(11.1.2.3.1)
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Fe2++102+20H' — FeOOH +5Hzo (1.1.23.
4 2

In a system where reaction (2) would be occurrihg,final stoichiometry of the reaction
n would be equal to 2. Were it to occur completeig instantaneously for all the introduced
Fe’* ions, v(t) would also be equal to 2 at any time.

1.3. RESULTS AND DISCUSSION

1.3.1. Blank experiments

As shown in Figure 11.1.1 in the three blank expemts,[v(t)[J was at most times t <
60000 s lower than 0.1. In the following, v(t) wik presented and discussed for t < 60000 s.
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Figure 11.1.1. Rate of base addition as a funcobtime in the blank experimentsy(s 1.30
g.L%, no Fe added). Each symbol corresponds to an émidigmt experiment. Vertical dashed
lines correspond to t = 24000 s (the end of theodeof addition of the HCI 0.0025 N
solution) and to t = 60000 s (the end of the peselécted for Figure 11.1.5).

Enumerations of the c.f.u. are detailed in Tahlé dind summarized in Table 11.1.2. They
indicated that most cells died over time. This wasalleled by an increase of the DOC,
which was possibly related to cell lysis (Tablel.l2). However, the percentage of organic
carbon in the dissolved phase remained lower tB&f ih all systems at all times. In contrast,
in an autoclaved suspension, this percentage reé&iieé.

Upon SEM observation, most cells looked intact ahd DOC remained visually
insignificant (Fig. 11.1.2f). The cells were aboRtum long at least, and often occurred as
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attached dimers. Hence they did not undergo spavolaasB. subtilisspores are known to be
at most around 1.4m long and to occur as monomers (Santo and Doi4;1GHff et al.,
2005). The dissolved organic molecules were pogsabl assemblage of polysaccharides,
proteins and nucleic acids (Bura et al., 1998). itk not investigate here their chemical
nature, and they will be referred to collectivdigiteafter as bacterial exuded molecules.

2 L&l

Smm

— 18@@rnm F3 KB1
1 S

Figure 11.1.2. SEM micrographs of bacteria from:ictic Fe oxides (a); Fe/bacteria
suspensions prepared witiBasubtilisdry weight concentration of 0.135 ¢-.i(b), 0.350 g.L

! (c), and 1.30 g.t (d and e); blank experiment (f). Samples were ematith Au-Pd
nanoparticles in Figures I.1.2e and 11.1.2f.
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Table 11.1.2. Chemical and bacteriological analyaethe suspensions and final
stoichiometries of the syntheses (n.a.: not apiplécar not available).

Sampling Abiotic cp = 0.135 cp = 0.350 ¢, = 1.30g.L" Blank
Time g.L? g.L? ! (co = 1.30g.LY)
(seconds)
Number of colony forming units per dry g of baaer
(exponential phase: 810"
0 n.a. n.a. n.a. 4x10° 4x 10"
25000 n.a. n.a. n.a. 6x 10° 2x 10
80000 n.a. n.a. n.a. 1% 10° 2% 10
Dissolved Organic Carbon (mg'L
0 n.a. 1.6 3.1 9.0 7.8
25000 n.a. 24 5.6 24 14
80000 n.a. 4.1 8.5 39 15
Autoclaved n.a. n.a. n.a. 140 154
% of Organic Carbon in the dissolved phase
0 n.a 2.7 % 2.0% 1.6 % 1.4%
25000 n.a 4.1 % 3.7% 4.2 % 2.5%
80000 n.a 6.9 % 5.6 % 6.9 % 2.6 %
Autoclaved n.a. n.a. n.a. 25 % 27 %
Dissolved Fe(ll) tM)
25000 1.0 1.2 11 51 <0.5
80000 <0.5 <0.5 0.8 5.0 <0.5
Dissolved Fe|{M)
25000 2.7 7.3 16 153 4.0
80000 1.8 1.9 9.3 132 2.3
Total Fe(ll) M)
25000 1.7 8.5 42 189 2.5
80000 1.1 3.2 11 39 1.3
% of Fe in the +Il oxidation state (using Total#d480uM)
25000 0.3 % 1.8% 8.8 % 39 % n.a.
80000 0.2 % 0.7 % 2.3 % 8.1 % n.a.
% of Fe(ll) in the dissolved phase
25000 n.a. 14% 26% 27% n.a.
80000 n.a. < 15% 7% 13% n.a.
% of Fe in the dissolved phase (using Total Fe G:|48)
25000 0.6 % 1.5% 3.3% 32% n.a.
80000 0.4 % 0.4 % 1.9 % 27 % n.a.
Average of the final stoichiometry n
80000 2.04 1.94 1.83 1.60 -0.10

1.3.2. Inhibition of the Fe oxide precipitation thye bacteria

The abiotic iron-oxides were characterized by aeraye final stoichiometry n = 2.04
(Table 11.1.2), in good agreement with the formatmf an iron oxyhydroxide solid (reaction

32



2). As observed by SEM, they occurred as clumphiofsheet-like particles aggregated into
macroscopic structures (Fig. 1l.1.2a). The charette size for each clump was 2@0100
nm. Because of their very thin thickness, the shketparticles were not completely opaque
to electrons. As a result, many “needles” couldbbserved in Figure 1l.1.1a, corresponding
to the thin edge of the particles. These needle®g wbout 156Gt 50 nm long and at most
about 10 nm wide. The third dimension of the sti&etparticle, when it could be measured,
was on the order of 78 30 nm. The particles were identified by XRD as npparystalline
lepidocrocite. Similar lepidocrocite crystals hawdready been observed in natural
environments or produced in the laboratory, in ddos where F& ions are oxidized at
neutral or slightly acidic pH (Schwertmann and Bayl1979; Beveridge and Murray, 1980;
Fortin et al.,, 1993; Chatellier and Fortin, 200BQr the biotic samples, the XRD pattern
displayed peaks at 1.18, 1.20, 1.26, 1.39, 1.52,11.73, 1.85, 1.93, 2.09, 2.37, 2.49, 3.30,
and 6.9 A, which are consistent with the d-spacimjslepidocrocite (Cornell and
Schwertmann, 2003). The patterns of the biotic $aspll displayed a very broad peak
around 4.5 A, which is characteristic of the preseaf the bacterial cells (Chatellier et al.,
2001). On the pattern of the system prepared wittacterial concentration of 0.135 ¢,L
most of the peaks present in the pattern of thetiatsystem could be distinguished.

1.30 g/l

0.350 g/l

0.135 g/l 210

501,020 301

002,321

Abiotic system

1 2 3 4 5 6 7 8

distance (Angstriims)

Figure 11.1.3. XRD patterns of abiotic Fe oxideslari Fe/bacteria suspensions prepared with
aB. subtilisdry weight concentration of 0.135, 0.350 and 30". The hkl identification of
the peaks is given as in reference (Cornell anavBdimann, 2003).

However, the 200 reflection at about 6.9 A was absed some of the minor peaks were
barely or not detectable. This pattern was simitathose published in a previous study,
where the effect of the presenceBofsubtilisbacterial surfaces on the oxidation of Fiens
was investigated at a similar bacteria/Fe ratiodt€lier et al., 2001). On the XRD pattern of
the system prepared with a bacterial concentratfo®.350 g.L*, the reflections at 1.52 and
1.92 A appeared as tiny peaks barely rising abbeebtickground, while two broad humps
were detected around 2.5 and 3.3 A. This suggbatsthie iron-oxide particles prepared in
this sample were less crystalline than in the abample and in the sample prepared at a
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bacterial concentration of 0.135 ¢.LHowever, the higher concentration of bacteridlsce
present with respect to the iron oxide particle® dikely contributed to hide the signal of the
iron-oxide particles. At the higher bacterial comzation of 1.30 g.L!, the XRD pattern of
the sample did not display any peak other thandhtite bacterial cells at 4.5 A.

In the biotic syntheses, the average final stockioies were equal to 1.94, 1.83, and 1.60
for bacterial concentrations of 0.135, 0.350, ar@D1g.L" respectively (Table 11.1.1, Fig.
[1.1.4). This suggests that the reaction of oxwiafthydrolysis of the introduced Fe(ll)
remained incomplete. Figures 11.1.2b and 11.1.2gptily SEM micrographs of iron-bacteria
composite suspensions prepared using bacteriakotmations of 0.135 g:t.and 0.350 g..

As in the blank experiments, the cells appeardaetmtact and did not sporulate. Iron-oxide
particles could be observed in these systems. bfasiem were in close association with the
bacterial cell walls. The sheet-like morphologysetved in the abiotic systems for the iron-
oxide particles, could still be distinguished, buich less clearly. Particles were smaller and
the system was best described as fractal-like en1®-200 nm length scale range. In those
samples, the XRD patterns of the iron-bacteria amsite suspensions were still indicative of
the presence of a very poorly crystalline lepidoite phase. At the higher bacterial
concentration of 1.30 g1, the XRD pattern did not display any reflectiondao iron-oxide
particles could be observed by SEM (Figs. 1.1.2dl &.1.2e). Introduced Fe atoms thus
remained adsorbed on the surface of the cellsswcasged to bacterial exuded molecules as
monomers of Fe(ll) or Fe(lll), or as oligomers atymers of Fe(lll).
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Figure 11.1.4. Stoichiometry n of all synthesesaaunction of the bacterial concentration
(open symbols). The best linear fit correspondste 2.00 — 0.3 ¢, (R = 0.93). The
average stoichiometry for each bacterial conceantras shown as full symbols. The three
blank experiments led to stoichiometries of -0:0617, +0.03 (average: -0.10).

It has been shown previously that bacteria canrbdsignificant amount of ferrous and
ferric ions (Urrutia and Roden, 1998; Chatellieakt 2001; Daughney et al., 2001; Liu et al.,
2001; Rose and Waite, 2002; Roden and Urrutia, RG&2neutral pHB. subtiliscan adsorb
within minutes up to about 3.5 10* moles of F& ions per dry g of bacteria (Rose and
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Waite, 2002), and probably about the same amouR&®fions (Chatellier et al., 2001) . This
Is equivalent to Fe concentrations of about 45, &2@ 440uM for bacterial concentrations
of 0.135, 0.350 and 1.30 g'Lrespectively, and should be compared to the tb&l
concentration of about 480M in our experiments. In the biotic syntheses pregausing
concentrations of 0.135 or 0.350 @,Lthe bacterial surfaces were loaded with morelfe(l
than they could adsorb. Most of the Fe was oxidiaedl hydrolyzed in the form of
precipitates accumulating on the surface of this,cas observed by SEM. In contrast, in the
syntheses prepared with 1.30 {.bf bacteria, the cell surfaces capacity for Fegt)ption
was barely reached. Altogether, our SEM, XRD amdicbtometric results indicated that the
reactive groups present on the cell walls and @ ekuded molecules of tH&. subtilis
bacteria were able to stabilize Fe in monomerimfor at least in a low coordination number,
thereby preventing the precipitation of Fe oxidasaddition, in the case where the reactive
groups were saturated with Fe, the crystallizatibthe particles being formed was hindered
by the bacteria, as already demonstrated earlievdidge and Murray, 1980; Chéatellier and
Fortin, 2004). Common observations of bacteria @sted with iron oxides are thus not
indicative of a catalytic nucleation of the crystdirectly on the cell walls. Rather, they likely
simply reflect the affinity of bacterial cell walter iron, in conditions of oversaturation.

1.3.3. Inhibition of the oxidation of Fe(ll) by thacteria

In the abiotic system, the total Fe(ll) and disedl\Fe concentrations were lower than 3
MM at t > 25000 s (Table 11.1.2), indicating that the reactiof oxidation/hydrolysis was
nearly complete even only 1000 seconds after tdeoéthe addition of the Fegsolution. At
a bacterial concentration of 0.135 g/, the totdllFFand dissolved Fe concentrations were still
lower than 10uM at t > 25000 s, i.e., they represented less than 2% eftotal Fe
concentration. However, the percentage of Fe in+theoxidation state at t = 25000 s
increased to 8.8% for& 0.350 g.[* and to 39% forc= 1.30 g.[*. At t = 80000 s, it was
still equal to 8.1% in the system prepared with01g3L* of bacteria. Hence, our chemical
analyzes demonstrate that the bacterial cell vaall$ exuded molecules were able to retard
significantly the oxidation of the Fe(ll).

1.3.4. Role of the exuded molecules

The cells exuded bacterial organic molecules intsmi, possibly in relation to cell lysis.
Enumerations indicated that the number of c.f.us veignificantly smaller in the Fe
experiment, suggesting that%*éons had a toxic effect on the cells, which wadite to
that of the treatment applied to the cells in tHank experiment (Table 11.1.2). DOC
concentrations increased with time and bacterialcentration in the biotic systems, from
about 1.6 mg.l* at t = 0 for g = 0.135 g.[* to 39 mg.L* at t = 80000 s for,c= 1.30 g.I*
(Table 11.1.1). Correspondingly, the dissolved Feéind Fe concentrations increased with
bacterial concentration. However, they decreasdll twne. In all the biotic systems, even
though the DOC concentration was increasing ovee tithe percentage of Fe(ll) in the
dissolved phase decreased, suggesting that thieveegooups present on the cell walls may
have been able to retard the oxidation of the Jeftire efficiently than those present on the
exuded molecules. For the bacterial concentratiprs0.135 g.L” and ¢ = 0.350 g.L[}, the
amount of Fe in the dissolved phase decreasedgsaian 2% at t = 80000 s, indicating that
the exuded molecules were unable to prevent tregation of Fe oxide particles. However,
they may have played a role on crystal growth,uggested recently (Chatellier et al., 2004).
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In contrast, in the system at 1.30 §.of bacteria, the dissolved Fe concentrations deset
only slightly over time and remained elevated, espnting about 30% of the total Fe. In this
system, where the hydrolysis of the Fe remainedelsr incomplete (see also SEM
observations), the bacterial exuded molecules playged a significant role in the stabilization
of the Fe(lll) monomers or oligomers. In this wélyey also contributed to help preventing
the saturation of the surfaces from occurring.

1.3.5. Kinetics of the reactions

The kinetics of the reaction were investigated bgesving the rate of proton release v(t)
(Fig. 11.1.5), the redox potential (Fig. Il.1.6adithe Q concentrations. The latter remained in
all cases quite stable over time and are presemtéidure 11.1.7.
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Figure 11.1.5. Characteristic kinetic curves fasnroxides syntheses prepared in the presence
of various concentrations, ©f bacteria. ¢ = 0 (circles), 0.135 g:t (crosses), 0.350 gL
(triangles), and 1.30 g:}(squares). For the sake of clarity, for each badteoncentration,
only three individual experiments are presented atide is drawn between data points for
only one of these three experiments. The vertiaahdd line correspond to t = 24000 s.

As seen on Figure I.1.5, during the first 2000 osels, v(t) remained in all cases
significantly smaller than the reference value p& it was equal to v(§ 0.2+ 0.2. In the
abiotic syntheses, v(t)creased sharply to about 4:3.5 between t = 2000 s and t = 4000 s,
it decreased to a value of 2£10.2 between t = 4000 s and t = 6000 s, and itesltay this
range until t = 24000 s, i.e., the end of the mkdaring which the Fegkolution was added.
For t > 24000 s, v(flecreased rapidly and reached a value equal tohinviess than 2000 s.
Hence, the kinetics of the abiotic syntheses waacterized by a slow start, which was
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consistent with the slightly acidic pH and an aiitre(ll) concentration in the reaction vessel
equal to zero.
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Figure 11.1.6. Redox potential over time in the rilaexperiment (brown line) and as a
function of the bacterial concentration: <0 (black line), 0.135 g:t (blue line), 0.350 g.t
(red line), and 1.30 g:t(green line). The vertical dashed line correspond= 24000 s.

As time increased, the Fe(ll) concentration in thaction vessel built up. This was
corroborated by the measurement of the redox patemthich decreased sharply during the
first 2000 seconds from 376 mV to 221 mV (Fig. B)J1 The rate of homogeneous Fe(ll)
oxidation increases linearly with the Fe(ll) conication (Cornell and Schwertmann, 2003).
However, at t= 2000 s, v(t) increased exponentially in the abististems. The autocatalytic
acceleration of the oxidation of #dons by iron oxyhydroxide nuclei has been known fo
some time (Tamura et al., 1980; Tufekci and Saakdp96). Direct evidence for a Fe(ll)-
Fe(lll) electron transfer at the oxide interfaces haen provided more recently (Williams and
Scherer, 2004).

At the light of these previous studies, we interpi@t the initial regime of homogeneous
nucleation in solution was followed by a regimecoystal growth during which the rapid
oxidation of the Fe(ll) occurred primarily at thgide interface. The overshoot observed in
the kinetic curves of Figure 11.1.2 correspondedhe onset of the regime, when most‘Fe
ions accumulated in the solution were quickly coned. This was paralleled by an increase
of the redox potential from 221 mV to 240 mV (Ffl.6). After the overshoot, introduced
Fe(ll) ions were rapidly adsorbed and oxidized dii precipitates, and v(t) stabilized at a
value close to 2 (reaction 2). Between t = 4000\@ ta= 24000 s, the redox potential was
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almost stable, in the 233-240 mV range. At t > 24680v(t) decreased to zero within 2000
seconds. The redox potential also increased rapkdly instance, from t = 24000 sto t =
25000 s, it displayed an increase of 42 mV, fror@ &8/ to 281 mV. This was consistent
with a rapid oxidation and hydrolysis of the intnoed F&" ions characteristic of the regime,
which prevailed after t = 2000 s.

The oxygen concentration was recorded using artretée (Fisher Scientific Bioblock).
Examples of oxygen concentrations curves as aitumof time are given in Figure 11.1.7.

13 —

-

11 -

T

10 |

W, o

[ T
| (‘rwh | Wy
L Violty g,

02 (mgl/l)

R P | e
e T
W

Lo~

0 110* 210* 310* 410* 510* 610*

Time (seconds)

Figure 11.1.7. Oxygen concentration over time ie tilank experiment (brown line) and as a
function of the bacterial concentration: <0 (black line), 0.135 g:t (blue line), 0.350 g.t
(red line), 1.30 g.L (green line). The vertical dashed line correspmnic= 24000.

Although an important variability of about + 3 mg.was observed among independent
experiences, which we attribute mainly to calitmatdifficulties and/or matrix effects, the
recorded oxygen concentrations were consistent thétsolubility of oxygen in water, which
is on the order of 8-9 mgLat 25°C. In most instances, the slight variatiohthe oxygen
concentration could be correlated with the différgtiages of the reaction. For instance, it can
be seen in Figure 11.1.7 for the curve correspogdmm the bacterial concentration of 0.135
g.L™ that the decrease of the oxygen concentratiorpstbpt the end of the overshoot. And
for all curves except in the blank experiment, txygen concentration rebounded at t =
24000 s, when the addition of the Fg€blution was ended, which corresponded to a rapid
decrease in the rate of the reaction. In some atigances, the variations of the oxygen
concentration may have reflected instabilities mitslof the electrode. In all experiments, the
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variations of the oxygen concentration over timeevimited to + 2 mg.[* or less. This
demonstrates that quite stable oxic conditions weaentained throughout the syntheses in
the reaction vessel.

The biotic syntheses were characterized by notlgedifferent kinetics, even in the
system prepared with the lowest bacterial concgotraAs it can be seen in Figure I1.1.5,
above t = 3000 s, the kinetics of the various abed biotic syntheses split. As in the abiotic
syntheses, an overshoot such as v(t) > 2 was réachall syntheses performed with a
bacterial concentration equal to 0.135 §.dr 0.350 g.[*. However, the time at which the
peak of the overshoot was reached was larger thdhei abiotic systems, and it increased
with the bacterial concentration. In addition, &g tacterial concentration increased, the
intensity of the overshoot decreased, and its ourancreased. For instance, in the syntheses
performed with 0.350 g:t of bacteria, the maximal rate of proton releass egual to 2.7%

0.2, and it remained higher than 2.3 from t = 158@Mtil t = 20000 s. Because of the delayed
occurrence of the overshoot, the duration of tagatary regime was significantly decreased
in the biotic syntheses corresponding to a badtepacentration of 0.135 g1 And the
stationary regime was barely reached in the syspeaared with 0.350 glof bacteria. For

t > 24000 s, v(t) decreased in the biotic systemg, more slowly than in the abiotic
syntheses. The extent of time needed to reach <v(f.1 increased with the bacterial
concentration. Whereas it was equal to 1000-20@@rsks for the abiotic syntheses, it
increased to about 2000 and 10000 seconds forytitheses prepared with 0.135 and 0.350
g.L" of bacteria respectively. The biotic synthesespamed with 1.30 gt were
characterized by particularly slow kinetics. At 24000 s, v(t) was still smaller than 2. For t
> 24000 s, v(t) decreased much more slowly thaaminof the other systems. At t = 50000 s,
it was larger than 0.1. The measurements of thexr@mtential in the biotic systems were
consistent with the results displayed on Figurk2ifor the rate of proton release. Initially the
rapid decrease of the redox potential in all systemas suggestive of a build up of the
dissolved Fe(ll) concentration in the solution. Hwer, sorption processes and the reactions
of oxidation and of hydrolysis of the Fe led taabdlization of the redox potential, which was
in all cases comprised between 215 mV and 250 m@00 s <t < 24000 s. Between t =
24000 s and t = 25000 s, the redox potential sptaagk of 30, 23, and 4 mV, for the
syntheses prepared with 0.135, 0.350 and 1.30 ge&pectively, in comparison with a jump
of 42 mV for the abiotic system. In agreement wiith chemical analyzes, this suggests that
residual Fe(ll) lingered for longer periods of tinmethe biotic systems and that its oxidation
was increasingly slowed by the presence of incngasbncentrations of bacteria.

Complexation of the Fé ions onto the bacterial reactive sites of the wellls or of the
exuded molecules inhibited their quick build-upfree ions in solution. This explains at least
to some extent the retardation of the overshotterbiotic kinetic curves, as well as the slow
ending of the reaction at t > 24000 s. Complexatienregulated by a reversible
thermodynamic equilibrium. Hence, as free Fe catiware reacting irreversibly with the iron
oxide nuclei or crystals, the equilibrium was mayim favor of the dissociation of still
complexed F& cations. As the bacterial concentration was inéngashe number of bacterial
reactive sites was also increasing, moving thelieguim in favor of the complexation of the
Fe* or FE* cations and thereby retarding the reactions ofrdlysis with the iron oxide
nuclei or particles. Our study indicates that tbenplexation of F& cations onto bacterial
reactive sites can drastically affect their kingetaf oxidation and hydrolysis, which can be
retarded by many hours.

At a bacterial concentration of 0.135 g,Lthe kinetic curve was similar to the abiotic
curve, except that it was shifted in time by ab®@d0 seconds, which corresponded to a Fe
addition of about 10QtM. The bacterial surfaces were able to adsorb ar@&uM of Fe at
most (Rose and Waite, 2002). On the other handntesured dissolved Fe concentration at t
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= 25000 s was equal to only 7u81 in the system at 0.135 g*Lin comparison with 2.JiM

for the abiotic system. Since the DOC concentratieare higher at t = 25000 s than att = 0,
this suggests that the exuded molecules initialysent in the suspensions at 0.135galere
able to immobilize at most 5-1AM of Fe. Hence, & complexation was likely able to
immobilize at most about 58V of Fe and to delay the kinetic curves by at naisiut 3000

s. Hence other processes also possibly playedr#isamt retardation role on the reaction
kinetics of the biotic syntheses at 0.135.Eor instance, newly formed iron oxide nuclei
might have adhered onto and interacted with théebiat cell walls. In this case, their reactive
sites were unavailable or less easily accessibléigsolved Fe ions for the reaction of
hydrolysis. In addition, the physical immobilizatiof the Fe(lll) monomers or oligomers on
the cell walls also reduced their ability to readth each other. These two suggestions are
supported by the SEM observations, which indicated most of the iron oxide particles
were in close association with the cell walls (Fegu.1.2). In the case of the biotic syntheses
at 1.30 g.[%, the inhibiting effect of the cell walls on theogrth of the crystal nuclei was
particularly spectacular. However, even though st@ichiometry of those syntheses was
significantly lower than 2, it was still equal to60. Since F& complexation onto bacteria is
known to be a relatively rapid phenomenon (Rose Wulte, 2002), and since Fe(ll)
oxidation alone consumes protons (Cornell and Sdhwenn, 2003), the addition of a
significant fraction of the base over a long peraddime after the end of the addition of the
Fe(ll) suggests that the hydrolysis of the Fe(hidd proceeded to a significant extent at t =
80000 s in the systems prepared withr d.30 g.[*. We thus believe that Fe in those systems
occurred probably mainly as oligomers of Fe(lllpras. Further work, using for instance
EXAFS of Méssbauer spectroscopy, would be intemgsttd characterize more precisely the
speciation of the Fe immobilized by the bacterelscwalls and exuded molecules.
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2. INTERACTIONS NON METABOLIQUES ENTRE LES SURFACES
BACTERIENNES ET LE FER: EXEMPLE DE LA CINETIQUE
D’'OXYDATION DU FER(Il) ADSORBE A LA SURFACE DE BACILLUS
SUBTILIS

2.1. INTRODUCTION

Si nous avons pu démontrer que la présence decearfaactériennes ralentissait les
processus d’oxydation et d’hydrolyse dufFg@akih et al., 2008a ; pratie 11.1.3.3), il reste
quantifier directement les cinétiques et les preggsmicroscopiques impliqués. Pour
atteindre cet objectif, nous avons reéalisé une e2el la cinétique d’oxydation du Fe(ll)
adsorbé a la surface Bacillus subtilisCette étude a été effectuée a deux pH différebtsts,
7,5. Une concentration élevée en cellules bactéepar rapport a la concentration en Fe(ll)
a été choisie pour garantir que I'adsorption ddlFait lieu. Des isothermes d’adsorption et
de désorption ont également été réalisées afinédéev que les modeles de Chatellier et
Fortin (2004) pouvaient s’appliquer aux conditiegérimentales choisies ici. Ces modéles
montrent que I'adsorption des ions®Fest réversible & la surface des cellulesBdeillus
subtilis et que la concentration des sites réactifs daceicapables d’adsorber le’Fest de
3.5 x 10" mol.g* (poids sec des bactéries). En fin, cette étudermip de commencer & fixer
des contraintes sur les mécanismes en jeu, masredte préliminaire et nécessite d’'étre
complétée.

2.2. MATERIELS ET METHODES

2.2.1. Préparation de la suspension bactérienne

Les suspensions bactériennes utilisées ont étéangep en adaptant le protocole de
culture décrit dans la partie Il (paragraphe 1211)

2.2.2. Isothermes d’adsorption/désorption

Une solution de FeGhH,O (1,2 10° M) a été préparée & pH 3 a I'aide de HCI (2,5 mM)
pour prévenir 'oxydation du Fe(ll) (Fakih et e2008a ; partie 11.1.2.1). La suspension mere
bactérienne est diluée dans NaCl 1), pour obtenir 100 ml d’une suspension & 5 gdgo
sec).L* de bactéries (Chatellier et al., 2001, 2004 ; lrakial. ; 2008a, partie 11.1.2.1).

2.2.2.1. Isotherme d’adsorption

La suspension bactérienne (99 mL) a été introddaes un réacteur de 100 mi
thermostaté a 25°C et hermétique a I'oxygéne ath@@ue. La suspension a été agitée a
l'aide d’'un barreau aimanté. Des conditions stneat anaérobiques ont été obtenues par
bullage de N dans la suspension pendant 1,5 h. Le taux d’oxygkssous et le pH ont été
mesurés en continu, respectivement a l'aide d'umedes a oxygene (Fisher Scientific
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Bioblock) et d’'une électrode pH (Metrohm : 6.02%®) Le réacteur était connecté a deux
burettes asservies de HCI et FeCTitrino 794, Metrohm). Initialement, le pH de la
suspension a été fixé a 2 par ajout d’HCI{M) afin d’empécher I'oxydation du fer. Un ml
de la solution de Fegla été ajouté, pour obtenir une concentration dedée10* M. La
suspension a ensuite été stabilisée dans ces iomsdtendant 1 h. Le pH de la suspension
bactérienne a été progressivement augmenté jugdii’'8,5 par ajout de NaOH (1 M). A
chaque fois que le pH a augmenté d’'une demie-uai®jspension a reposeé 1h, puis 3 ml ont
été prélevés. L'échantillon a été immédiatementfi 0,2 um. Puis 20d de ferrozine ont
étée ajoutés au filtrat, afin de déterminer la comedion en Fe(ll) en solution (Viollier et al.,
2000 ; Chatellier et al., 2004).

2.2.2.2. Isotherme de désorption

Afin d’évaluer la réversibilit¢ de lisotherme d'saorption du Fe, une isotherme de
désorption du Fe a été réalisée. Au cours de larpiésn, le méme protocole a été suivi mais
en diminuant le pH de demie-unité en demie-unitépHe6,5 a 2. Un prélevement a été
effectué par demie-unité de pH afin de détermiaeroncentration en Fe(ll) en solution selon
le protocole décrit dans le paragraphe précédent.

2.2.3. Cinétique d’oxydation abiotique de Hg(

Un mL d’une solution de Fe€fiH,0O (10% M) a été ajouté & 99 mL d’une solution NaCl
(10% M) & pH 2 en conditions anaérobies dans un réatheunostaté (25 + 1° C). Le pH de
la suspension a été maintenu constant par I'ajeuti@l (10° M) ou de NaOH (18 M) a
'aide de deux burettes asservies (Titrino 794, rbfen). Le pH a ensuite été augmente
rapidement a pH 6,5 ou 7,5 par ajout de NaOH (1L} conditions anaérobiques ont alors
été interrompues par ouverture du réacteur et hétigue d'oxydation a été suivie en
mesurant la quantité de NaOH (1®1) ajoutée en fonction du temps, en considéraatppur
chaque mole de fer oxydé, 2 moles de NaOH étamanmeées (Eq. 11.1.2.3.2).

Fet* +io2 +20H - FeOOH +1Hzo (1.1.2.3.2)
4 2

2.2.4. Cinétique d’oxydation de Fe(ll) a la surfateBacillus subtilis

Une suspension bactérienne a été réalisée en r@utal” de cellules bactériennes a 99
ml d’une solution de NaCl (1DM) en anaérobie. Le pH initial de la suspensioctdréenne
variant entre 6,5 et 6,7, le pH a été ajusté ardajoat de HCI (1 M). Un ml d’une solution de
FeCh.4H,0 (10°M) a ensuite été ajouté & cette suspension poenishine concentration en
Fe(ll) de 10" M. Le systéme s’est équilibré pendant 10 mn, 1,5lenla suspension ont été
prélevés afin de déterminer la concentration enl)Fdissous. Ensuite la suspension a été
mise en aérobie et le pH a été ajusté a 5 parutaje NaOH (1 M). Aprés une mise a
I'équilibre de 10 min, 1,5 ml de la suspension été a nouveau prélevés. Enfin, le pH a été
augmenté a 6,5 ou 7,5 aprés une mise a I'équitiere0 min, 1,5 ml de la suspension ont été
préleves.

Cette augmentation progressive, mais néanmoins asggde du pH, visait a éviter
gu’'une partie trop importante du Fe(ll) ne s’'oxyaleant de s’adsorber. En effet, a pH > 6,
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I'oxydation du Fe(ll) dissous peut étre rapide.dt¢ a ensuite été maintenu constant grace a
un titrateur. Au cours de la premiere heure, utepsiment de 3 ml a été effectué toutes les 15
minutes, puis les prélevements ont été progresgerspaceés. L'expérience a été stoppee au
bout de 24 h.

La moitié de chaque prélevement (1,5 mL) a été ichatement filtrée a 0,Am, 100pul
de ferrozine ont ensuite été ajoutés au filtrat @ déterminer la concentration de Fe(ll) en
solution. Dans un deuxiéme temps, 10@e HCI (1 M) ont été ajoutés au 1,5 mL non fgtré
restant afin de désorber le Fe(ll) de la surface adlules bactériennes et de déterminer la
concentration en fer adsorbé sur les bactériesbdut d’'une heure, cette suspension a été
filtree a 0,2 um, et 100l de ferrozine ont ensuite été ajoutés au filtfat de déterminer la
concentration de Fe(ll).

2.3. RESULTATS

2.3.1. Isothermes d’adsorption et de désorption

L'isotherme d’adsorption présentée dans la Figufell, montre qu’au fur et & mesure de
'augmentation de pH, la concentration de fer aoda la surface des cellules bactériennes
croit. Au dessus de pH 4, la pente de lisotherragdsbrption augmente rapidement. Cette
augmentation correspond a une augmentation denleentration en Fe(ll) adsorbé. A partir
de pH 6, quasiment tout le fer est adsorbé a lasaides cellules. L'étude de la cinétique
d’oxydation du Fe(ll) adsorbé a la surface deséraagt a débuté dans ces conditions.
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Figure 11.2.1. Isothermes d’adsorption et désorpties ions Fe(ll) (IO M) & la surface de
Bacillus subtilis(5 g.L™"). Les barres d’erreur correspondent & cing répétitde I’expérience
avec cing suspensions bactériennes différentes.
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Malgré quelques écarts, les deux isothermes d’ptisaret de désorption sont assez
semblables suggérant que I'adsorption est un phéneméversible. Cependant a pH 2, 83%
du Fe{l) total est présent dans la phase dissoute. 17« &b moyenne du Fe(ll) sont donc
restés lié a la phase particulaire correspondantallules. Des imprécisions expérimentales
peuvent également étre en partie responsablestiedi#erence a I'issue de la désorption.
Néanmoins, méme si cette question n’est pas réselie différence ne remet pas en cause la
quasi-réversibilité de I'adsorption de Fe(ll) &slaface dBacillus subtilisdans la mesure ou
la majorité du Fe(ll) est libérée dans la solutopH 2.

2.3.2. Cinétique d’oxydation de Fe(ll) a pH 6,53

2.3.2.1. Cinétique d’oxydation abiotique delFeq pH 6,5 et 7,5

L’oxydation abiotique de F#) a pH 6,5 est tres rapide puisque le Fe(ll) éseldans la
solution. Le Fe(ll) est ajouté en en début d’exgréze en une seule fois. Le volume de NaOH
ajouté augmente progressivement pour se stabiliser 0,2 mL au bout de 1500 s (Fig.
11.2.2). Ce volume correspond & la quantité de lagmetée pour oxyder et hydrolyser les’10
moles de Fe(ll) introduites dans le réacteur (Ef.4.3.2).
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Figure 11.2.2.Cinétique d’oxydation abiotique de FB((10* M) & pH 6,5 et & pH 7,5.
La cinétiqgue abiotique d’oxydation de Hg¢(a pH 7,5 est encore plus rapide, puisque
environ 75% de Fe(ll) sont oxydés en moins de 28pses 500 s, quasiement tout le Fe est

oxydé. Deés les premiéres secondes, le volume deHNgGuté augmente a 0,18 ml et, se
stabilise ensuite a 0,2 ml au bout de 1500 s (F®)2).

2.3.2.2. Cinétique d’oxydation de FB(a pH 6,5 et 7,5 en présence de bactéries
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Cette cinétique d’oxydation a été mesurée parile da la quantité de Fe(ll) adsorbé a la
surface des cellules bactériennes. La quantitéedid) Bdsorbée diminue avec le temps alors
que la concentration en Fe(ll) dans la solutioneestiessous de la limite de détection de la
méthode de dosage a la ferrozine. Pour des conslidgeperimentales equivalentes, quand le
Fe(ll) n'est pas préalablement adsorbé a la surfiesecellules bactériennes, du Fe(ll) est
présent et mesuré dans la solution (Fakih et @082 ; partie 11.1.3.2). La diminution de la
concentration en Fe(ll) adsorbé a la surface hiectée dans notre expérience ne correspond
donc pas a un processus de désorption. Aucunepjiadicin de Fe(lll) n'est d'ailleurs
observée dans la suspension. Il est donc possddsumimer que le Fe(ll) s’oxyde en Fe(lll) a
la surface des cellules bactériennes. Wightmaregt, £2005), ont d’ailleurs montré que la
désorption de Fe(lll) est tres difficile a causeladorte stabilité du complexe Fe-surface
bactérienne méme a pH acide (1,5-2). L’'oxydationt peependant étre expliquée par une
seconde hypothése qui consisterait en une désomptid-e(ll) induite par son oxydation tres
rapide dans la solution suivie d’'une réadsorptita surface des cellules bactériennes.

Le tableau 11.2.1 montre I'évolution du pourcentageFe(ll) adsorbé et oxydé dans les
suspensions bactériennes en fonction du pH. Lar&idu2.3 représente les cinétiques
d’adsorption/oxydation du Fe(ll) en présence deadraes pour des suspensions maintenues a
pH 6,5 et 7,5. L'oxydation du Fe(ll) débute enti¢ p et pH 6,5 (Tableau 11.2.1). Environ
20% et 30% du fer ont été oxydeés durant cette gnen@tape pour les expériences 1 et 2.

Tableau 11.2.1. Moyenne et écart-type du pourcentdg Fe(ll) adsorbé a la surface de
Bacillus subtilispendant la phase de 'augmentation de pH a 6é67%&b avant de lancer la

cinétique d’oxydation pour les deux expériencegchit type correspond a l'erreur de la
réplication pour 5 expériences.

% moyen de Fe % moyen de Fe
(IT) oxydé Ecart-type (IT) oxydé Ecart- type
Expérience 1 Expérience 2
pH 4 -0,38 1,81 pH 4 3,17 4,86
pH 5 5,94 5,41 pH 5 15,35 3,24
pH 6,5 (b) 21,47 1,96 pH 6,5 22,36 6,37
pH 7,5 %) 31,82 7,89

Dans le cas de I'expérience 1, ou I'étude cinétisjest déroulée a pH 6,5, 40% du Fe(ll)
se sont oxydés dans les trois premiéeres heurddeidans les 6 heures suivantes. Au bout de
21 heures, il ne reste plus que 10% de fer non@grya@dsorbé (Tableau 11.2.1, Fig. 11.2.3).

Pour I'expérience 2 d’oxydation menée a pH 7,%, dvait un risque que Fe(ll) s’oxyde
avant son adsorption sur les surfaces bactérienimespH a donc été augmenté plus
progressivement au début de I'expérience afin derfser I'adsorption. Le tableau 11.2.1
montre que 30% du Fe(ll) sont néanmoins oxydésndlagpremiére étape de I'expérience 2.
Ensuite, I'essentiel de I'oxydation se réalise duria premiére heure. Au bout de quatre
heures, seuls 6,6 £ 5,5% de Fe(ll) restent non @&xyd adsorbés sur les surfaces bactériennes
(Fig. 11.2.3).
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Figure 11.2.3.Cinétique d’oxydation du FH] (10* M) & la surface dBacillus subtilis(5 g.L
Y & pH 6,5 et 7,5. TO correspond aux moments oUcteslitions anaérobiques ont été
interrompues.

2.4. DISCUSSION

2.4.1. Isothermes d’adsorption et de désorption

Chatellier et Fortin (2004) ont observé que I'agsion de Fe(ll) a la surface d=acillus
subtilis était un phénomeéne rapide qui atteignait I'équditihermodynamique en quelques
dizaines de minutes. La concentration des sitedsdi@tion & pH neutre pour les ions Fe
été estimée & environ 3,5 xfoles.g" de bactéries séches (Chatellier et Fortin, 2004).
Dans nos expériences, les surfaces des bactérnes@aes-saturées, et elles ne devraient donc
pas avoir de difficulté a adsorber 'ensemble d(ll;& des pH proches de la neutralité.

L’augmentation de la concentration de Fe(ll) adéartia surface des bactéries avec le pH
est expliqguée par le fait que les sites réactésaviis de Fe(ll) sont des groupements acido-
basiques (Fein et al., 1997 ; Chatellier et Foi2d04 ; Rancourt et al., 2005). Au fur et a
mesure que le pH augmente, les protons en sold&@giennent moins nombreux, et sont donc
moins compeétitifs vis-a-vis de Fe(ll) pour formeesdcomplexes de surface. De plus, la
déprotonation de I'ensemble des groupements a@ditbes a la surface des cellules tend a
leur conférer une charge négative qui favoriseaitraction électrostatique des cations.

La valeur du pH au niveau du saut de l'isothermig.(H.2.1) dépend de plusieurs
parametres, tels que la concentration en cellubetébbennes ou encore I'affinité de Fe(ll)
pour les différentes fonctions de surface. Noslt@susont cohérents avec ceux de Chatellier
et Fortin (2004). lls montrent notamment que, shl'ajoute 1 M de FeC} dans une
suspension de bactériBscillus subtilisa 5 g.L*, presque tout le fer est adsorbé a la surface
des cellules a des pH > 6.
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2.4.2. Effets non métaboliques de la surface bastées sur la cinétique d’oxydation de
Fe(ll)

Dans notre expérience d’oxydation abiotique, I'catyoin du Fe(ll) se produit rapidement,
encore plus a pH 7,5 qu’a pH 6,5. De ce fait, éeHutocatalytique de I'oxydation n’a pu étre
mis en évidence, car il s’est manifesté trop rapielet pour étre détecté.

Dans I'expérience d’oxydation biotique, I'oxydatiau fer & pH 7,5 est beaucoup plus
rapide (Tableau 11.2.1, Fig. 11.2.3). Lorsque lagfaces bactériennes sont sur-saturées en
Fe(ll), 'oxydation des cations H&( en présence des bactéries conduit a la formation
d'oxydes ferrigues (Warren et Ferris, 1998). Cepandlorsque les surfaces sont sous-
saturées et le Fe(ll) préalablement adsorbé, qidlimpact de la présence des bactéries sur
la vitesse d’oxydation de Fe(ll)? L'expérience didation du Fe(lll) en présence des
bactéries, montre un fort ralentissement de cattgique d’oxydation du fer.

Trente pourcents des ions ferreux sont oxydés tlaapremiére étape de I'expérience
d’oxydation biotique 2 a pH 7,5. A ce pH, I'oxydatiest plus rapide alors que la plupart des
ions sont adsorbés a la surface des cellules cdontemontré les expériences d’adsorption.
Si les ions ferreux s’oxydent malgreé leur adsorptola surface des bactéries, I'oxydation de
Fe(ll) est donc completement dépendante du prosabadsorption. C’est donc la cinétique
désorption du Fe(ll) qui contrdle sa cinétique ¢dation.

Comme précédemment émise, une deuxieme hypothésie qpee le Fe(ll) s’oxyde tres
rapidement en solution apres s’étre désorbé ett alease réadsorber sour forme de Fe(lll) a
la surface des bactéries puisque le Fe(lll) présane forte affinité pour ce type de surface
ou si la cinétique d’oxydation du complexe est teee (Wightman et Fein, 2005). Le Fe(lll)
préférentielement adsorbé au Fe(ll) induirait barttion dans la solution puis son oxydation
et ainsi de suite. Cette hypothése repose sur xyawation quasi-instantanée du Fe(ll), ce qui
semble plausible au regard des résultats obterrusgpaxpériences d’oxydation abiotiques a
pH 7,5. Dans cette hypothése, ce serait la réad@désorption qui controlerait la vitesse
d’oxydation de Fe(ll).

2.5. CONCLUSIONS

Nous nous sommes ici efforcés de mieux caractémeetains des processus non
métaboliques impliquant le fer et les bactériesn®an intervalle de pH de 2 a 6,5, nous
avons étudié la réversibilité de I'adsorption dessi Fe(ll) a la surface dgacillus subtilis
Malgré la possibilité d’'une fraction d’adsorptioriéversible, nos résultats présentent une
bonne cohérence avec les résultats obtenus paelldragt Fortin (2004) qui montrent que
I'adsorption des ions ferreux sur les surfacesdramines est un phénomene réversible.

Dans une seconde phase, la cinétique d’oxydatisnas Fe(ll) adsorbés sur les surfaces
bactériennes a été étudiée a pH 6,5 et 7,5. L’digmlales ions ferreux dans ces conditions
est un phénomene bien plus lent que dans des morsibiotiques équivalentes. Deux
hypotheses peuvent expliquer ces résultats : ¢kydiation de Fe(ll) en Fe(lll) se produit a la
surface des cellules bactériennes, la cinétiqueydation est donc contrélée par la cinétique
de la réaction d’adsorption. (2) Les ions Fe(ll) d&sorbent de la surface des cellules
bactériennes, s'oxydent rapidement en solution peliggadsorbent. La cinétique d’oxydation
est donc contrélée par la cinétique de la réac@désorption.

Cependant, il est important de noter que cetteeéteste une étude préliminaire qui devra
étre complétée. En effet, afin de prouver sansvéquie que le Fe(ll) s’oxyde en milieu
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biotique, il est nécessaire de déterminer la canagon totale en Fe en solution (via des
analayses par GFAAS ou ICP-MS), la concentrationFe(ll) étant alors obtenue par
différence entre l'analyse du fer total et 'analydu Fe(ll). Le degré d’oxydation du fer
adsorbé a la surface des bactéries doit étre égatetiéterminé. Il faudra utiliser, a ces fins,
des techniques de spectroscopie fine comme larepeopie Mdssbauer ou de radiations
synchrotrons comme le XANES.
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. CHAPITRE Il

Biodissolution - Réduction du Fe(lll)

Ce chapitre est composé de trois parties. La presrpartie est constituée d’une étude de
développement d'un ‘outil’ de suivi in situ de lsgblution d’oxydes de fer dopés en As(V)
dans un sol hydromorphe. Cette partie a donné #ieune publication soumise a la revue
Applied Geochemistry en Avril 2008. Elle est conéigléd’'une étude de la dissolution de
|épidocrocite dopée en As(V) dans ce méme solrdisidme partie présente et discute les
résultats obtenus, en utilisant ces nouveaux disfogxpérimentaux pour I'étude de la
dissolution réductrice de ferrihydrite et Iépidocit® dopées en arsenic en colonnes de sols
anaérobies. Cette troisieme partie est présentée Eoforme d’'un article scientifigue soumis
a la revue Chemical Geology en Juin 2008.
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1. DEVELOPPEMENT D’UN ‘OUTIL’ DE SUIVI
MOBILISATION DU FER DANS LES SOLS

IN SITU DE LA

Mohamad Fakih

Mélanie Davranche
Aline Dia

Bernd Nowack

Patrice Petitjean
Xavier Chatellier

Gérard Gruau

Cette partie correspond a un article resoumis ersiore révisee a la revue Applied
Geochemistry :” A new tool fan situ monitoring of Fe-mobilization in soils’ (Juillet2008)
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RESUME

L'objectif de cette étude est de développer eteteshe nouvelle technique d'étude
qualitative et quantitativan situ de la dissolution réductrice d’'oxydes de fer dop@As(V)
dans un sol hydromorphe. L'outil se compose deuglides acrylique (& 2 x 0,2 cm) striées.
Dans ces stries sont fixées des particules dehyelite pure (Fh) ou dopées en As(V) (Fh-
As). Ces supports ont ensuite été insérés danshdeirons (organo-minéral et albique), d’'un
sol de zone humide qui connait régulierement désrmainces des conditions rédox. La
dissolution de la ferrihydrite et la solubilisatide I'As ont été quantifiées par spectrométrie
de fluorescence des rayons-X (FRX). L'évolution émitogique de la ferrihydrite a été
caractérisée par microscope électronique a balagagg@é d’'un spectrometre en énergie
dispersive (SEM-EDS). Apres plusieurs mois d’indidrg la ferrinydrite a été dissoute a des
taux comparables a ceux mesurés dans les étudibalatoire, dans une gamme de 1 a
10.10% mol. Fe nf. s’. Les observations microscopiques (SEM) indiqueset lgs plaquettes
sont fortement colonisées par les bactéries etdggebiofiims se sont formés a leur surface
dans I'horizon organo-minéral suggérant l'intervemt d'un processus biologique plus
marqué dans I'’horizon organo-minéral que dans itoor albique. Aprés sept mois
d'incubation des sulfures de fer se sont formés dépens de la ferrihydrite presque
totalement dissoute dans I'horizon albique.

ABSTRACT

The aim of this study was to design and test a twalfor (i) the quantitativen situ
monitoring of Fe(lll) reduction in soils and (iihe tracking of the potential mineralogical
changes of Fe-oxides. The tool consists of smak @x 0.2 cm) striated polymer plates
coated with synthetic pure ferrihydrite or arsetoped ferrihydrite (Fh-As). These slides
were then inserted within two different horizongg@no-mineral and albic) located in a
wetland soil with alternating redox conditions. &nkition was quantified by X-ray
fluorescence (XRF) analyses of total metal contéefere and after insertion into the soil.
The crystallographic evolution of Fe oxides was rabgerized by scanning electron
microscope equipped with an energy-dispersive speter (SEM-EDS). Over the months,
the ferrihydrite progressively disappeared, atsai@mparable to those previously measured
in laboratory studies, i.e. in the 1-10*¢mol. Fe nf. s* range. SEM observations indicate
that the supports were highly colonized by bactema biofilms in the organo-mineral
horizon, suggesting a biological-mediated process|e the albic horizon appeared to be
characterized by a mostly chemical-mediated prodesthe albic horizon, iron sulfide and
other micro-precipitates were formed after sevemtim® of incubation in balance with a quasi
dissolution of initial Fe-oxides.

1.1. INTRODUCTION

Iron (lll) oxides are common mineral components soils, sediments, aquifers and
geological materials. Trace metals commonly asseeigh Fe(lll) oxides as adsorbed or co-
precipitated species. Consequently the biogeoctamycles and fate of Fe and trace metals
are closely linked (Francis and Dodge, 1988; LovIE91). Sorption and redox chemistry of
Fe(lll) oxides have been widely studied becausg¢hefrecognition that they control water
chemistry and contaminant behaviour in near-surfgmechemical systems (Charlatchka and
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Cambier, 2000; Davranche and Bollinger, 2000a; Baesine et al., 2003; Bonneville et al.,
2004; Grybos et al., 2007). The stability of irdmapes in soils exerts a major control on the
mobility of both organic (Avena and Koopal, 1998danorganic pollutants (Ahmann et al.,
1997; Zobrist et al., 2000; Zachara et al., 20QInder oxic conditions, crystallized or
amorphous Fe(lll) mineral phases are able to irwmate or scavenge toxic trace elements
such as As, Cr, Cd or Pb (Bousserrhine et al., 19@8in et al., 1999; Brown and Sturchio,
2002; Morin et al., 2002a; Bonneville et al., 2008y contrast, the reduction of Fe(lll) has
been termed as the most important change that fd&es in the development of anaerobic
soils when the oxygen content decreases (Lovle®l)19As a direct consequence the
resulting reductively dissolved Fe(ll) and assamatrace metals can be released into soill
solution (Schwertmann and Taylor, 1989; Lovley &uates, 1997; Davranche and Bollinger,
2000a; Quantin et al., 2001; Zachara et al., 2001).

Iron reduction has thus to be considered as a layebchemical process that can affect
metal geochemistry in soils through both direct amdirect mechanisms (Cooper et al.,
2006). Iron (IIl) oxides can be reductively dissdveither by abiotic (e.g. Davranche and
Bollinger, 2000a, b; Davranche et al., 2003; Cmagdial., 2005) or microbial pathways (e.g.
Lovley and Phillips, 1986a ; Francis and Dodge,0t9oden and Wetzel, 2002; Zachata
al., 2001). However, biological reduction of irorigdes in natural environments is probably
the major process governing Fe(lll) reduction (Erarand Dodge, 1990; Grybos et al., 2007)
since Fe(lll) acts as terminal electron acceptoibficteria-mediated organic matter oxidation
to carbon dioxide (Lovley and Phillips, 1986a; Friarand Dodge, 1990; Chuan et al., 1996;
Charlatchka and Cambier, 2000; Green et al., 2Q@@ntin et al., 2001, 2002; Grybos et al.,
2007).

Numerous studies have been dedicated to the uaddisg of the impact of Mn- and Fe-
oxyhydroxides reduction on trace metal mobility soils. Among them, incubation
experiments - using synthesized iron oxides orrahgoil samples - were performed using a
series of chemical reducing agents (such as hythoxge, ascorbate or sodium borohydride)
(Davranche and Bollinger, 2000a, b; Davranche .e803; Chatain et al., 2005). Microbial-
mediated reduction experiments of synthetic irordex co-precipitated with Pb, Cr, Ni, Zn
and Cd (Francis and Dodge, 1990; Zachara et @1)26r natural samples (Charlatchka and
Cambier, 2000; Chuan et al., 1996; Quantin et24lQ1; Quantin et al.,, 2002) were also
conducted. However, experimental studies carriedvath natural samples were lacking
information on newly precipitated minerals. By aast, experiments performed with
synthesized iron oxides did not yield information the impact of the soil matrix. For
instance, the true impact of the other solid phasdsrally occurring in soils, such as organic
matter or clays, both known to be strong scavengérge(ll) and trace metals, is not
considered, since the soil matrix is absent. Anémwpresent, the soil structure is usually
strongly disturbed. In addition, the soil solutioamposition and its flow are usually not
adequately reproduced. Recently though, Bennerl.e(2802) and Hansel et al. (2003)
showed, by studying the reductive dissolution ohioxides in dynamic system, that both
solution flow and solute release strongly influettoe dissolution rate and the nature of newly
formed minerals.

To overcome the inherent limitations of laboratoexperiments, several authors
developed recently techniques to studysitu mineral dissolution in soils (Jorgensen and
Willems, 1987; Voegelin et al., 2002; Birkefeld &t, 2005, 2006, 2007; Jenkinson and
Franzmeier, 2006). As an example, Jenkinson andzRraier (2006) have built specific
captors dedicated to the identification of the wdiun conditions that could occur in natural
soils. Iron oxides were fixed by air-flow heat arbés that could be directly inserted into
soils. Reduction was visually assessed by the vasen of the depletion of the oxide coating
on the tube surface. Although this technique ersstivat the solids can be totally recovered at
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the end of the incubation time, it can be only agapto a specific type of iron oxide (the one
formed during the iron fixation by the air-flow hesystem). Birkefeld et al. (2005) also
developed amn situ method to monitor the transformation of metallidgdes in soils. They
fixed particles on polymer supports with a thinrfibf epoxy resin. Thereby, the particles
were not only in direct contact with the soil mathut the designed supports could also be
easily recovered and analyzed.

Because most previous experimental approachesistuidysitu the evolution of minerals
in soil suffered from drawbacks, this study wasuksed on a further development of the
support technique designed by Birkefeld et al. Bd0r the use with iron oxides. Iron oxide
particles were fixed onto inert polymer slidesaw temperature by precipitating directly the
Fe-oxide particles onto the slides. The slides wieea inserted into two different horizons of
a wetland soil, bringing the iron oxide particlesdirect contact with the soil matrix. To
investigate the alteration of the iron oxide pdescover time, the slides were recovered after
1, 3 or 7 months and they were examined by XRF SBM-EDS. The goals of this work
were beyond the test of the technique itself, tangify the reductive dissolution of iron
oxides in anaerobic soils, to study the mineralalgevolution of the iron oxides and the
formation of secondary phases and finally to evaltlae impact of the reductive dissolution
on the release of an associated trace elementi@rse

1.2. MATERIALS AND METHODS

All chemicals used in this study were of analytigedde. All solutions were prepared with
doubly de-ionised water (Milli-Q system, MilliporeAll containers used in this study were
first soaked in 10% ultrapure HNGor 48 h at 60°C to remove all possible contamisan
rinsed with Milli-Q water for 24 h at 60°C, and dilty dried at 30°C.

1.2.1. Polymer Supports

The principle of the polymer support-method is tadbiron oxides irreversibly on
polymer plates. Considering its peculiar propertiesly(methyl methacrylate) (PMMA)
polymer (Plexiglas/Acrylite) was chosen as matdoalthe slides. PMMA is highly resistant
against weathering and is characterized by sturédchanical and chemical properties
(Schwarz, 2002). The PMMA supports can stay fogldimes (up to years) in soils under
environmental conditions without any aging (Birkdfet al., 2005).

The support size of & 2 cmx 0.2 was chosen to fit the sample holder of theay-R
fluorescence (XRF) instrument. The thickness offilages was selected to be 2-mm-wide to
avoid both torsion and bending of the support (Higl.1). In a first attempt, inspired by
Birkefeld et al. (2005), iron coated quartz gramere fixed with epoxy resin onto a 4-cm2-
size polymer support. However, a major problem wasountered during mineralogical
analyses. The X-ray diffraction (XRD) spectra cep@nded to the quartz spectra since the
iron oxide amount was much smaller than that ofnertz.

In an alternative procedure the iron oxides wereadtly fixed onto the slide surface,
beforehand treated to allow iron oxide particlesdbg. Without surface treatment, indeed,
iron oxide could not hold on to the slide. Foureliént procedures were tested to optimize the
immobilization of the iron oxides on the PMMA: ($andpapering of the support surface
using a coarse grain sandpaper (100-um-diame®rktiipes made by a cutter, spaced less
than 2 mm apart; (3) a regular series of 0.5-mnpdedes with 0.9 mm diameter regularly
spaced from each other at 2 mm using a robot (@ioddt, France), (4) 0.1-mm-deep
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parallel stripes, spaced 1 mm apart using a roBbailyrobot, France) (Fig. 111.1.1). All
supports were washed and dried according to thebkw described washing procedure.
The polymer supports were (i) soaked in 10% ultrapdNO; for 48 h at 60°C to remove all
possible contaminants, (ii) rinsed with Milli-Q veatfor 24 h at 60°C, and (iii) finally dried at
30°C. Pure ferrinydrite (Fh) and ferrihydrite asated with As (Fh-As) (1% of coprecipitated
As) were synthesized (Schwertmann and Cornell, PB0the presence of the PMMA slides.
At the end of the synthesis, the suspension cantpiiron precipitate and slides were
centrifuged at 4500 rpm for 15 minutes not onlyséparate the solid from the solution but
also to get a better contact of Fh with the slidése supports were dialysed using a 12 kDa
dialysis bag. The external solution was regulagdsnoved and replaced with milli-Q water
until the solution conductivity became lower thaniS.crit. The slides were dried during 24
hours at 35°C, and then stroked with a paintbrosélitninate the weakly bound iron oxides
at the slide surface.

a)
2mm
+—>
A
£
(8}
o + Iron oxide
v
_’ 4—
0.1mm
b)

Figure 111.1.1. a) Scheme of the Fe-oxide fixatmmo the stripes. b) (Left) SEM picture of a
type (4) PMMA slide after coating with HFO, the @ indicates the stripe width. (Right)
Digital picture of a bare PMMA slide.

In order to determine the amount of iron oxideseting the four different slide types,

optical and scanning electron microscope (SEM) mfagions and weight analyses were
conducted. The slide types (2) and (3) were rejesiace they presented a large surface
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heterogeneity. Ferrihydrite tended to form microdis during the drying process. The slides
of type (1) reached an average value of 0.87 m@xide per support with a variation
coefficient of 26.4%. The slides of the types (#¥pthyed an average of 1.01 mg per support
with a variation coefficient of 0.16%. Type (4)dds were finally chosen after microscopic
studies and quantification of the Fe bound to Giet) slides. The initial amounts of Fe
attached to each individual slide were determingdXiRF (See the herebelow section
[1.1.2.4).

1.2.2. Stability of iron oxide fixation onto slide

Abrasion test were carried out to quantify the po& falling off of iron oxides when the
slides were introduced and recovered from thersatirix. Polymer supports covered by Fh
were introduced into a mixture of 50/50 (by weigltt) humidified sand (sand from
Fontainebleau (France), 150-300 pum in diameter, Y&l glass marbles (2mm in diameter)
to model a soil matrix. These two components wearehand washed with concentrated
HCI and then rinsed 5 times in milli-Q water. Thieles were left 10 days in contact with the
moist mixture. The polymer supports were then exéc by hand and the sand/marble
mixture washed with 20 mL of concentrated HCI. Tinesence of iron in the solution was
then analyzed by an Agilent Technologies HP4500-NM3 instrument (Dia et al., 2000;
Yeghicheyan et al., 2001; Davranche et al., 200yt et al., 2007). It can be noted that the
Fe content measured in the solution leaching tinel saad glass marble mixture was lower
than the ICP-MS detection limit for iron (20 ugRg

1.2.3. Calibration of X-Ray Fluorescence (XRF) &asdconcentration quantification

XRF analyses were conducted before and after comtdle the soil to determine the
amount of fixed Fe and associated elements on et®p€-Lab 2000 (Germany) instrument.
The XRF technique allowed a non destructive anslysi the slides. A custom-made
calibration was performed for the various iron @ddA set of 7 supports was stirred in
various HCI concentrations to obtain slides withiatale iron amounts. Pure Fh and Fh-As
slides were stirred with 0, 0.1, 0.2, 0.3, 0.4, & 1N of HCI for 30 minutes at 250 rpm.
HCI concentrations and required time of incubatiwere selected after preliminary test
experiments. The supports were then dried and aedlpy XRF. The remaining particles
were completely dissolved by stirring the supperiihh 6N HCI for 1 hour at 250 rpm. The
iron and As concentrations in the solution werenthealyzed by AAS (SOLAAR M6 F-
AAS, Thermo). Plotting of XRF data and absolute ant@f Fe and As on each slide allowed
to make a calibration to transform XRF results iRéoand As concentrations per slide.

1.2.4. SEM/EDS Scanning Electron Microscopy wittayXmicroanalysis

The slides devoted to the SEM/EDS observations wetia@tained in anaerobic conditions
until they were brought to the SEM facility. SEMngbined with Energy Dispersive X-ray
Spectroscopy (EDS) was used to analyze surfaceratimodifications as well as to identify
the elemental composition of eventually newly fodhpdases. Before insertion into the soil, a
first series of samples was directly observed bySEhis allowed a comparison of the
morphology of the iron oxides before and after expe to the soil. A second series of
incubated slides was dried at critical point foliog/the herebelow described procedure and
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then metallised. The drying at the critical poirdsaused to preserve the biological structure
of the biofilm and bacteria. The slides were sulgedrfor 48 hours in a bath of 2.5%
glutaraldehyde adjusted with 0.1M NaOH to pH 7.2dArson, 1951), then washed three
times during 10 min in anaerobic water adjustedh WitLM NaOH to pH 7.2. They were then
dehydrated during 10 min in successive ethanoltisolsi (30%, 60%, 80%, 90%, 95%, and
100%). The slide surfaces were observed by SEM aifiictOL JSM-6301F Field Emission
Gun Scanning Electron Microscope operating at 9Ktérabeing coated with Au-Pd
nanoparticles by cathodic deposition with a JEOLC JE100 sputter. The elemental
composition of individual particles or agglomeratésparticles was investigated by Energy
Dispersive X-ray Spectroscopy (EDS) using an Oxfark-Isis Si/Li analyzer. Some slides
were also examined by SEM and EDS after their iatioh in the soil horizons without
drying at critical point.

1.2.5. Field experiments within soil

The slides were inserted in two different horizamghe wetland soil of the Kervidy-
Naizin catchment, Western France. This wetland selscted because of the evidence of
periodical iron reduction events (Fe(ll) releas® isoil solution) during temporal flooding in
winter and spring. Dissolved Fe(ll) concentratiamsre found to increase from 0 (< 0.01
mg.L?, detection limit) in late fall (beginning of thvbded period) to 11.5 mgLin spring
(end of the waterlogged period) (Bourrié et al.99;9Dia et al., 2000; Olivié-Lauquet et al.,
2001; Gruau et al., 2004).

The slides were inserted into the organo-mineralzba (0 to 15 cm) and the albic
horizon (15 to 30 cm). Fifteen pure Fh slides abdFh-As slides were inserted into each
horizon. One should mention that the Fe-oxidesdfi@e slides did not chemically disturb the
soil system since the amount of fixed Fe-oxidesslitles was low compared to the total
concentration in iron in the soil (Table Ill.1.The polymer supports were vertically inserted
into the soils with the help of a small stainletseklancet. The bottom of the lancet was
flattened to allow the penetration into the sail.drder to locate the slides in the soil for
retrieval, a thin nylon thread was fixed on the gup The slide insertion did not much
disturb the soil system at scales of more thanwarfan. The impact of the slides on the
natural flow of the soil solution did possibly riffer from the effect of small rocks or debris
naturally present in the soil.

At each sampling campaign, five slides were remdveah each soil horizon. The slides
were removed from soil after a period of 1, 3 an@nths. Within a few seconds after being
exposed to the air, the slides were stored in aba=and hermetically sealed bottles, which
were immediately flushed with nitrogen. Later ohe tslides were rinsed with anaerobic
Ultra-pure water in order to remove the looseha@ied soil particles in Jacomex isolator
glove box under purifications (< 10 ppm of @xd HO). Two slides were also dried under
anaerobic conditions at the critical point for SEMservations (see section 111.1.2.6). This
procedure is required to observe possible orgammiral associations and analyze surface
changes as well as to evidence eventual new mgmenaé other slide was cleaned with water
and dried at room temperature overnight for quatng analysis by XRF. Finally, two slides
were cleaned and dried under anaerobic conditionghe isolator glove box for XRD
analyses.

Soil samples were collected at both depths andd daie ambient temperature. Total
concentrations of major and trace elements weré/zath by ICP-MS (trace elements) and
ICP-AES (minor elements) following a lithium metaat@ fusion. The loss of ignition was
measured as an indicator of the carbon content.nfdjer element concentrations in the soil

57



are given in Table 1ll.1.1. The organo-mineral kori contained 1.03% of iron while the
albic horizon contained only 0.61%. The concergratf As was 7.47 pg.gin the organo-
mineral horizon and 3.66 pg-dn the albic horizon.

Table 11I.1.1. Bulk chemical composition (major attdce elements) of the two investigated
soil horizons from the wetland of the Kervidy-Naiziatchment (North-western France).

Major elements

(%) Si Al Fe Mn Mg Ca Na K Ti P LOI

Org?{(‘)‘?i‘g‘;‘era' 28 35 1.03 001 0.28 0.13 0.14 100 049 0.0219.1

Albic horizon 33 43 061 000 0.26 004 0.16 132 0.63 0.016.2

Trace elements As Cd Co Cr Cu Ni Pb Zn  REE

(H9.9%)
Org?]r;c;i-zrgweral 7.48 0.29 538 76.61 8.52 17.01 22.53 38.78 128.27
Albic 3.66 0.17 3.36 92.04 3.95 17.22 15.64 31.55 134.26

1.2.6. Solil solution sampling and chemical analyses

During the incubation times, about 20 ml of solntiwere sampled once a month under
nitrogen flux using a water trap (Bourrié et aB99) inserted in the two soil horizons. The
samples were filtered through a 0.2 pm cellulosstade membrane (Millipore) and divided
into several aliquots for the analysis of Fe(ll)0,S and NQ. Iron (I) was directly
complexed by 1.10 phenantroline following the AFNAR T90-017 methodology (AFNOR,
1997), and analysed using an UV-visible spectropheter (UVIKON XS, Bio-Tek) with a
precision of +5%. N@ and SG* concentrations were analysed by ion chromatography
(Dionex, model X120), with a precision of about £4%

1.3. RESULTS

1.3.1. Support stability

The amount of released iron during the abrasianaas lower than the ICP-MS detection
limit for iron (20 pug.kd), the loss due to abrasion can therefore beeridemesl as less than
0.08 % (in weight). Hence, the supports can be idensd as not sensitive to mechanic
abrasion during insertion, exposure and retrieVakt with leaching of the supports in water
showed no decrease in the Fe content over timetédted iron oxides on the supports were
therefore stable when pH or redox conditions didamange.

1.3.2. XRF calibration curve

The XRF signal was linearly related to the amodriteroxides and As on the plates (Fig.
[11.1.2). The calibration curve for pure Fh hadarelation coefficient of 0.98, for Fh-As of
0.98 for Fe and 0.96 for As. These three corratatioefficients correspond to those
previously determined Wgirkefeld et al. (2005) for other metal particles.
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1.3.3. Solil solution composition during incubation

The pH remained constant at 6.05 + 0.2 in both lsmiizons during the seven months of
incubation. The Fe(ll) concentrations in the orgamoeral horizon soil solution during the
incubation in the wetland soils increased from 0.84.L' to 2.58 mg.[}, NO;
concentrations decreased from 33.3 gt 2.6 mg.[* while sulphate remained constant at
15.5 + 0.3 mg.L* between one and three months of incubation (THble2). After seven
months of incubation reductive conditions werd gtiedominating and Fe(ll) was present in
the soil solution at 1.28 mgl the SQ° concentration was 4.8 mgl.and NQ was 4.5
mg.L".
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Figure IIl.1.2. a) XRF calibrations curves relatik®F signals to Fh amounts measured by
complete dissolution for the two investigated Fédeg, pure Fh (continuous line) and Fh-As
(discontinuous line), b) XRF calibrations curvedatieg XRF signals to As amounts
measured by complete dissolution for Fh-As.

59



In the albic horizon soil solution a strong increas the Fe(ll) concentration (from 0.04
mg.L* to 10.21 mg.[}) concomitant to a strong decrease ofsN@om 12.7 mg.L* to 1.2
mg.L™") and a strong decrease of sulphate (21.3 to 1.Z thgere observed during the first
three months of incubation (Table I1l.1.2). Howevarstrong Fe(ll) decrease - down to 0.23
mg.L™* - concomitant to a NQincrease (2.4 mg:t) was noticed after seven months.

Table 111.1.2. Fe(ll), N@ and SG* concentrations in the soil solution during slidpesure,
recording the redox state of the system througk.tim

Concentration (mg.L™)

Organo-mineral horizon

t=0 1 month 3 months 7 months
Fe(ll) 0.21 0.69 2.58 1.28
SO~ 15.8 15.5 15.2 4.8
NO3 33.3 19.1 2.6 4.5
Albic horizon
=0 1 month 3 months 7 months
Fe(ll) 0.04 1.91 10.21 0.23
SO~ 21.3 16.1 1.7 1.6
NO3 12.7 13.7 1.2 2.4

1.3.4. Changes in Fe and As concentration on thie-goated slides over time

Figure II1.1.3 shows the dissolved amount of iromd 8As versus exposure times as a
percentage of the initial metal mass. The comparisetween the initial and the final Fe
concentration measured by XRF allowed determinimgdissolution of pure Fh and Fh-As in
both organic and albic horizons of the investigatedland soil. The Fe release from pure Fh
increased as a function of the incubation time f28 after one month to 51% and 58%
after 3 and 7 months in the organo-mineral horiddre Fh-As slide exhibited the same trend
through time in the organo-mineral horizon, 15,a26l 67% of Fe were dissolved after 1, 3
and 7 months, respectively. The As release correspm 18, 19 and 57 % dissolved at 1, 3
and 7 month respectively.

Comparable Fe dissolution and As release kinetiesevobserved in the albic horizon
(Fig. 11.1.3). For the pure Fh, 19, 44 and 91%Fefwere dissolved after 1, 3 and 7 months,
respectively. For, Fh-As, 45 and 74% of Fh wasal&sl after 1 and 7 months of incubation,
respectively. The As is released at 29 and 86 & afand 7 months, respectively.

The dissolution rates for the pure Fh, Fh-As arsbaated As, were calculated for each
slide at each sampling campaign (1, 3 and 7 manit®refore, as an example, the rate at 3
months corresponds to the overall rate from O taddiths. In order to facilitate comparison
with previous studies, they were normalized to mof.s*. A surface area of 240%™ was
assumed, as found by BET for both pure and coptedipAs ferrihydrite suspension
(Pedersen et al., 2006). The results are showrabieTlll.1.3. In both soils the dissolution
could be divided into two distinct steps, firstegid one followed by a slower second one.
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Figure 111.1.3. Percentage of dissolved Fe a) asdpon the different slides recovered from
the both soil horizon, expressed as mass of metalvered in percentage of initial mass of

metal (determined by XRF).

Table 111.1.3. Average dissolution rates of pure Fh-As and release of As from Fh-As in the
two horizons during the first month and betweenehd of the first month and the seventh
month.?: Dissolution rates were calculated for a surfacea of 240 fmg™ (Pedersen et al., 2006) for each

sampling campaign to taken into account the systeterogeneity.

Horizon Phase  Dissolution rate (mol Fe.fAs® and mol As.m?s%)?
1 month 3 months 7 months
Pure Fh 1.2 10" 4.7 10% 2.310%
Organo-mineral ~ Fh-As 4.3 10" 2.310% 2.7 10"
As (Fh-As) 3.8 10% 4.0 10% 1.22 10"
Pure Fh 5.7 10% 4.3 10" 3.7 10"
Albic Fh-As 1.3 10" - 3.110%
As (Fh-As) 6.3 10% - 2.1 10"
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1.3.5. SEM/EDS observations

The initial iron oxides exhibited a morphology cheterized by 1- to 10-pm-long
fractures (Fig. 11l.1.4) possibly formed as a capsence of the shrinking of the precipitates
when the iron oxides were dried. The evolution lué thorphology of the Fh and Fh-As
surfaces was evidenced by SEM observations at teaehstep and is shown for the organo-
mineral horizon in Fig. 111.1.5 and for the albiorizon in Fig. 111.1.6. After seven months of
incubation, the slide colour became lighter, exdepthe pure Fh slide inserted in the albic
horizon where after three months of incubationagklcoloration occurred.

larm F3 B S 3 : adi sl 9 LGA1
Al A K H K B i 3 / < o " -..' ’ 1 14mm

Figure 111.1.4. SEM pictures of pure Fh on the slibefore any contact with soil. a)
magnification 1000 x and b) magnification 10000 & e arrows indicate the three-
dimensional structure of the bare PMMA.

After one month of incubation in the organo-mindratizon, Fh and Fh-As slides were
colonized by bacteria and biofilms covering the &id Fh-As particles (Figs. Il.1.5a and
[1.1.5d). After three months, typical morphologidahtures of progressive dissolution were
observed on the Fe-oxide particle surface. Thdapgr was first dissolved, and then cavities
appeared (Figs. lll.1.5a to f). The formation ofists occurred at the Fh surface during the
third month and new phases were observed on thacsuafter the seventh month of
incubation (Fig. 111.1.5c). Newly formed micro-pipttates of 0.2 to 0.3 pum size also
appeared on the Fh-As surface slide after severthmaf incubation (Fig. Ill.1.5f). These
micro-precipitates were mixed with Fh-As particle®©S analysis evidenced that these new
phases did not contain any sulphur in significanbant.
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Figure I11.1.5. SEM pictures of the morphologichlanges of pure Fh and Fh-As during exposure t@tgano-mineral horizon: a), b) and c)
plates covered with pure Fh and removed in after tiree and seven months, respectively. d), ej)dfuAs covered plates removed after one,
three and seven months, respectively. The arrosisdte the bacteria and biofilms covering the gthreand Fh-AS.
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Figure 111.1.6. SEM pictures of the morphologichbnges of pure Fh and Fh-As during exposure talthie horizon: a), b) and ¢) SEM pictures
of plates covered with pure Fh removed after dmeet and seven months, respectively. d), e) aB&R pictures of plates covered with Fh-As
removed after one, three and seven months, regplctihe arrows show soil mineral particles (6d &d), needles formed by sulphur and iron
(6b) and cavities on the Fh-As surface (6e), respsy.
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By contrast, after one month of incubation in th@cahorizon, Fh and Fh-As slides were
only sparsely colonized by bacteria (Fig. Ill.1v@hile large colonies were observed in the
organo-mineral horizon (Fig. 111.1.5). However, dmaoil particles (1-um-long) were
observed on the slide surfaces and determined &y @R.17% Al, 25.61% Si, 3.29% K and
1.24% Fe), providing evidence that interaction teetwthe iron oxides and the soil mineral
matrix occurred (Figs. Ill.1.6a and IIl.1.6d). TR morphology was modified after three
months of incubation as evidenced by the SEM imagésch displayed typical
morphological features corresponding to progressigsolution. Again, the top layer was
first dissolved, and then cavities and holes amukéFigs. 111.1.6b and Ill.1.6e). Moreover,
small regular needles (0.4-um-long) had been diigstd at the Fh surface (Fig. 111.1.6b and
[11.1.7). SEM/EDS analysis provided the evidencat tthese needles were formed by sulphur
and iron (4.1% of Fe and 0.5% of S), suggesting fracipitation of an iron sulphide
occurred. After seven months of soil contact, tlie shdes also showed morphologically
comparable needles (0.2- to 0.4-um-long), mixed wiicro-precipitates (Fig. Il1l.1.6c). At
the same time, the Fh-As slide exhibited an alnain the surface of the iron oxides and the
formation of small porous spheres (0.2 to 0.5-pawuiter) was observed (Fig. I11.1.6f). EDS
analysis evidenced that both the micro-precipitated the small porous spheres did not
contain any sulphur in significant amount, but gigant concentrations of Fe, C and O. This
suggests that these formations might be secondangrats formed out the dissolution
products of the Fe-oxides. Furthermore, EDS amalyBowed that the needles occurring on
the slide after seven months did not contain amghsu. This latter point strongly suggests
that the iron- and sulphur-rich needles precipitadé an early stage were a metastable iron
sulphide phase. This unstable iron sulphide phasappeared after seven months of
incubation within the soil.

. ’
~ —— @ lrm F2 LA
TEKLY @88, 868 15mm

Figure I11.1.7.SEM pictures of iron sulphide crystals after thmeenths of incubation in the
albic horizon. a) Transformation of pure Fh intonirsulphide. b) Iron sulphide mixed with
bacteria and soil mineral particles.
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1.4. DISCUSSION

1.4.1. Slide technigue scope

The PMMA support method has previously been usdik tmineral particles in a pioneer
study performed by Birkefeld et al. (2005). Thiadst showed that (i) the polymer supports
did not show any visible change over the incubapeniod of 18 months, that (ii) neither
neutral nor acidic conditions affected its struetaf the polymer and that (iii) the method
allows easy exposure and recovery of mineral pastiander environmental conditions. In
this work, Fe-oxide particles were mechanicallyolaon the slides during seven months. A
major concern of the validation of the method wiaat tparticles could be lost from the
supports during exposure in the soil and the furtmalysis. The effect of sample handling
was analyzed by means of an abrasive test whichdao evidence that both pure Fh and Fh-
As were not torn from the slides and released thésolution. This demonstrated that this
method could be safely used to fix Fe-oxides o swpports to study theim situ behaviour
in soils. Acid-mediated dissolution experimentsiear out to perform XRF calibration curves
showed that the dissolution of Fh and Fh-As inadadollowing increasing HCI
concentrations. As a consequence, a good mechastatality of the Fe-oxides onto slides
can be expected. This allowed us to establish X&ibration curves for Fh and Fh-As. The
occurrence of both small soil particles and intdmeseterial colonization despite cleaning with
anaerobic water showed that the Fe-oxides werer@ctdcontact with soil and soil solution
(Figs. lll.1.6a and IIl.1.6d). Such supports codevath Fe-oxides seem therefore adequate
for thein situ monitoring of reductive dissolution of a variou ef iron oxides in natural soll
matrices.

1.4.2. Dissolution rates

Iron-oxides dissolution rates were determined tholaporatory experiments involving
chemical and/or biological reduction (Postma, 19R8den and Zachara, 1996; Paige et al.,
1997; Roden, 2003; Pedersen et al., 2006) (Table4), but were never determined under
field in situ conditions. Here, for the first time dissoluticates of ferrihydrite agglomerates
were monitored in the field (Table 111.1.3). Thengparison between Table 111.1.3 and 111.1.4
provides evidence that the rates obtained in toidyswere mostly lower than the rates from
chemical reduction experiments. However, they arelar to those determined in bacterial-
mediated reductive dissolution studies (Roden ehZe, 1996; Roden, 2003). This is quite a
remarkable result considering all the factors kndwmaffect dissolution rates. Firstly, it has
already been proposed that bacteria cannot adeessety tiny pores in the structure of the
ferrinydrite agglomerates (Roden and Zachara, 188fjen, 2003, 2006). As a result, the
dissolution rates measured for ferrihydrite wenenfib to be dependent upon the aggregation
state of the particles. Secondly, one of the ingrdrfactors controlling the dissolution rates
of iron oxides is the concentration of bacteridlscée.g., Roden and Zacchara, 1996; Roden,
2003; Bonneville et al., 2004). The rates derivgdRoden and Zacchara (1996) and Roden
(2003) were obtained when the bacterial concentratias fixed at 2 fOcells/ml. This
concentration is far to be considered represemtdtiv the concentration of iron-reducing
bacteria in soil. However, most field studies agiéng to quantify the number of iron-
reducing bacteria in soils have been able to ckeniae only those species, which can be
cultured in the laboratory, using the most probahlenber method (Koretsky et al., 2003).
Therefore, this point can be possibly reconsideMdteover, as in laboratory studies, the
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initial dissolution rates were higher than later (®ostma, 1993; Roden and Zachara, 1996;
Paige et al., 1997; Roden, 2003; Pederson et@§)2 For instance, the pure Fh dissolution
rate at the beginning was 2.9 to 5.8 (for tifeadd 7' month) times higher in the organo-
mineral and 1.4 to 1.5 (for th&’and 7' month) time higher in the albic horizon, than dagri
the second part of the experiment. Initially, thesh iron oxide agglomerates were easily

accessible to the bacteria. However, over timg, bezame covered by the components of the
soil.

Table I11.1.4. Compilation of dissolution rates pfire and As-ferrihydrite estimated from
chemical and biotic reductive dissolution experitsen

Dissolution rate

Oxide (mol Fe. ni2. sY) Reducing agent References
7.0 10% Bacteria Roden et Zachara (1996)
20101 Bacteria
1'7 10%° Chemical reducer Roden (2003)
. ' ' (Ascorbate)
Ferrihydrite 12 10° Chemical reducer Postma (1993)
' (Ascorbate)
3.3-4.11F Chemical reducer Larsen and Postma (2001)
(Ascorbate)
5.3 10 Chemical reducer Pedersen et al. (2006)
Ferrihydrite- ' (Ascorbate) '
As 1.8-8.0 101 Chemical reducer Paige et al. (1997)

(Ascorbate)

In addition, the Fe(ll) concentration built up hetsoil solution over the winter. Fe(ll) has
been shown to adsorb onto bacterial cells (Rodentarutia, 2002; Roden, 2003; Chatellier
and Fortin, 2004), with the potential effect thhtstinhibits the reductive power of the
bacteria. Some of the Fe(ll) also probably readsbrbr reprecipitated onto the iron oxide
surfaces (Appelo, 2002). All these factors mentibabove likely combined to reduce the
dissolution rates of the Fe-oxides over the months.

Moreover, it must be notified that the dissoluti@te of Fh is probably underestimated
because of Fe re-precipitation as sulphide. The X#fhod measures all iron on the slide
surface whatever its speciation. It has been, heweassumed that all iron onto the slide
surface was Fh to calculate the dissolution rate.

No significant difference between the rates obwifer the Fh and As-Fh systems was
observed. It is likely that the ratio of As intrashd in the iron oxides agglomerates (see Table
[11.1.5) was too low to induce major consequences.
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Table 111.1.5. Time-linked variation of the As/Fatio in both horizons.

As/Fe (ratio in weight, mg/mg)

1 month 3 months 7 months
Organo-mineral horizon

Initial 3.57 10° 4.04 10° 3.60 10°

Final 3.4310° 4.34 10° 4.94 10°
Final/Initial 0.96 1.08 1.37

Albic horizon

Initial 4.46 10° 4.79 10°

Final 5.74 10° 2.70 10°
Final/Initial 1.29 0.56

The combination of both total dissolved amountg.(HIl.1.3) and dissolution rates
through time (Table I11.1.3) suggests that the Wweahg conditions were more intense in the
albic horizon than in the organo-mineral horizomisTobservation led us to propose that
dissolution in both horizons probably involved driént mechanisms with a mostly bacteria-
mediated dissolution in the organo-mineral horiaehijle abiotic mechanisms dominated in
the albic horizon.

1.4.3. Reduction processes

Reduction processes occurring in natural soils g both abiotic and biotic factors.
Abiotic controls include the geometry and cohesbrihe soil matrix (Chenu and Stotzky,
2002). The surface area, shape, and spatial amargef soil particles and surface properties
of iron particles are for instance of crucial imgamice. Chemical parameters, including the
pH, can also affect the reduction of iron oxideld@yically mediated processes involve
microorganisms through direct and indirect mechasisDirect mechanisms involve close
interactions between the iron-reducing bacteriis @nd the solid surfaces of the Fe(lll)-rich
particles (Arnold et al., 1990). By contrast, iminect mechanisms, microorganisms release
reducing agents into the soil solution (Francis Bodge, 1988).

The SEM pictures showed that the Fe-oxide partiglssed in the organo-mineral
horizon were highly colonized by bacteria and mo$, suggesting that microorganisms
played a key role in the involved processes. Thepleal observation of (i) widespread
bacteria and biofilm colonization on Fh particlég, an alteration of the Fh surface and (iii)
newly formed micro-precipitates, suggests that dgwlal, physical and physicochemical
processes occurred simultaneously. However, asvieése observed in analogous contexts,
the observation of numerous bacterial colonies lainfiims occurrences allowed to assume
that the reduction was mainly performed throughiractl microbial reduction (Chenu and
Stotzky, 2002; Lovley, 1993)

Colonization of bacteria and biofilms on Fe-oxidetjzles was less important in the albic
horizon. At the end of incubationt7month), the dissolution of Fh and Fh-As was higher
the albic horizon (Fig. 111.1.3) despite the di#arce in their respective dissolution rates at the
beginning of incubation. Because sulphide predipitawas only observed in the albic
horizon (Fig. 11l.1.6b), the hypothesis is reinfedcthat the reduction conditions were more
intense in the albic horizon. In the first monthe ttoncentration of sulphate was high (Table
[11.1.2) and then decreased rapidly in both horgohut nearly disappeared in the albic
horizon after three months of incubation. The fdioraof iron sulphides during the third
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month in the albic horizon was possible becauskcsgerit ferrous ions were available to react
with any BS produced (Germida et al., 1992).

1.4.4. Newly formed minerals

Two types of newly formed minerals were observedhenFh slides. A yet unidentified
Fe rich solid phase was observed on the slidesveeed after 7 months (Figs. Ill.1.6b and
[11.1.6f). Most of these new phases were found he #lbic horizon where the reductive
conditions seem to have been more intense. SEM/BB@yses allowed identifying a
metastable iron sulphide on one of the two sligesvered from the albic horizon after three
months. The occurrence of these new iron sulphatgses with a previous study, where
Charlatchka and Cambier (2000) observed the saiphida precipitation within a soil after
two months of flooding experiments at controlled {fH1-6.2). As previously mentioned the
apparently weaker reducing conditions prevailinghe organo-mineral horizon prevented
any formation of iron sulphide in this horizon,hatigh the iron sulfides seemed to grow
directly on the iron oxides (Fig. Ill.1.6b and 1lI7). This observation supports a possibly
indirect metabolic mechanism involving bacteridleAlternatively, an autocatalytic abiotic
reaction might have developed from reactive nudteiming spontaneously under the
reductive and chemically favorable conditions & $oil.

1.4.5. Arsenic behaviour

XRF analyses provided the evidence that solubitisabf arsenic from Fh-As was lower
than that of Fe in the organic horizon and highethe albic horizon. Paige et al., (1997) and
Pedersen et al. (2006) showed by studying the adameductive dissolution of Fh-As(V)
with a ratio As/Fe similar to this study (0.005 &g& 0.006 (in mol)) that As is released in the
solution after Fe(ll). Apparently, As remains adsm onto the ferrihydrite surface until the
surface area and thereby the site surface numbtoismall to contain all the As. It is
important to note that As is believed to be adstrireto the ferrihydrite surface even during
ongoing precipitation (as in this study) (e.g. Whaygas et al.,, 1993, Paige et al., 1997,
Pedersen et al., 2006). Concerning, the albic borizhere As was more dissolved than Fe,
an explanation could be that Fe is reincorporated the slide surface. A part of Fe(ll) could
be readsorbed or precipitated onto the slide. Mameyious studies provided evidences that
reductive dissolution of Fe-oxides was stopped bll}-readsorption and saturation of the
Fe-oxide surface sites, e.g. Appelo et al. (20G2)Il) readsorption is also favoured as
compared to As readsorption (despite the valen8gdtie to its higher concentration in the
solid hydration layer (Appelo et al., 2002). Thenfiation of new minerals at the Fe-oxide
surface results in a reincorporation of Fe ontodide surface, increasing its concentration
relative to As. In addition, Fe(ll) is known to ads strongly onto bacterial and organic
surfaces (Chatellier and Fortin, 2004), but Asas. IMoreover, after soil incubation, various
inorganic materials were observed to accumulattherslide surface, commonly covering the
Fh and clogging the fractures. In particular, mée8 with plate-like shapes typical of clays
were numerous in the albic horizon and to a lesgtnt in the organo-mineral horizon. The
iron content of these mineral particles is taketo iaccount by the XRF analysis and
considered as Fe from ferrihydrite. All these mecsias are not or to a lower extent involved
in the organic horizon due to the release of oiaompounds into the solution during the
reduction process (Olivié-Lauquet et al., 2001; i/ et al., 2007). This organic matter can
complex Fe(ll) and consequently inhibit the preepon and readsorption processes.
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Considering all these factors, we can predict thatAs/Fe ratio should increase in the
organo-mineral horizon and decrease in the albiztwo with time. Table 111.1.5 displays the
initial and final As/Fe ratio (in weight) on eaclde and their evolution as a function of the
incubation time. In the organo-mineral horizon th#do increased, suggesting that Fe was
more solubilised than As. By contrast, in the aliicizon, the As/Fe ratio decreased with the
incubation time, which confirms that part of thdeesed Fe was either reincorporated or
supplied by soil particle (such as clays) on tieessurface.

1.5. CONCLUSIONS

This study showed that: (i) Fe-oxides can easil{ixeel on inert supports and thus can be
easily inserted and recovered from soils, (ii) ttias newin situ method can be used to
monitor Fe mobilization in soils during redox attations, (iii) that it is possible to determine
the reduction and dissolution kinetics and (iv) tthhe associated morphological and
crystallographic changes of Fe-oxides can be eteduas well.

The in situ monitoring experiments performed in the upper Zens of a wetland soill
provided evidence that the reductive dissolutiorcim@isms are mostly bacteria-mediated
with reductive dissolution rates comparable to fesly published rates inferred from
laboratory-based experimental studies. Iron subshidnd other micro-precipitates were
formed only in the albic horizon after seven montifisncubation in balance with a quasi
dissolution of initial Fe-oxides.

Future studies dedicated to the identification athithe nature of the bacteria consortium
involved in the reduction process and the naturéhefsecondary mineralogical phases are
under progress. Kinetic laboratory studies of thed metal release process that accompanied
the Fe(lll) reduction will be carried out both withmorphous ferrihydrite and more
crystallized iron oxides (lepidocrocite) to studiiet role of iron oxide crystallinity.
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2. DISSOLUTION REDUCTRICE DE LEPIDOCROCITE DOPEE EN
AS(V) DANS UN SOL HYDROMORPHE : ETUDE CINETIQUE MEN EE
SUR LE TERRAIN

2.1. INTRODUCTION

Dans la partie précédente, nous avons mis en poiet nouvelle méthode d'étude
gualitative et quantitativén situ de la dissolution réductrice de la ferrihydritenslde sol
hydromorphique. Dans cette partie, la technique siggports précédemment validé a été
appliguée a I'étude de la dissolutionsitu de la lépidocrocite dans les mémes horizons de
sol. La Iépidocrocite a été choisie pour ces diffiées cristallographiques avec la ferrihydrite
(moins cristallisée) et pour sont ubiquité dansslas.

2.2. MATERIELS ET METHODES

Cette étude axée sur la dissolution réductriceépgedbcrocite dopée en As(V), As(V)-
Iépidocrocite, a été menée dans le bassin versamedvidy-Naizin. Le bassin versant de
Kervidy-Naizin est particulierement bien adapté 'étude in situ des processus de
biodissolution et de bioréduction des oxydes deHreeffet, des cycles rédox impliquant le
fer ont été mis en évidence dans les sols des zamagles de fonds de vallée de ce bassin,
avec le développement d’épisodes de réduction denFa d’hiver et au printemps suivis de
phases d’oxydation en été, suite a I'abaissemela dappe (Durand et Torres, 1996 ; Bourrié
et al., 1999 ; Molénat et al., 1999 ; Dia et aDQ@ ; Olivié-Lauquet et al., 2001).

Deux types de plaquettes recouvertes de Iépidderont été utilisés dans cette étude. Des
plaquettes identiques aux plaquettes recouvertderdrydrite dopée en As (V) (voir partie
[11.1.2.2.) mais cette fois-ci recouvertes de As{®)idocrocite. Vingt deux plaquettes ont été
ainsi insérées dans les deux horizons organo-niia€edbique de la zone humide de Naizin-
Kervidy. L'insertion des plaquettes dans les défés horizons a été réalisée selon la méthode
décrite dans Fakih et al. (2008b) (Partie I1l.1)2Ges plaquettes ont été incubées pendant une
période variant entre 1 et 9 mois, en commenc#atitomne au moment de l'intensification
des pluies et de la reprise des écoulements damé&ahumide. En parallele a I'insertion des
supports de 2 x 2 cm, des plaquettes longues dendfecouvertes de |épidocrocite ont été
introduites verticalement dans le sol de la zoneaitle de Naizin-Kervidy afin d’étudier, sans
discontinuité géographique, I'nmpact de la natues dhorizons du sol sur la réduction de
I'As(V)-lépidocrocite. La partie supérieure de laguette était donc en contact avec I'horizon
organo-minéral et la partie inférieure avec lesZums albique et rédoxique.
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Figure I11.2.1. Profil vertical d'un sol hydromompldu bassin de Kervidy-Naizin montrant la
variabilité des états rédox du fer avec la profemdea localisation des supports recouverts
d’oxyhydroxydes de Fe et des piéges a eau estuédipar les barres bleues.

Le suivi des parameétres physico-chimiques ainsilggedosages des concentrations en
cations, anions et Fe(ll) ont été réalisés via ‘geges a eau’ insérés dans les différents
horizons du sol (Bourrié et al., 1994) permettastprélévements en conditions anaérobiques
(Fig. 111.2.1). Les mesures de parametres physhiotjues et les dosages des concentrations
élémentaires ont été effectués selon les protoquigslablement décrits dans Fakih et al.,
(2008b) (Partie 111.1.2.2).

2.3. RESULTATS

2.3.1. Longue plaquette

Apres quatre mois d’incubation dans le sol, desipités noirs, répartis de maniére tres
hétérogene, ont été observés sur la longue plaq(ety. 111.2.2). Dans I'horizon organo-
minéral, la couleur orange de la Iépidocrocite iogtle a totalement disparue suggérant que
la dissolution a été plus intense dans cet horqr@dans I'horizon albique (Fig. 111.2.2). De
plus, nous avons observé des débris de matiers &x@ plaguette dans I'horizon organo-
minéral.

Ces précipités ont une forme circulaire qui peltefgpenser a la forme des colonies
bactériennes. Sur cette plaquette aucune analysei@tive n'a été réalisée, en raison de sa
taille non adaptée a I'analyse FRX (Taille accepider les analyses : 2 x 2 cm).
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Heorizon redoxique

Figure 111.2.2. Profil du sol montrant les troisirmipaux horizons du sol (organo-minéral,
albique et rédoxique) et le positionnement dedgwefilaquettes et de la longue plaquette dans
le sol. Les précipités noirs observés sur les @tgs sont des phases néoformées.

2.3.2. Dissolution de la lépidocrocite et libératide I'As associé

A I'ceil nu, et aprés cinq mois d’incubation, on peair une répartition hétérogéne de la
couleur orangée de la lépidocrocite suggérant issoldition différentielle a la surface de la
plaquette (Fig. I11.2.3). Ceci laisse penser quedissolution de la Iépidocrocite dépend

fortement des conditions physico-chimiques et aegtaent biologiques régnant dans les
différents horizons de sol.

2 cm

T

1 em
D e

Figure 111.2.3. Photo d’'une petite plaquette inoelldéns I’horizon organo-minéral.
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La dissolution de la lépidocrocite ainsi que I'Assacié a été présentée sous forme de
pourcentages de dissolution rapportés a la ma#sgarde Fe et d’As sur la plaquette. La
Figure lll.2.4a présente les pourcentages de digsol du Fe et de I'As dans I'horizon
organo-minéral apres six mois d’incubation, 24,85%%6,59% du Fe et 52,08% et 34,98% de
I’As associé ont été respectivement dissous sux géagquettes insérées dans deux endroits
différents au sein du méme horizon. Apres huit nddrscubation, plus de 95% du Fe ont été
dissous, enfin apres neuf mois d’incubation 84,4R%4-e et 83,69% de I'As ont été dissous

(Fig. 111.2.4a).
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Figure 111.2.4. Pourcentages de dissolution detF#As dans : a) I'horizon organo-minéral et
b) I'horizon albique. Les pourcentages sont expsime masse de métal resté sur la plaguette
par rapport a la masse initiale de métal préserdatancubation (les deux étant déterminées
par FRX). Les colonnes blanches correspondent avebsirs estimées pour le % de
dissolution de I'As dans le cas ou la quantité di@stée sur la plaquette est inférieure a la
limite de détection de FRX.
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Pour I'horizon albique, aprés un mois d’incubatid)91% et 3,51% du Fe et 20,81% et
7,47% de I'As associé ont été dissous. Apres siis miincubation 22,49% et 27,20% du Fe
et 35,01% et 38,62% de I'As ont été dissous. Emfins de 90% du Fe ont été dissous apres
sept mois d’incubation. Les pourcentages de diisalude I'As présentés dans la Figure
l11.2.4b dans les colonnes blanches sont des \&@aksimmées, car la quantité d’As restée sur la
plaquette était inférieure a la limite de détectienFRX.

Les taux de dissolution du Fe et de I'As ont étéutés en mol.m.s* afin de pouvoir &tre
comparés aux données de la littérature (e.g. Fetkith, 2008c ; Roden, 2003 ; Cooper et al.,
2000 ; Larsen et Postma, 2001 ; Pedersen et 86) Z0ableau 111.3.3). La surface spécifique
utilisée est la méme que celle déterminée par Bedest al. (2006), 13%ng™, puisque la
Iépidocrocite-As(V) utilisée pour notre étude a @t&parée selon le méme protocole.

Aprés six mois d'incubation les taux de dissolutéhn Fe sont égaux:(0,21 .10'° mol
Fe.m?”s?) dans et au sein des deux horizons. Par congealx de dissolution de I'As sont
légérement supérieurs ou égaux a ceux du Fe. Agixésnois d’incubation, les taux de
dissolution du Fe continuent & augmenter dans ée dhorizons du sol. Au septieme et
neuvieme mois, respectivement pour les horizong@adbet organo-minéral, les taux de
dissolution de I'As sont inférieurs a ceux du Fal{leau 111.2.1).

Tableau 111.2.1. Taux de dissolution de la Iépidmite dopée en As dans les deux horizons du
sol (organo-minéral et albique) en mol du Fe ousdéi fonction du temps d’incubation et de
la surface spécifique (ici 13%mg™).

Organo-minéral Taux de dissc_JIutilon | Albique Taux de dissolution
mol (Fe ou As).nt.s*.10 mol (Fe ou As).nf.s*.10%°
Temps (mois) Fe As Temps (mois) Fe As
8 0,59 0,35 6 0,19 0,22
8 0,61 0,40% 6 0,22 0,24
9 0,46 0,34 7 0,68 0,48
7 0,67 0,50%

"4 valeurs estimés (inférieurs a la limite de débectie FRX).

2.3.3. Observations réalisées par microscopie ebeajue

Les points marquants des observations réaliséesmpaoscopie électronique sur la
longue plaquette sont présentés dans la Figur.3ll.Un biofilm bactérien recouvre les
particules de lépidocrocite (Fig. I11.2.5a, fledilanche). Des néoformations de phases noires,
constituées de petits cristaux de 50 a 150 nm migukeur, ont également été observées (Fig.
111.2.5b).
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Figure 111.2.5. Observation par microscopie électgoe de la longue plaquette dans I'horizon
organo-minéral apres 4 mois d’incubation. La Figlir8.5a montre la présence d’un biofilm
qui couvre les oxydes et une colonisation bactégdfieche continue) montre les oxydes. La
fleche en pointillé montre une bactérie. Les Figute2.5b et 11.2.5¢c montrent la présence de
bactéries et de particules de sol. La Figure Bd2nontre la présence de phases néoformées
de couleur noire.

L’autre partie de la plaguette (phases minéralaggqde couleur orange) a révélé des
cristaux de |épidocrocite qui conservent leur foronginelle intacte (petit cristaux de 0.2 x
0.03 pum) (Fig. 111.2.5b) et sur lesquels se trouwdss particules de sol et des bactéries (Figs.
[11.2.5c et 111.2.5d).

Les principaux éléments observés sur les petitesjupttes d’As(V)-Lépidocrocite
insérées dans I'’horizon organo-minéral, sont syrsle dans la Figure 111.2.6.
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Figure 111.2.6. Observation par microscopie élecigoe de la Iépidocrocite dopée en As dans
'horizon organo-minéral Fig. 111.2.6a), 111.2.6b)JI.2.6c) aprés 5 mois d’incubation. La
Figure I11.2.6d montre une photo de la lépidoc®citopée dans I'horizon albique. On
remarque la présence des particules du sol afiaceude la Iépidocrocite.

Apres cing mois d’incubation, une importante aliérade surface a été observée laissant
apparaitre des orifices de forme circulaire d’'emwvi a 10 um de diameétre ou longitudinale
(5 a 10 um de longueur et de 2um de largeur) (Fig.6a).

Une forte colonisation bactérienne a été observdéni@rieur de ces orifices. Ces
bactéries montrent une surface granuleuse (Fib2.6lb et 111.2.6¢) a laquelle adhérent des
phases minérales secondaires (Fig. lll.2.6c). Detases, I'une amorphe, et l'autre
cristallisée sont présentes dans ces orifices (Hig.6¢). La phase amorphe se trouve en
continuité avec la Iépidocrocite alors que la phasstallisée s’est déposeée sur les cristaux de
Iépidocrocite. Cette phase cristallisée est foragdaguettes trés fines de longueurs variant
entre 1 et 2 um.

L'observation des plaquettes incubées dans I'hariatbique a révélé des traces
d’altération sensiblement différentes de celleseoldes pour les plaquettes insérées dans
I'horizon organo-minéral. La colonisation bactérienest négligeable et aucun orifice
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comparable a ceux précédemment décrits n'a purdiseen évidence. La lépidocrocite
semble beaucoup moins altérée que dans I'’horizganorminéral. Par contre, une forte
présence de particules de sol en contact aveaikaux de Iépidocrocite a été notée (Fig.
[11.2.6d). De plus, les observations microscopigaesmontré que dans les deux horizons de
sol, les cristaux de la Iépidocrocite étaient @asésur leur bords (Fig. 111.2.7).

Contrairement a la longue plaquette aucune tracenidéraux secondaires de couleur
noire n'est apparue sur les petites plaquettessapng mois d’incubation et ce, quel que soit
I’horizon de sol considéré. Ce point important plesprobleme de I'extréme hétérogénéite du
sol, tant en terme de composition minéralogiquegeltsité ou de diversité bactérienne, que
de présence de microsites aux conditions redoxastees.

N

Figure 111.2.7. Observation microscopique de laidéprocite dopée en arsenic sur la longue
plaguette dans I'horizon albique. La fleche momjue les cristaux de la Iépidocrocite sont
rogneés sur les bords.

2.4. DISCUSSION

2.4.1. Dissolution réductrice de la lépidocrocite

Malgré les fortes conditions réductrices régnamsdéorizon albique (Tableau 111.1.2),
la dissolution de la lépidocrocite dopée en As symi& mois d’incubation est comparable
dans les deux horizons du sol (20 a 30 % du F& at50 % de I'As sont dissous). De méme,
les taux de dissolution calculés dans I'horizoraamyminéral sont plus importants que ceux
de I'horizon albique. Plusieurs hypothéses peuegptiquer ces résultats : (a) I'hnétérogénéité
du sol y compris au sein d’'un méme horizon, cares&é par la présence de microsites aux
conditions redox contrastées pourrait induire uagidogénéité de dissolution des oxydes.
Cette hypothese est d'ailleurs soutenue par leepoesdes taches circulaires noires au sein de
la matrice de lépidocrocite sur la longue plaquettecontact avec I'horizon albique (Fig.
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l11.2.2). En effet, cette plaquette offre une ferétontinue sur les processus mis en jeu, et
montre bien que les lieux actifs de dissolutionuckdce et de formation de précipités
secondaires sont distribués de maniére extrémeh#étogene. Les résultats obtenus dans
les colonnes anaérobies suggerent également lanpeesle sites plus actifs au sein des
échantillons de sol. En effet, bien que les cood#tiredox globales de la solution de sol aient
été supérieures aux conditions de précipitatioauleires, il avait été possible d’identifier sur
les plaguettes, la précipitation localisée de seffude fer secondaires (Fakih et al., 2008b,
partie 111.1.2.2). (b) Une activité bactérienne (@ature et quantité de cellules) différente au
sein de chaque horizon pourrait également expligesr observations. Bien que I'horizon
albique présente des conditions globalement pldactéces que I'horizon organo-minéral,
moins de cellules ont été observées sur les plaguitsérées dans ce dernier. Ceci laisse
penser que le nombre de cellules serait infériamsdaet horizon. De plus, I’horizon organo-
mineral, comme son nom l'indique, propose aux manganismes une matiere organique en
guantité et qualité supérieures a celles disposildans I'horizon albique et donc plus
favorables au métabolisme bactérien. Enfin, I'hmmizorgano-mineral étant un horizon de
surface de zone humide, il subit des alternancesiliédes de conditions rédox. Les
communautés bactériennes sont donc adaptées ntamsetl a I'oxydation du fer mais
€également a sa réduction, et donc trés réactivasrizon albique lessivé homogéne moins
organique et submergé une grande partie de I'aesprobablement moins réactif vis-a-vis
du Fe. (c) La derniére hypothése repose sur leuveement important des cristaux de
Iépidocrocite pas les particules minérales du sal particules d’argiles) dans I'horizon
albique (Fig. 111.2.6d). Ces particules bloqueraien partie I'acces des bactéries a la surface
de l'oxyde et limiteraient donc la dissolution delépidocrocite dans cet horizon. Dans la
partie non dissoute de la plaquette, les cristanadépidocrocite semblent intacts, ce qui
suggere que la dissolution se fait d’'une maniétérbgéne et de fagon ponctuelle.

Si 'on compare les données de cette étude avecétleles préalablement réalisées,
d’autres parameétres semblent eux aussi jouer enmdjeur. En effet, une augmentation du
taux de dissolution a été observée jusqu'a 0,69.18ol Fe.n?.s' aprés six mois
d’incubation, et ce, quel que soit I'horizon corgsiEl Mais, cette dissolution est inférieure a
celle observée par Fakih et al. (2008c) obtenues @ancolonne anaérobie (1,92°1Mol
Fe.nm’s?") (Tableau 111.3.4). Ceci suggére que les trésefortonditions réductrices obtenues
en colonnes (Fakih et al., 2008c) (See supplemersaction B.1), liees a une tres forte
colonisation bactérienne, ont significativement raagté les taux de dissolution (Tableau
[11.3.2). Par contre, les taux de dissolution ers&gs ici sont plus élevés que ceux estimeés
par Pedersen et al. (2006) par réduction chimiglieide d’ascorbate (1,34.T6 mol Fe.m
2sY). Lactivité bactérienne et biologique au sensgéafoue ici un réle catalytique et
amplificateur important, non observé dans I'étudalidsolution strictement chimique réalisée
par Pedersen et al. (2006). Il a de plus été obskms de I'étude réalisée avec de la
ferrihydrite par Fakih et al. (2008b) (Tableau118) dans le méme sol et avec les mémes
conditions d’incubation que les taux de dissolutilenla Iépidocrocite qui variaient de 0,17 a
0,69 .10" mol Fe.nf.s® étaient nettement inférieurs a ceux de la fernitgdqui eux,
variaient de 2,3 & 12.16 mol Fe.n?.s* (Fakih et al., 2008b) (Tableau I11.1.3). Le caéaet
amorphe de la ferrihydrite comparé a la lépidodeogilus cristallisée, favorise donc la
dissolution réductrice de la ferrihydrite en comhis d’incubation équivalentes. Ceci
implique que le degré de cristallisation de I'oxytiefer impliqué est lui aussi, au méme titre
gue I'hétérogénéité du sol, l'intensité des coodii réductrices, I'intensité et la diversité de
l'activité des micro-organismes, un déterminant euajde I'efficacité de la dissolution
réductrice des oxyhydroxydes de fer, et donc dibdémation des éléments traces qui leur sont
potentiellement associés.
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2.4.2. Colonisation bactériennes et néoformations

Les observations macroscopiques réalisées sun¢méoplaquette ont montré la présence
des taches noires réparties tout au long de lauptegyd’'une maniére hétérogene. Ces taches
sont plus présentes dans I'horizon albique que dlanszon organo-minéral. De plus, la
forme de ces taches ressemble a celle de coloa@értennes (Fig. 111.2.2). Malgré les fortes
conditions réductrices dans I'horizon albique, isdlution de la Iépidocrocite dans I’horizon
organo-minéral est totale et sans doute liée atixités métaboliques qui y régnent (voir les
débris de la matiére organique attachés a la pijuéa dissolution totale de Iépidocrocite
dans I'horizon organo-minéral et la présence delsesnoires dans I'’horizon albiqgue mettent
en évidence la présence de deux mécanismes déut@msalifférents dépendant de I'horizon
de sol considéré (Fakih et al. 2008b, partie KWl3). Les observations macroscopiques
couplées a l'observation par microscopie électnomi@ balayage dans I'’horizon organo-
minéral, montrant la présence de biofiims et detdvas (Fig. Ill.2.5a), permettent de
suggérer que les micro-organismes jouent un rofeortant dans la dissolution du Fe et la
mobilisation de I'As associé comme précédemment enisévidence (Lovley et Phillips,
1987 ; Lovley, 1991, 1993 ; Wahid et Kamalam, 198&den et Zachara, 1996 ; Chenu et
Stotzky, 2002 ; Oremland et Stolz, 2003 ; Islanalet 2004 ; Fakih et al., 2008b) (Partie
[11.1.4.3). L’hétérogénéité de la répartition des ¢aches a la surface de la plaquette peut étre
expliquée par la présence de ‘micro-sites’ ou gldions réductrices sont probablement trés
intenses (Luo et al., 1999) activant ainsi la digson de la lépidocrocite. Ces taches noires
correspondent a des phases néoformées. En se basdes études EDS de précipités noirs
présents sur des petites plaquettes d’'une expéridicubation réalisée au laboratoire
(Fakih et al., 2008c) (Fig. 111.3.7), on peut suppoque ces phases peuvent étre divisées en
deux groupes, stables comme la pyrite (Fakih e2808b ; Charlatchka et Cambier, 2000 ;
Blanchard et al., 2007) (Partie 111.3.3.3) ou mtghkes comme la magnétite (Cooper et al.,
2000 ; Lovley et al., 1987).

Les Figures 1ll.2.6a et 111.2.6b montrent la préseml’orifices formés a la surface de la
Iépidocrocite. Une forte présence bactérienne akésérvée dans ces orifices (Fig. 111.2.6b)
ainsi que des nouvelles phases trés bien crigtadligui ressemblent a des cristaux de goethite
(Fig. 111.2.6¢). Plusieurs études de dissolutioduerice bactériennes des oxydes de fer ont
effectivement montré la formation de goethite compneduit secondaire de la dissolution
réductrice d'oxyde de Fe (Fredrickson et al., 199%&chara et al., 2002 ; Glasauer et al.,
2003 ; Shwertmann dtaylor, 1979).

2.4.3. Comportement de l'arsenic

Le pourcentage de dissolution de I'As est plusébpye celui du Fe. Ces résultats peuvent
étre expliqués par deux hypothéses. (a) Plusieursuss ont montré que la dissolution
réductrice des cristaux de Iépidocrocite se praiiiprincipalement sur les bords long des
ces cristaux. Or, ceux sont précisément sur lesisbdongs que les sites préférentiel
d’adsorption de l'arsenic sont situés (Larsen aostiRa, 2001; Pedersen et al., 2006). Si, ils
sont détruits l'arsenic libéré par la dissolutioa k& lepidocrocite ne peut donc plus se
réadsorber. (b) le rapport As/nombre de sites daside la Iépidocorcite est tres élevé et ne
permet pas le réadsorption de l'arsenic. Néanmoamses sept mois d’incubation, le
pourcentage de dissolution du fer est inférieuglaiae I'arsenic. L’arsenic a pu précipiter ou
s’adsorber (a) sur des phases secondaires, notaneeesulfures de fer (Bostick et Fendorf,
2003 ; Abraitis et al., 2004 ; Blanchard et al.02)) (b) sur les particules d’'oxydes de fer non
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dissoutes (Dixit et Hering, 2003) et (c) sur lestipales du sol collées sur la plaquette
(Bowell, 1994 ; Bostick et Fendorf, 2003 ; Blanahat al., 2007).

2.5. CONCLUSIONS

Quel que soit I'horizon du sol considéré, une digsan réductrice de la Iépidocrocite a
eu lieu et a pu étre quantifiée, de méme que édiion de I'arsenic associé. Cette dissolution
est fortement hétérogene en relation avec I'hé@réige méme du sol et de la nature des
horizons. Elle dépend vraisemblablement de la piEsde micro-sites présents dans le sol et
caractérisés par des conditions réductrices plenses, et de I'activité microbienne au sein
des horizons. L'observation des petites plaquetpegs cinq mois d’incubation a révélé une
forte colonisation bactérienne et la présence develtes phases cristallisées. La
néoformation de goethite a pu étre mise en évideGette étude a également révélé, via
'observation d'orifices liés a une activité métipe bactérienne a la surface de la
Iépidocrocite, que les mécanismes actifs de diisolen conditions réductrices n’étaient pas
les mémes pour la Iépidocrocite que ceux connus faoterrihydrite (Fakih et al., 2008b ;
2008c) (Partie 111.3.4.2). Ce point est essendahs la mesure ou il souligne I'étroite relation
existante, dans des conditions d’oxydo-réductiamvédentes, entre le degré de cristallisation
et les processus physico-chimiques de dissoluti@ean ceuvre par les micro-organismes
présents et métaboliquement impliqués dans le cicfler.
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RESUME

Des plaquettes acryliques recouvertes de ferriteyari lépidocrocite dopées en As(V)
(As-Fh, As-Lp) ont été insérées dans un échantilerhorizon organo-minéral d’'un sol de
zone humide. Plaquettes et sol ont été incubésordian anaérobie dans un systeme non
conventionel (& I'équilibre) de colonnes anaérabiess plaguettes ont été prélevées a
différents pas de temps. Des analyses de chagpersygar fluorescence des rayons-X (FRX)
et microscope électronique a balayage (SEM-EDSpemhis de quantifier la dissolution des
oxydes de fer, et la solubilisation de I'As et dévee les transformations morphologiques et
minéralogiques de chaque oxyde. Les taux calcwdétis$olution du fer pour As-Fh et As-Lp
(2,02 10° et 1,92 10 mol Fe nt.s?, respectivement) sont plus élevés que ceux repdeds
la littérature pour des données de laboratoireededain. Ceci peut étre expliqué par une trés
forte colonisation bactérienne et I'apparition dégwais biofilm a la surface des plaquettes qui
traduisent une trés forte activité biologique. DBméraux secondaires riches en Fe et S
apparaissent en surface des plaquettes et desupestid’'oxydes. Aucun des minéraux
secondaires communément identifiés par les étuddalmbratoire n'a pu étre identifié. Ce
resultat s’explique par la présence d'une forteceatration en anions inhibiteurs de la
précipitation tels que des molécules organiquesatution. Ces inhibiteurs agissent soit, en
maintenant le Fe(ll) en solution par complexatiait,sen empéchant sa réadsorption par
blocage des sites de surface de I'oxyde. La praponelative d’As(lll) a la surface des
plaguettes As-Fh augmente avec le temps alorsequegoport Fe/As chute. L’As(lIl) semble
se réadsorber partiellement a la surface de léhjeinite non dissoute. Cependant, pour la
Iépidocrocite, le rapport Fe/As augmente, suggéanasatplus faible réadsorption de I'As(lll).
Deux hypothése peuvent expliquer ce résultat u@) indisponibilité des sites (fort rapport
concentration en As/nombre de sites) ou (b) untudmn des sites d’adsorption de 'As a la
surface des cristaux de la Iépidocrocite réduigerdduction et la réadsorption d’As semblent
étre le résultat d'une combinaison entre des wrechiologiques et chimiques dans laquelle
les bactéries réductrices du Fe ou plus spécifigudss réduisent I'As(V) en As(lll).

ABSTRACT

Polymer slides covered by synthetic As-spiked Mgnrite (As-Fh) or As-spiked
lepidocrocite (As-Lp) were inserted into an orgamefh wetland soil in non conventional
columns system under anaerobic conditions. Slides wecovered after different periods of
time to evaluate (i) the impact of (bio)reductiom looth Fe-oxide dissolution and secondary
mineral precipitation and, (ii) the subsequent @ffeon As mobility. The calculated Fe
dissolution rates for As-Fh and As-Lp were 2.02.18nd 1.92.18 mol Fe n¥f.s?,
respectively, and were higher than what has beemmmmly reported in laboratory studies.
Important bacterial colonization and occurrence bfilm suggest the presence of
biologically mediated processes. The newly formademals were mostly composed of Fe-
sulphides. Fe(ll) complexation by organic molecutesolution likely prevented formation of
secondary Fe(ll,1l)-rich minerals. The relativeoportion of As(lll) increased with time on
the As-Fh slides, and was combined with a decreasiee Fe/As ratio, suggesting a partial
adsorption of As(lll) onto minerals. By contrasty fepidocrocite, the Fe/As ratio increased,
suggesting that As(lll) was less readsorbed dueldher available site number and the
deletion of As adsorption sites on the reduced dimpiocite surface. Reduction and
subsequent As sequestration appeared to resultdromupled biotic-abiotic reaction pathway
in which Fe or As reducing-bacteria allowed theuctobn of As(V) to As(lll).
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3.1. INTRODUCTION

Iron (lll) oxyhydroxides are of particular enviroemtal relevance because they often
occur as fine grained particles and exhibit highctewe surfaces (Tipping et al., 1981,
Scheidegger et al., 1993; Kaplan et al., 1997; &wk Doner, 2002). The Fe(ll)/Fe(lll) redox
couple is an important electron-transfer mediaterrhany biological and chemical species.
As a consequence, the stability of Fe(lll) oxyhyddes in soils exerts a major control on
mobility of both organic (Avena and Koopal, 1998)anorganic pollutants such as arsenic
(Ahmann et al., 1997; Davranche and Bollinger, 20@0 Zobrist et al., 2000; Zachara et al.,
2001; Fox and Doner, 2002; Davranche et al., 2Qb2tain et al., 2005).

The importance of microorganisms in the biogeockatrdycling of Fe is well-recognized
(Lovley and Phillips, 1986b; Lovley, 1991; Lovley&., 1991; Wahid and Kamalam, 1993;
Roden and Zachara, 1996). Iron-reducing bactesibich are ubiquitous in waterlogged soils
and aquifers - couple the oxidation of organic sratvith the reduction of various Fe(lll)
oxyhydroxides for their metabolism. A direct conseqgce of Fe(lll) reduction is the
associated trace metal release into soil solutog Schwertmann and Taylor, 1989; Lovley
and Coates, 1997; Davranche and Bollinger, 2000an@n et al., 2001; Zachara et al., 2001;
Van Geen et al., 2004; Burnol et al., 2007). Howgexecent studies have shown that arsenic
can efficiently adsorb onto mineral resulting frém@-oxides bioreduction (Kocar et al. 2006;
Wang et al., submitted), from Fe(ll) promoted redhurc of Fe-oxides (Pedersen et al. 2006),
or resulting from the co-precipitation of Fe(Il)dakRe(lll) (Wang et al., 2008).

Arsenic is strongly adsorbed onto Fe-oxides (Magreh al., 1998; Raven et al., 1998;
Dixit and Hering, 2003), which are probably the miagportant carriers of As in aquifers and
soils (Morin et al., 2002b; Morin and Calas, 200&nces et al., 2005; 2008). Arsenic occurs
at concentrations exceeding drinkable levels inomaguifers in several parts of the world,
especially in South Asia (Smedley and KinniburgbQ2, Islam et al., 2004, Van Geen et al.,
2008). High As concentrations in subsurface watesslt often from reductive dissolution of
hydrous Fe-oxides and subsequent release of agsb@a (Nichson et al., 2000; Bose and
Sharma, 2002; Van Geen et al., 2004).

Several laboratory studies reported that As(V) @nty adsorbed onto Fe-oxide surfaces
and is not incorporated into the crystal lattiosgreduring coprecipitation (Raven et al. 1998;
Waychunas et al., 1993; Pedersen et al., 2006k€eTlstidies provided also evidence that As
solubilisation rates and behaviour are dependenbath the mineralogical type of Fe-
oxyhydroxide and its degree of crystallization. &sén et al. (2006) demonstrated through
studies involving ferrihydrite and goethite submiitto chemical reduction that As(V) was not
released before the surface site number becansaralh to adsorb all the available As. In the
case of lepidocrocite, it has been reported ths¢rac is mainly adsorbed on surface sites
located on the (001) facets of the crystal (Corragltl Schwertmann, 2003), which are
preferentially destroyed during reductive dissanti(Larsen and Postma, 2001). Recent
studies showed that the transformation of Fe-oxiceslysed by Fe(ll) under reductive
conditions induces the production of more reacseéd phases such as magnetite, green-
rusts, ferrous iron carbonate and amakinite whitibiently bind As(V) and As(lll) (Kocar et
al. 2006; Wang et al. 2008; Ona-Nguema et al., s Wang et al. submitted). Formation
of Fe(ll,lll) minerals may thus be important trapgi mechanism for arsenic, notably in
reducing environments where Fe concentration ifcserfitly high to ensure over-saturation
with respect to these minerals. Furthermore in migaich-soil, organic compounds,
including bacterial surfaces (Chatellier and For&®04), may complex Fe(ll) and thus inhibit
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the formation of secondary Fe(ll,lll) minerals. Fostance, Pedersen et al. (2006) showed
when using ascorbic acid as reducer instead ofl)Fd{(at arsenic was mobilized upon
reduction of As(V)-ferrihydrite and As(V)-lepidoaite. Moreover, arsenic may compete
with a number of other anions as carbonates (Bwhal., 2007; Stachowicz et al., 2007) and
organic anions for surface sites on Fe-oxyhydrogy@eg. Bauer and Blodau, 2006; Slowey
et al., 2007) or secondary Fe(ll,lll) minerals.

In the natural environment, the mineral soil matcould also strongly influence the
mechanism of the reductive dissolution and theeetbe nature of the secondary mineral (for
example, due to Fe(ll) adsorption, the solubilmatof As). Until recently, it was extremely
hard to gain an understanding of the involved @ses in the natural environment. Studying
mineralogical transformations of solids situ in soils still remains a challenge. However,
Fakih et al. (2008b) (Section Ill.1.2.1) developednethod inspired from Birkefeld et al.
(2005) to monitor the transformation of Fe-oxide®atly within soils and to quantify their
reductive dissolution. Iron-oxides are precipitatedo acrylic slides which can be directly
inserted into the soil. Iron-oxides particles chereby interact with the surrounding soil
components (minerals, organic matter and soil smiut Moreover the designed supports can
be easily recovered from the soil matrix and tH&lgzhases can subsequently be analyzed.

In the present study, we investigated the reduddigsolution of As-spiked ferrihydrite
(As-Fh) and As-spiked lepidocrocite (As-Lp). A naronventional anaerobic column
experiment was performed to stimulate reductioa matural soil sample. Slides covered with
either As-Fh or As-Lp were inserted directly inteetsoil (Fakih et al., 2008b, section
[11.1.2.5). The slides were recovered through tene then analyzed by XRF, SEM-EDS and
X-ray Absorption Near Edge Structure (XANES). Thmsof this study were (i) to determine
the dissolution rates of two different types ofdsades in a waterlogged organic-rich sall, (ii)
to study the mineralogical evolution of the Fe-@adand, (iii) to evaluate the impact of these
evolutions on As release.

3.2. MATERIALS AND METHODS

All chemicals used were of analytical grade. Thieitsuns were prepared with doubly de-
ionised water (Milli-Q system, Millipore). The caimers used were (i) soaked in 10%
ultrapure HNQ for 48 h at 60°C to remove all possible contamisaources, (ii) then rinsed
with Milli-Q water for 24 h at 60°C, and (iii) filly dried at 30°C.

3.2.1. Iron oxide-covered slides

A technique based on slides coated by Fe-oxyhydesx(Birkefeld et al., 2005; Fakih et
al., 2008b) (Partie 111.1.2.1) was used. The tomhgists of small (Z 2 x 0.2 cm) striated
polymer plates covered by synthetic As(V)-ferrihteli(As-Fh), or As(V)-lepidocrocite (As-
Lp). The detailed methodology for the productiortiod slides, their characterization and the
method validation are further detailed in Fakihakt (2008b) (Section IIl.1.2). Both Fe-
oxides, weakly crystallized 2-Line ferrihydrite amdildly crystallized lepidocrocite, were
synthesized in the presence of As(V) (around 1 %verght) according to the Schwertmann
and Cornell protocol (2000). The final ratio AsiBé.005 in mol/mol.

85



3.2.2. Soil sampling

The soil was sampled from an organic-rich soil rami in a wetland located in the
Kervidy-Naizin catchment (North western, FrancehisT catchment is particularly well
adapted to study Fe reductive dissolution becaeexrcycles involving Fe were highlighted
in these soils (Dia et al, 2000; Olivié-Lauquetaét 2001). The collected soil sample was
dried at 30°C during 72 h, and then sieved to 2 Mhe total concentrations of major and
trace elements were analyzed by ICP-MS (trace eltshand ICP-AES (minor elements)
following a lithium metaborate fusion. The lossighition was measured as an indicator of
the carbon content. The major element concentmstiorthe soil are given in Table 111.3.1.
The soil contained 1.03 wt% of Fe, 15.1 wt% of miganatter and 7.48 pg'opf As.

3.2.3. Experimental set-up

Columns suited for anaerobic conditions were desigo investigate the influence of soil
reduction on the Fe-oxide dissolution (Fig. 111)8.This technique was developed to allow the
insertion of slides into a structured soil sampid # avoid the mechanical abrasion of oxides
from slides that would occur in an equilibrium Batystem under stirring. The anaerobic
column can be described as follows: it consistéwaf reservoirs connected together by a
flexible tygon tube of 0.2 mm internal diameter.eTholution was continuously carried
through the soil column using a peristaltic pumgm@tec Ecoline) placed just before the
entry into the upper reservoir (so-called ‘soileevoir) (Fig. 111.3.1). The solution circulated
in closed system and the percolating solution redch steady state. The columns were thus
not a classical dynamic column system. Forty godfwgere filled into the soil reservoir which
made of a 250 mL polypropylene centrifugation tubgo horizontal perforated Teflon disks
(69-um-pore size) in between two woven nylon laygese placed at the column bottom.
These disks retained the soil particles in theruvesewhile allowing the percolation of the
solution. The slides were inserted vertically itib@ soil. Eight hundred mL of anaerobic
synthetic soil solution circulated from the loweservoir (so-called ‘solution reservoir’). This
reservoir was a 1000 mL polypropylene bottle and equipped with a rubber lid allowing
solution sampling with a syringe, and two input$pois for solution circulation. The
chemical composition and the ionic strength of #lyathetic solution were chosen to be
comparable to the pore water composition in thezidaivetland just at the beginning of the
flooded period (30.71 mglof NaCl, 30.91 mg.tt of NaNQ; and 10.62 mg.t of Na,SO,
and pH =5.9). The solution percolated gently thiotlge soil sample from the bottom of the
column and returned back to the solution resemoihe top of the column. The samples were
continuously flooded during the experiments. Thieitsmn reservoir was continuously stirred
using a 4-blade Teflon-covered magnetic stirreretsure solution homogeneity and to
prevent particle settling and accumulation. Theubation experiments were performed at a
constant temperature of 22 + 0.6°C in a Jacomexeghmx under purification (<10 ppm,O
and HO). A ‘reference’ experiment was carried out withany Fe-oxide slides, while five
experiments were performed with As-Lp slides ardasth As-Fh slides.
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Figure 111.3.1. Experimental column set-up. a) Sedlution, b) sampling syringe, c) soil
sample inside which the iron oxide-covered slidesennserted, d) perforated Teflon disks, e)
Teflon-covered magnetic stirrer and f) peristagttionp.

Three slides were inserted vertically into the sedervoir in form of a triangle. The Fe-
covered side was turned towards the anaerobic ecoltentre. The coated Fe-oxides did not
chemically disturb the soil system because the amofiFe on the slides was significantly
lower than the total concentration of Fe in thd §bable 111.3.1). The slides were removed
from the column after different time intervals distited over two months. At each sampling
time, one slide was dried under anaerobic conditia the critical point for SEM
observations (see section 111.2.2.6). This procedmas required to observe possible organo-
mineral associations and biological structures saglbacteriaA second slide was cleaned
with water and dried at room temperature overnightquantitative analysis by XRF. The
third slide was cleaned and dried under anaerainditons for XANES analyses.
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3.2.4. Soil solution sampling and chemical analyses

During the anaerobic flooding, about 5 ml of salatiwere sampled at each sampling
time. The samples were filtered through a 0.2 ptulose acetate membrane (Millipore).
They were divided into several aliquots for analyaitotal metals and Fe(ll), $Oand NQ'.
Solution sampling and filtration were carried onta Jacomex glove box under purification
flow to prevent Fe(ll) and As(lll) oxidation. PH érEh were measured in 1 mL of non
filtered solution by InLab combined pH and redoeottodes. Measured Eh values were
corrected to be presented relative to the stanacbgen electrode. Fe(ll) was quantified by
the 1.10 phenantroline colorimetric method, AFNOR N90-017 (AFNOR, 1997) and
analysed using an UV-visible spectrophotometer KON XS, Bio-Tek) with a precision of
+5%. NO; and SG* concentrations were analysed by ion chromatogrdpignex, model
X120), with a precision of about +4%. Total concatibn of major and trace elements were
analyzed by an Agilent Technologies HP4500 ICP-MStrument. Arsenic (lll) was
separated from As(V) in the soil solution using ai®n BondElut SAX in a Jacomex isolator
glove box. Arsenic (V) was fixed, while As(lll) waduted and acidified with HN§xo avoid
any precipitation. Arsenic (lll) concentrations wahen analysed by AAS (SOLAAR GF95
graphite furnace).

Table 111.3.1. Total metal concentrations in thél sised for the column experiment (major
and trace elements).

Major elements

(%) Si Al Fe Mn Mg Ca Na K Ti P LOI

28 35 103 0,01 0,28 0.13 0.14 1.00 0.49 0.0219,1

Trace elements

1 As Cd Co Cr Cu Ni Pb Zn REE
(Mg.9")

7,48 0,29 5,38 76,61 8,52 17,01 22,53 38,78 128,27

3.2.5. Determination of Fe amount on slide (XRFlysia)

XRF analyses of the slides were conducted befork ater contact with the soil to
determine the amount of Fe and associated As. ldewas analysed by XRF on a Spectro
X-Lab 2000 (Germany) instrument following the metblngy described in Fakih et al.
(2008b) (Section 111.1.2.3). Dissolved amounts & Bnd As were calculated from the
difference between the initial and final concentrag analysed by XRF.

3.2.6. SEM/EDS Scanning Electron Microscopy wittayXmicroanalysis

The slides devoted to the SEM/EDS observations weaintained under anaerobic
conditions until they were brought to the SEM fiigil SEM combined with Energy
Dispersive X-ray Spectroscopy (EDS) was used tdyaaasurface mineral modifications as
well as to identify the elemental composition oeetual secondary phases. Before insertion
into the soil, a first series of samples was diyeabserved by SEM. This allowed a
comparison of the morphology of the Fe-oxides lefand after exposure to the soil. A
second series of incubated slides was dried atalripoint (Fakih et al., 2008b, section
[11.1.2.4). The slide surfaces were observed by Sk a JEOL JSM-6301F Field Emission
Gun Scanning Electron Microscope operating at 9K€réeing coated with Au-Pd nano-
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particles by cathodic deposition with a JEOL JFOQ4putter. The elemental composition of
individual particles or agglomerates was invesddatby Energy Dispersive X-ray
Spectroscopy (EDS) using an Oxford Link-Isis Sdbalyzer.

3.2.7. X-ray Absorption Near Edge Structure Speciopy (XANES)

X-ray absorption spectra were recorded at the Asdfe on the FAME beamline at the
European Synchrotron Radiation Facility (ESRF, @Gbd®, France). Photo-oxidation of
As(lll) under the x-ray beam was limited by recogliall data at 10-15K using a liquid He
cryostat, and moving samples automatically betweash EXAFS scan. Energy was
calibrated by using a double-transmission setumvliich the As K-edge spectrum of the
samples and that of a scorodite reference sample wenultaneously recorded. The
absorption maximum of the As(V)-edge was choselil875.0 eV. The redox state of As on
the Fe-oxide slide samples was determined by litesst-squares fitting of XANES data,
using linear combinations of XANES spectra of modempounds. Two relevant model
compounds, cpp5 and cpp3, consisting of amorpha(¥)AFe(lll) and As(l)-Fe(lll) co-
precipitates (Morin et al., 2003), were used totli¢ relative proportions of As(V) in the
samples. Using this procedure, the accuracy oAg{dl)/Y As ratio is £2% and components
lower than 5% are not significant (Morin et al. 030).

3.3. RESULTS

3.3.1. Soil solution composition during incubation

The chemical composition of the soil solution wasilar for the reference experiment
(without any slide) and the As-Fh and As-Lp slidperiments (Fig. 111.3.2). Eh decreased
rapidly from 370 mV to 175 mV during the first 72 After 1128 h, Eh decreased to -90 mV
and finally raised up to 14 mV. The pH increasefi5.6 to 6.6 over the first 48 h, and then
remained constant until the end of incubation (Hig3.2a).

Iron (I) and acetate were produced as soon asdhgion was N@-depleted. Iron (ll)
and total Fe exhibited the same behaviour (Fig3.2b). They increased up to 46.9 £ 1.6
mg.L* after 1150 h. The acetate concentration rose @ppooximately 230 mg:t at 750 h,
and remained constant until the end of the experim@&ig. 111.3.2b). Although the
concentration of S§ was stable for 72 h of incubation at 10.5 my.lt decreased to
negligible amounts during the next 260 h of incidrat

The measurement of the As(lIl) concentration carbetonsidered as truly quantitative,
because during the separation of As(V) from As(ldl)significant amount of organic matter
was retained on the filter. We cannot preclude thatretained organic matter might contain
As(lll) too. Therefore, the eluted part of As(liannot be considered as the total amount of
As(lll) occurring in solution. However, althoughtrguantitative, the qualitative identification
of As(lll) is meaningful. After 504 h of incubatipis(lll) was detected in the soil solution.
The whole dataset can be found in the supplemefitasy(Section B1).

89



600 6.8
500 | 166
+6.4
400
q +6.2
S 3004 16
= 3
<
w i + 5.8
200 Eh
q
+ 5.6
1001 —&—pH
+54
0 T T ‘\/O
WQ/ T52
-100 5
0 250 500 750 1000 1250 1500
Time (hours)
b)
60 250
ol
2 501 —8 200
3 40 _
g + 150 7,
© —A—N03 =)
3 304 E
S -S04 P
= + 100 &
8 —o—Fe (Il) o
< 201 —e— Fe (tot <
w —o— Acetate 50
= 10¢C
(0]
L
0 o8F 27 B—p A—A——A = alo
0 200 400 600 800 1000 1200 1400 1600

Time (hours)

Figure 111.3.2. a) Variations through the incubatitime of a) pH and redox potential (Eh), b)
Fe(ll), total iron (Fe(tot)), acetate, sulphate §5Cand nitrate (N@) concentrations in the
reference column.

3.3.2. Iron-oxide dissolution and associated-Asask

The amounts of Fe and As dissolved from the she#sus exposure times are reported as
a percentage of the initial mass in Figures llge3and 111.3.3b. At the beginning, the
dissolution of As-Fh started rapidly. After 336 hicubation, Fe and As releases from the
As-Fh slide were 57% and 35.6%, respectively (Flg3.3a). By contrast, the dissolution of
the As-Lp was slower, with 15.5% and 27.5% for Rd As, respectively (Fig. 111.3.3b). Iron
and As dissolution from As-Fh slides continued noréase up to 86.8% after 888 h of
incubation and then reached a steady state uetiéid of incubation. Concerning As-Lp, the
percentage of dissolved Fe and As increased t&8d4rtl 83.2%, respectively after 1560 h of

90



incubation without reaching any equilibrium. It hasbe mentioned that the two last points
corresponding to As for the As-Fh dissolution (skedmt 1248 and 1714 h) were lower than
the XRF detection limit. The true values could Ibéeast close to the lower XRF measured
As signal for all As-Fh slides.
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Figure 111.3.3. Dissolved Fe and As from a) ferdlnye and, b) lepidocrocite. Data are
reported as percentages of the Fe and As amouesergron the slides after incubation as
compared to their initial amounts before incubation

We thus propose that these dissolved As amounts kigher or at least equal to 60.3%
and 57.9%, respectively for the two considered diagppimes. At first sight, the As release
followed that of Fe. However, it was observed ttie# percentages of released As were
always significantly higher than that of Fe for Bs; but lower for As-Fh.
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Figure 111.3.4. Dissolution rates of ferrihydritedc lepidocrocite at different incubation times.
Dissolution rates for ferrihydrite and lepidocrecivere calculated for a surface area of 240
and 139 rhg?, respectively (Pedersen et al., 2006).

In order to facilitate the comparison with previosisidies, the dissolution rates were
calculated in mol. i Fe $' for iron and in mol. rif As s* for arsenic. BET surface area of
240 nf.g* for As-Fh (Cornell and Schwertmann 2003) and 13%jirfor As-Lp was assumed
following Pedersen et al. (2006) since oxides waepared with the same protocol (Table
[11.3.2). Iron and As dissolution rates of As-Fltieased until 336 h and decreased regularly
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until the end of the experiment (Fig. 111.3.4a).rFAs-Lp, Fe and As dissolution rates
increased until 504 h, then decreased until theoéide experiment. During the onset, the As
dissolution rate was higher than that of Fe. Afedg As dissolution rate was smaller than
that of Fe, probably due to a reincorporation ofolso the slide surface (Fig. 111.3.4b). The
whole dataset can be found in Table 111.3.2.

Table 111.3.2. Dissolution rates of ferrihydrite dafepidocrocite at different incubation times.
Dissolution rates for ferrihydrite and lepidocrecivere calculated for a surface area of 240
and 139 mg?, respectively (Pedersen et al., 2006)

(As-Fh) Dissolution rate (As-L) Dissolution rate
mol(Fe/As).m?.s* mol(Fe/As).m?s*
Time Time
(hours) Fe As (hours) Fe As
0 0 0 0 0 0
168 2.2510° 2.15 10" 168 6.72 18° 2.0310°
336 3.5110° 1.64 10° 336 1.65 10 2.18 10°
720 1.91 10° 9.86 10* 504 2.59 18 2.80 10°
888 2.02 10° 1.90 10° 1248 1.97 18 1.55 10°
1248 1.52 10° 7.46 10%° 1560 1.92 18 1.42 10°
1714 1.08 10° 5.21 10"

3.3.3. SEM/EDS observations

SEM micrographs of the As-Fh and As-Lp slides befacubation in soil are presented in
Figures 1l1.3.5a and Il1.3.5b. As-Fh occurred asrenor less finely dispersed aggregates of
particles of various size (Fig. 111.3.5a). The gy aggregates reached sizes of about 10 um
and were often separated by fractures (Fig. 1l&B.Fhe characteristic sizes of the smallest
agglomerates were found to be less than 1 pm (Fig.5a). SEM micrographs of the initial
As-Lp slide show small crystals (0.2 - 0.03 um)g(Fill.3.5b). They were regularly
distributed on the slide stripes (Fig. 111.3.5b).
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Figure 111.3.5. SEM pictures of a) As-Fh and b) Bs-before any contact with soil.

After incubation in the soil, SEM observations betslides revealed the presence of
different associations displaying systematic amgictifferences between the As-Fh and As-
Lp oxides. After 336 h of incubation, As-Fh slidesre colonized by bacteria and biofilms
(Fig. lll.3.6a) and a light surface alteration walpparition of small cavities was observed
(Fig. lll.3.6a"). Small spheres (0.1 um diameteBrevdetected on the top layer of the As-Fh
surface (Fig. 111.3.6a’). After 720 h, it was no ragpossible to observe the original structure
of the As-Fh. By contrast, typical features (micenties) of surface dissolution were
observed. Microorganisms (Fig. 111.3.6b) and fuligig. 111.3.6b") were always present and
micro-precipitates appeared on the As-Fh surfacgs(Rll.3.6b and 111.3.6b’). In addition,
starting at 720 h until the end of the incubatiolack precipitates, which colour was unstable
with time, were observed on slides as black ddt®uya2-mm-wide) in the middle of the
brown ferrihydrite particles. SEM analysis of thekgs revealed amorphous agglomerates of
about 0.1 um diameter spheres (Fig. 11l.3.7a), evlafter 1248 h, needles (0.1-pm-long)
covered by a thick biofilm were observed (Fig.3ITb). EDS analysis show that these micro-
precipitates were Fe- and S- rich with an atomiSHatio equal to 18.4 +9.4 and 1.8 +0.6
after 720 and 1248 h, respectively. This lattenpoould suggest that Fe&yrite) formation
occurred. After 1248 h, it became difficult to lbza the Fe-oxide agglomerates upon SEM
observation because 90% of Fe-oxide was dissoligd i(1.3.3a). Microorganisms were still
present, and micro-needles (0.1-um-long) mixed watih particles and bacteria (Fig. 111.3.6¢)
were observed. These needles were covered byrbi¢filg. 111.3.6¢").
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Figure I11.3.6. Comparison between the morpholdgateanges of As-Fh during incubation in soil asdeviced by SEM pictures. a, a’), b, b’)
and c, ¢’) correspond to slides covered with AsaRt incubated during 336, 720 and 1248 h, respygtiThe arrows in a) and b), b’), and a’)
indicate the presence of bacteria, fungi and pretgs, respectively.
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The observation of As-Lp showed that after 168 hnotibation large cavities (from 1-
pm- to 7-um-long) - mixed by bacteria and soil gées - were formed at the surface (Fig.
[11.3.8). In these cavities, As-Lp was deteriorafdg. 111.3.8). After 336 h, an important
colonization by bacteria and biofilms was obser¢féds. 111.3.9a and 111.3.9a’). The arrow
displayed in Figure 111.3.9a’ shows the presencéaaf bacteria types: (i) small (0.5- to 0.75-
pm-long) with a smooth surface and (ii) large (2db2-pm-long) and with a granular surface.
The shape of lepidocrocite shows a more connedtadtsre, the large cavities disappeared,
and the crystals were strongly out of shape. Omencde that after 336 h, the slide surface
was almost completely covered by biofilms, whichited the observable surface (Figs.
[11.39b and 111.3.9b"). The black arrow in Figurd.B.9b' shows that the Fe oxide alteration
was prevailing below the thick biofilm while badgerand micro-precipitates were also
observed at the surface. Finally, two differentcppitates appeared after 1248 h (Figs. 111.3.9¢
and 111.3.9¢’), showing aggregates of small sprarrecipitates with diameters of about 0.1-
pm. A new precipitate network was observed in classociation with these small spherical
precipitates (Fig. 111.3.9¢).

In addition, from 504 h until the end of the inctiba, unstable black precipitates of dots
of about 2-mm were observed in the middle of tr@nge pristine lepidocrocite, as evidenced
for As-Fh slides. SEM observation of these doteated loose amorphous needles (0.2-pum-
long) covered by a thick biofilm (Figs. Ill.3.7ccuil.3.7d). EDS analysis revealed that they
were Fe- and S-rich with a Fe/S atomic ratio e&ual+0.9 and 1.9 +0.6 after 1248 and 1560
h, respectively.

Figure 111.3.8. SEM pictures of the surface altenatevidenced on lepidocrocite after 168 h of
incubation in soil. The white arrows show bactemiasoil particles. The black arrows show
Fe-oxide alteration features.
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Figure 111.3.9. Comparison between the morpholdgateanges of As-Lp during incubation in soil asdeviced by SEM pictures. a, a’), b, b’)
and c, c’) correspond to slides covered with Asalnol incubated during 336, 504 and 1248 h respégtiVhe white arrows in 9a, 9a’), 9b) and
9b’) show bacteria, biofilm and fungi, respectivelfne black arrow in Fig. I11.3.9b’ shows the a#tBon of Fe-oxides covered by biofilms.
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3.3.4. Redox state and As release during the toameftion of Fe-oxides

Arsenic release during the reductive dissolutiofieafihydrite and lepidocrocite is shown
in Figures II1.3.3a and 111.3.3b. Figure 111.3.10sdlays the amount of Fe relative to As
released for both Fe oxides. The straight lineaggnts a stochiometric release of As and Fe.
For As-Fh, As was not released until 50% of theokiele had been dissolved. By contrast for
As-Lp, As was rapidly released into solution inrapgortion superior to that of Fe. The same
results were obtained by Pedersen et al (2006) stiidied the chemical (Ascorbate)
reductive dissolution of As-Fh and As-Lp. The evign of the Fe/As ratio for each slide and
through time can be found in Table 111.3.3.

Table [11.3.3. Speciation of As in both Fe-oxidesldferent incubation times. nd refers to not
determined.

As-Fh
Time (h) ?t’gs ?.en/ QS %AS(V) % As(lll) A(fg;) A(Ség'))
i 100.0 0.0
168  237.90  199.05 i i i i
336 2450  163.8 73.1 26.9 1.1 0.4
720 2585  160.0 44.0 56.0 0.7 0.9
888 262.5 92.8 i i i i
1248 245.9 50.0 nd nd nd nd
1714 2397 589 i i i i
As-Lp
Time (h) Ii ?t/gls ﬁl‘;’ QS %AS(V) % As(lll) Azig;) A(Ség'))
0 i 100.0 0.0
168 1827  202.9 93.2 6.8 2.2 0.2
336 157.6  183.6 88.5 115 4.3 0.6
504 1583  213.1 i i i i
1248 1787 2014 95.5 4.5 0.7 0.0
1560 1712 163.0 i i i i

For As-Fh experiments, the Fe/As ratios decreasiia mcreasing incubation time,
suggesting that As is more readsorbed on the abdeompared to Fe. For the As-Lp oxide a
slight increase of the Fe/As ratio was observedeaoh slide after 168 h. However, no
significant change of the Fe/As ratio was notidedugh time. Both observations suggest that
by contrast to what has been observed for As-Flwa@snot readsorbed onto the As-Lp slide.
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Figure 111.3.10. Arsenic versus Fe release durieductive dissolution of As-Fh and As-Lp.
The straight line corresponds to congruent reledge and Fe.

Arsenic K-edge XANES spectroscopy was used to deter the redox state of As after
incubation in soil. The XANES spectra exhibit a Mreksolved edge structure with an
adsorption maximum at 11871.3 eV and 11875.0 eWiesponding to As(lll) and As(V),
respectively (Fig. 111.3.11). Before incubation, Ascurred exclusively in the pentavalent
form As(V), for both Fe-oxyhydroxydes. After 336 foy As-Fh, 27% of the remaining As
was present as As(lll) (Table 111.3.3). After 720 the proportion of As(lll) on the slide
increased up to 56 %. For the lepidocrocite, af@&8 h only 7 % of As occurred as As(lll),
this proportion increased slightly up to 12% at 83@able 111.3.3).
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Figure II11.3.11. As K-edge X-ray Absorption-Nearged Structure (XANES) spectra for
slides after different incubation times, cpp 3 arEp5 represent two relevant model
compounds for As(lll) and As(V)-doped-Fe-oxidespesively (Morin et al., 2003).

100



3.4. DISCUSSION

3.4.1. Reductive dissolution of Fe-oxide

During the incubation, the consumption of N@as followed by an increase of Fe(ll) and
acetate, and a decrease of,S@t lower Eh. This sequence was similar to that ritesd in
previous studies (Schwertmann and Taylor, 1989ndtsaand Dodge, 1990; Lovley, 1991,
Peters and Conrad, 1996; Lovley, 1997; Dassonaitlé Renault, 2002; Kusel et al., 2002;
Grybos et al., 2007). The new experimental systéos tallowed the development of
anaerobic conditions and the subsequent Fe-oxilectiee dissolution. The acetate release
was concomitant to the Fe(ll) production. Acetatederived from organic matter and is
produced by the combined activity of fermentatimel @acetogenic bacteria which are known
to be tightly linked to the microbial reductionfeé(lll) (Kusel et al., 2002).

The dissolution of As-Fh ceased at 90% of dissoliredafter 1000 h (Fig. 111.3.3).
Moreover, the dissolution rates of the As-Fh stipmpcreased with time (Fig. 111.3.4). This
can be explained by two processes: (i) oxides mighhidden by soil particles which made
them inaccessible to microorganisms (Chenu anaISto2002; Fakih et al., 2008b) (Section
l11.1.4.3), (ii) adsorption and/or surface precgpion of biogenic Fe(ll) might occur during the
microbial reduction (Urrutia et al., 1998; Chawlland Fortin, 2004). Initially, the fresh Fe-
oxide agglomerates were easily accessible to bactenich justifies the strong Fe dissolution
rate calculated at the beginning of the incubatlater, the bacteria could not access to the
very tiny pores of the ferrihydrite agglomerateusture (Roden and Zachara 1996; Roden
2003), which resulted in a decrease of the Fe lisso rates.

By contrast, the dissolution of lepidocrocite dimt stop and was delayed as compared to
that of ferrihydrite. The iron dissolution rate fibre As-Lp oxide was 2.13 times lower than
that of As-Fh oxide 336 h and 1.78 times lowerhs €nd of the incubation time. Several
authors showed that poorly crystallised Fe(lll)ees such as ferrihydrite are the favoured
reducible forms of Fe(lll) for microbial reductiofMunch and Ottow, 1980; Wahid and
Kamalam, 1993; Roden and Zachara, 1996; LarserPastina, 2001). In the present study,
the dissolution rates of the Fe-oxides were theeefontrolled by their solubility relative to
their mineralogical state.

Fe-oxide dissolution rates have been previouslysomea during laboratory experiments
involving chemical and/or biological reduction (Boa, 1993; Roden and Zachara, 1996;
Paige et al., 1997; Hansel et al., 2003; Roden32B@dersen et al., 2006) or under figld
situ conditions (Fakih et al., 2008b, section Ill.They displayed a large range of variations
as shown in Table 1l.3.4. The dissolution ratesemaighly dependent on both the selected
bacterial species and the chosen experimental womsli The calculated dissolution rates in
this study (2.02 x1®and 1.92 x18 mol Fe n¥. s* for As-Fh and As-Lp, respectively) are
faster than the previously determined rates fortdsad and abiotic reductive dissolution
(Table 111.3.4). One of the more important factamwsntrolling the dissolution rates of Fe
oxides is the concentration of bacterial cells (@&odnd Zachara, 1996; Roden, 2003;
Bonneville et al., 2004). As shown in this studgti@ng microbial colonization was observed
in direct contact with the Fe oxides. The preseateseveral types of microorganisms
colonizing the Fe oxide suggests that differentetymf combined mechanisms could be
involved in the reductive process. This strong lgata through biological activity could
reinforce the effects of already strong reductigaditions (as evidenced by the low reported
Eh values).
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Table 111.3.4. Compilation of published dissolutioates of pure ferrihydrite, As-Fh, pure
lepidocrocite and As-Lp estimated from chemicabtibi reductive dissolutions and situ

experiments.

Dissolution rate

Oxide (mol Fe i s‘l) Reducing agent References
23.12 102 Autochthonous bacteria Fakih et al. (2008b)
' (in situ experiment ) (Table 111.1.3)
2.0 10%? Bacteria
1.7 10 Chemical reducer Roden (2003)
' (Ascorbate)
Ferrihydrite 1 . Roden and Zachara
7.0 10 Bacteria (1996)
3 Chemical reducer
1.2 10 (Ascorbate) Postma (1993)
Chemical reducer Larsen and Postma
3.3-4.110 (Ascorbate) (2001)
202 10° Autochthqnous bacteria (This work)
(Anaerobic soil column)
23.4.3 102 Autochthonous bacteria Fakih et al. (2008b)
As- D (in situ experiment ) (Table 111.1.3)
Ferrinydrite 5.3 101 Chemical reducer Pedersen et al.
' (Ascorbate) (2006)
i 1 Chemical reducer .
1.8-8.0 10 (Ascorbate) Paige et al. (1997)
4.6 10" Bacteria Roden (2003)
Lepidocrocite 7.9 10" Bacteria Cooper et al. (2000)
Chemical reducer Larsen and Postma
4.6-7.3 10 (Ascorbate) (2001)
192 10° Autochthpnou_s bacteria (This work)
As- (Anaerobic soil column)
Lepidocrocite 1.34 10 Chemical reducer Pedersen et al.

(Ascorbate) (2006)

3.4.2. Mineralogical modifications (SEM/EDS obseimas)

The occurrence of biofilms and the high microbialonization of the ferrihydrite and
lepidocrocite slides suggest that microorganismaygd a key control in Fe and As
mobilization through a direct microbial reductionechanism as elsewhere evidenced
(Lovley, 1993; Chenu and Stotzky, 2002; Oremland &tolz, 2003; Islam et al., 2004).
However, the two oxide types exhibited differentssdilution patterns and associated

mineralogical changes.
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Pristine ferrihydrite was composed of aggregatescep by fractures. After 336 h of
incubation, typical morphological features of pregpive dissolution were observed on the
As-Fh particles surface. The processes involveterdissolution of both Fe-oxide types were
probably quite different. The aggregates of femitiig were formed by an association of
nano-crystals, easily reducible by bacteria whesy tvere located at agglomerate surface.
Roden and Zachara (1996) and Roden (2003) prowdielgnce that bacteria cannot access to
the very tiny pores of the ferrihydrite agglomerateucture. Bacterial reduction of the
ferrihydrite took therefore place on the whole esgmbagglomerate surface.

By contrast, lepidocrocite was formed by non-aggioated 2um crystals. Even if the
lepidocrocite crystals were less reducible thanfémghydrite nano-crystals, the porosity of
the lepidocrocite layer allowed a better accesgillf bacteria. Therefore, in the first stage of
reduction, the observed dissolution features wargel cavities in the lepidocrocite layer. It
has to be mentioned that so far to our knowledgeh pictures of the lepidocrocite bacteria-
mediated reduction have never been published. &uafi the reductive dissolution of Fe-
oxides were often performed in batch system wherextde particles were in suspension or
in columns, which prevented any solid analysis & done since the solid phase was
unstructured (e.g. Roden and Urrutia, 1999, 20G#sén and Postam 2001, Hansel et al.,
2003). In a second step, when the surface wasebntiovered by biofilms and colonized by
bacteria, the dissolution was revealed by an oshape of lepidocrocite crystals. Larsen and
Postma (2001) found that the mechanism for chenmeductive dissolution (Ascorbate-
mediated) of lepidocrocite occurred along the sdy performing small pit in the fringe of
the crystal. This phenomenon evidenced for chemedliction is also expected to happen
with bacteria-mediated reduction. Since lepidodeocrystals were extended along the c-axis,
the latter surface was probably more exposed ttebaand therefore to dissolution.

Two types - needles and small spheres, of secomdigrals - were observed on the As-
Lp slides and As-Fh slides, respectively. SEM/EDS&lgses of the needles of both Fe oxides
allowed identifying Fe sulphides. The formationsoth Fe sulphides on the As-Fh slides was
wider than on the As-Lp slides. The Fe/S ratio8 @nd 1.9 +0.6) were comparable for both
types of Fe-oxides after 1248 h of incubation fer and 1560 h for As-Lp. The occurrence
of Fe sulphides agrees with the previous study le@rfatchka and Cambier (2000), who
observed Fe-sulphide precipitation within a soteatwo months of flooding. Fakih et al.
(2008b) observed also Fe sulphide on ferrihydriteeced slides after three months of
incubation in a natural soil (Section IIl.1.1.4.Blowever, Fe-sulphide grains observed on As-
Fh and As-Lp slides differ in morphology. SEM arsadyof dots on the As-Fh slide revealed
amorphous agglomerates of about 0.1 pm diamet@rapland, needles (0.1-pum-long) (Fig.
[11.3.7b). However, SEM observation of the dots AsLp slide revealed loose amorphous
needles (0.2-um-long) (Figs. 111.3.7c and 111.3.7dhis shape difference might be related to
the influence of the texture of the original Fedes on the dissolution pathway. The newly
formed small sphere precipitates were not eventgap over the slides, they are located in
the black precipitates. Sulphide precipitation banrelated to the consumption of dissolved
SO%. However, such consumption is not expected tomgnder the Eh conditions measured
in the solution (Eh> -100mV). Two hypotheses could explain this phenuone (i) Eh
potentials were measured by a Pt electrode tHatas/n to respond preferentially to metallic
redox couple such as Fe(ll)/Fe(lll). Regards to Fe¢ll) concentration in solution, the Eh
potential was probably imposed by the Fe reduct{ohthe precipitation of sulphides may
also fingerprint the presence of local ‘micro’-siten soil characterized by an intense
biogeochemical activity (Luo et al., 1999). In @xperimental conditions, these ‘micro’-sites
might be more reducing than the bulk medium, thiasvang sulphate reduction to sulphide.

Biotic reductive dissolution of Fe-oxyhydroxidesoguces possibly several secondary
minerals whose genesis and nature have been pshvimported (Fredrickson et al., 1998,

103



Zachara et al., 2002; Glasauer et al., 2003). Theserals include magnetiteF(a” FegI Oy4),

NS
vivianite Fe(PQy),.nH,0, green rusts[l(:e'('e)_x) Fell (OH)lZ]XJr[(AZ_)y2 YH 20} ), siderite

(FeCQ), ferrous carbonate hydroxide (ZEOH),COs), and amakinite ((F&Mg)(OH),)
(Lovley et al., 1987; Lovley and Phillips 1988; Miarer and Coleman, 1997; Fredrickson et
al., 1998; Cooper et al., 2000; Ona-Nguema ettf1222004, submitted; Zachara et al., 2002,
Fredrickson et al., 2003). The nature of the seapndiinerals is dominantly controlled by
the concentration of aqueous Fe(ll) and the presehmbhibitors, principally oxy-anions such
as phosphate or carbonate (Couling and Mann, 1B&&hara et al., 2002). These inhibitors
limit the microbially-mediated Fe(ll) readsorptioaquired for the solid state changes of the
primary Fe-oxides. In our experiment, none of thesmerals, except sulphides, was
identified at the Fe-coated slide surface. Previsuglies have been mostly conducted in
laboratory batch systems performed with a simpbeume of synthetic Fe-oxides, the required
selected bacteria strain and the culture mediurpeBmental conditions were always chosen
to optimize the identification of secondary minerdh the few cases where inhibitors were
used, their concentrations were low enough to attvevaluation of their impacts. However,
in our experimental conditions, namely in a natusail sample, organic oxy-anions
([acetate]>240mg.1) could prevent the adsorption of Fe(ll) by bloakihe Fe-oxide surface
sites and subsequently inhibit the previously citeitheral formation. Besides, Sun et al.
(1999) evidenced that carboxylic acids can dela&yttansformation of ferrihydrite into more
crystallized oxides. Cornell and Schwertmann (19518)gested a model where carboxylate
anions stabilize ferrihydrite by forming a bindibgtween one or more units of ferrihydrite,
preventing it from both aggregation and dissoluti®@ome of, these organic anions, in
addition to their capacity to be adsorbed onto Fkeeoxide surface are strong complexing
agents of Fe(ll) ions, maintaining them in soluti@mnd preventing therefore their
readsorption. In consequence, our results suggestin organic-rich soil horizons, when
Fe(ll) is complexed by organic anions, and compétessorption on the Fe(lll)-oxides
surface, the major secondary minerals are Fe-gigghi

3.4.3. Consequences for As mobility

The comparison of the Fe/As ratio at initial andafi stages showed that part of the
released As was readsorbed on the As-Fh surface rdddsorption could be favoured by the
dissolution of ferrihydrite which increased the dfie area of the Fe-oxide (Munch and
Ottow, 1980). In the case of As-Lp, our data shotined As(lll) much less readsorbed on the
remaining lepidocrocite. This difference betweea &s-Fh and As-Lp experiments can be
explained by two processes. (i) The first pointatated to the lower amount of available
surface sites on Lp as compared to Fh in our exyseris. The initial surface coverage on the
As-Fh sample (0.5 pmol:fix is much lower than that on the As-Lp sample alrﬁ{ol.m'z).
According to the maximum site density of 3.7 umélior As(lll) sorption onto Fe(lll)-
oxyhydroxides (Dixit and Hering,2003; Wilkie and ey, 1996; Goldberg and Johnston,
2001), it can be inferred that the high initial Xs(oading on our As-Lp sample limited the
readsorption of As(lll), after partial dissolutiah the Lp, as compared to our As-Fh sample
which had a lower initial As(V) coverage. (ii) Tlsecond point is related to the Fe-oxide
mineral structure. Cornell and Schwertmann (200®w&d that As(V) is adsorbed only on
surface sites located along theandc-axes ((001) facets ) of the lepidocrocite cryste.
evidenced by Larsen and Postma (2001) and expezteccur in our experiments, reductive
dissolution of lepidocrocite was observed alongddais. This process increases the surface
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site number, instead of eliminating surface sitastifie adsorption or readsorption of As as
reductive dissolution occurs (Larsen and Postm@] 2Bedersen et al., 2006).

XANES analysis provided evidence for the parti@lugtion of As(V) to As(lll) on both
Fe-coated slide types, which increased with tihéak been shown that biotic reduction of
As(V) to As(lll) takes place after Fe(lll) reduatiorather than occurring simultaneously,
upon incubation of natural sediments (Islam et28lQ4) as well as upon As-Fh incubation in
the presence of soil bacteria consortia (Burnall.e2007). The absence of As(V) reduction in
abiotic experiments carried out in these studiege hdemonstrated that Fe(lll) reducing
bacteria played a major role in the subsequentctedu and release of As once the
bioavailable Fe(lll) had been used as an electmoemor. It is thus likely that As(lll)
observed in our experiments originate from biotduction. Moreover, the speciation of
As(lll) on the Fe-oxide coated slide could includg: precipitation as a secondary phase.
Arsenic sulphides as AS; have been identified in contaminated lakes (Sonah ,€1994) and
wetlands (LaForce et al., 2000). However, thermadyic equilibrium with arsenic sulphide
minerals is achieved only in the presence of apgloée sulphur concentrations in highly
sulphur-rich zones (Sadiq, 1997). (ii) Sorption sariphide minerals (Bostick and Fendorf,
2003) or substitution in Fg$Blanchard et al., 2007). Abraitis et al., (2084pwed that FeS
pyrite can incorporate up to ca. 10 wt% of As(IBpstick and Fendorf, (2003) showed that
As(lll) sorption onto FeS and FgSesults in the formation of an FeAsS-like surface
precipitate. In the present study, MEB-EDS analghdsot allow identifying the presence of
such arseno-pyrite due to the low As concentradiod the large EDS spot size. (iii) Finally,
adsorption on the remaining Fe-oxide surface. Tostipn of the As(lll) shoulder in our
XANES data (11871.3 eV) indicates that As(lll) isocdinated to oxygen, since the more
covalent bond to sulphur yield lower absorption rgies (Bostick and Fendorf, 2003).
Consequently, despite the lack of As-EXAFS datacae conclude that most of As(lll)
observed on the Fe-oxide slides is adsorbed ordostiiface of the remaining Fe-oxide.
According to the differences in the number of aalalé surface sites between the Fh and Lp
samples, such readsorption process is consistémawiigher amount of As(lll) on the As-Fh
than on the As-Lp slides. Reduction and subseqguenbbilisation of As may have therefore
resulted from a coupled biotic-abiotic reactionhpedy in which (Fe or As) reducing-bacteria
allowed the reduction of As(V) to As(lll) that wasibsequently mainly readsorbed onto
remaining Fe-oxide surfaces. However, it is impartéo note that the readsorbed or
precipitated fraction of As remains low as comparethe initial amount, probably less than
20 % for ferrinydrite and only a few % for lepidocite.

3.4.4. Environmental impacts

This study provided evidence that the reductivesaigion of Fe-oxides in organic rich
soil horizons can involved a strong mobilizationFad as Fe(ll). A small fraction of Fe(ll)
precipitated with sulphur. Iron sulphides have bsblown to be effective sorbents for a
variety of toxic elements, including As, Cd, Cr,,Gig and Pb (Bostick and Fendorf, 2003;
Bostick et al., 2003; Doyle et al., 2004; Borah &=hapati, 2006; Ozverdi and Erdem, 2006).
As a consequence, when reducing conditions prevait,of these cations can be temporarily
immobilized by sulphides in soils. However, wetlarsbils are subject to strong
oxidizing/reducing alternations linked to the se#terlogging. Under oxidizing conditions,
sulphides can be transformed into sulphates, abdesuently adsorbed cations could be
released into the soil solution or themselves foanged into sulphates (Ozverdi and Erdem,
2006). Such changes can represent an increasewmmental danger for toxic trace metals
occluded in sulphate minerals displaying high siilyb Therefore, the combination of
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intensive Fe-oxide dissolution to the precipitatadrsulphide secondary phases may increase
the metal ion mobility in soil. Moreover, an impamt part of these trace elements could be
eliminated from the solil solution to get into thgdlosystem when the water level decreases.
Iron-oxide reduction has also been suggested agdahanism for As mobilization into

groundwaters (Nickson et al., 2000; Bose and Sha9@2; Van Geen et al., 2004). This
study confirms this hypothesis although the digsmiuis not congruent as previously
demonstrated by Pedersen et al. (2006). The pretighy also provides evidence that As(V)
is reduced to the more toxic species As (lll), vahis observed to be strongly mobile in the
anoxic soil solutions. Only a weak proportion of($ is sequestred by readsorption onto
unreduced Fe-oxides and possibly on secondary Ipbida minerals, especially when the
iron-oxide has a low surface area. Therefore, wdaand their waterlogged soils could be a
non negligible source of As within soils, migratifigst through soil solutions and then to the
whole hydrosystem. Considering that wetlands supplg surface rivers, As could then be
incorporated into the sedimentary floodplain, ariea further by the colloidal phase.

3.5. CONCLUSIONS

Several conclusions stem from this study, whicbvedid the monitoring of the reductive
dissolution of two types of As-spiked Fe-oxyhydaes (ferrinydrite and lepidocrocite)
within a soil and the associated Fe and As release:

* the incubation of both As(V)-ferrihydrite and As@épidocrocite in soil columns

under reducing conditions led to As release intatsm.

* The reductive dissolution of lepidocrocite dissaoltbe As carrier site and resulted in
As release. By contrast, the specific surface afeferrinydrite remained relatively
high, favouring As readsorption until the surfate aumber was low enough to allow
As release. As release from ferrinydrite was tlereefdelayed as compared to As-
spiked lepidocrocite.

* The secondary minerals were mostly composed ofulgisles, probably due to the
organic anion surface adsorption and/or Fe(ll) oig@omplexation in solution that
prevented the Fe(ll) readsorption needed for tHeal sdate transformation of the
pristine Fe-oxides to occur.

* The reduction and the subsequent immobilisatioA®vere the result of a coupled
biotic-abiotic reaction pathway in which (Fe or Agducing-bacteria catalyzed the
reduction of As(V) to As(lll) which could be subsemtly readsorbed onto the
remaining unreduced Fe-oxides. By contrast, fondiegocite, As(lll) was less
readsorbed in response to the lower available sairfsite number and to the
destruction of the As adsorption sites on the reddepidocrocite surface.

Future studies dedicated to the identification athlthe nature of the bacteria consortium
involved in the reduction process and the naturéhefsecondary mineralogical phases are
under progress (EXAFS). NANOSIMS analysis will beditated to the imaging of the
distribution of trace metals associated to eitRerpxides or, soil particles after the reductive
dissolution.
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V. CONCLUSIONS GENERALES

Dans les zones humides et les environnements sgdiimes, I'alternance des épisodes de
réduction et d’oxydation influe énormément sur iegochimie du fer et des contaminants
associés. De plus, le cycle du fer influence ateom la mobilité ou le piégeage, via des
phases de réduction et/ou d'oxydation des élémteates métalliques (potentiellement
polluants) liés aux oxydes de fer.

Le cycle du fer est en grande partie sous conttégmicro-organismes qui utilisent les
oxydes de fer comme accepteurs d'électrons (misétaln anaérobie de la matiére
organique) ou interviennent dans les processusydaiion/précipitation de ces oxydes. Il
existe donc des relations majeures entre I'étakydio-réduction du fer, la mobilité des
contaminants, la nature du sol et les activitégabiennes (Zachara et al., 2001 ; Koopal et
Avena, 1999). La connaissance des mécanismes ditigpdet de réduction des oxydes de fer
dans le sol est donc un préalable majeur a la o&mepision (a) de la dynamique des éléments
traces potentiellement polluants dans les solg)atd leur transfert vers les hydrosystémes.

Ce travail de these, portant sur la biogéochimidediet des contaminants associés, s’est
divisé en deux grands volets : la bio-oxydatiotadtio-réduction. L’approche utilisée dans ce
travail est une approche pluridisciplinaire, complgéomicrobiologie, chimie et minéralogie.
Cette étude s’est déroulée en couplant de I'expédriationin (terrain) etex (laboratoire)situ.

Ce travail a permis d’apporter de nouveaux eclasagyr les relations existant entre l'activité
des micro-organismes, la stabilité et la réactidiés oxyhydroxydes de fer et la mobilité de
'arsenic dans les sols et les eaux. Les princgpatnclusions concernant les deux volets de
ce travail sont synthétisées ci-dessous.

La bio-oxydation

Le role des bactéries dans les processus d’oxydlectidn du fer est de mieux en mieux
connu (Lovley, 1991, 1997 ; Fortin et al., 1996mdfson, 2000 ; Dassonville et Renault,
2002 ; Bonneville et al., 2004). Il reste néanmansore en partie élusif. Il a souvent été
suggéré que les bactéries, du fait de la préseasegbupements chimiques réactifs qui
peuplent leur surface, catalysent I'oxydation dudela précipitation des oxydes de fer qui
s’ensuit (Ferris et al., 1989). Pour tester cetteothése, nous avons réalisé des cinétiques
d’oxydation du fer dans des conditions controléepl, de température, de concentration en
oxygene et de conductivité, en présence et en ebs#m bactéries. Différents régimes de
saturation de la surface des bactéries ont étésteses principaux résultats révélés par ces
expériences sont :

v’ Les bactéries retardent I'oxydation du Fe(ll) plutfue de la catalyser

Les cinétiques d’oxydation abiotique du fer a un mitre, sont tres rapides. Alors que
I'oxydation des ions Fé est inhibée en présence de bactéries soit, parmis: des ions
Fe?* sur les sites de surface des membranes soitppaslexation aux molécules libérées par
ces mémes bactéries (polyméres de surface ou psathilyse des cellules). Les oxydations
abiotiques sont caractérisées par un ‘overshogibmant qui est di a I'effet auto-catalytique
(c.a.d. 'oxydation des ions Eepar les oxydes de fer(lll)), et qui se manifesés tpeu de
temps (voir Figure I.1.) apres le début de la tiéacd oxydation. Les ‘overshoots’ sont
maximums dans les systemes abiotiques alors aliri;muent en fonction de la concentration
en cellules bactériennes dans les systemes bistique présence de bactéries diminue
‘'overshoot’ et augmente aussi la durée de miseéguilibre du systeme, c.a.d. le temps
nécessaire pour que les iong'Feomplexés a la surface des bactéries ou sur lgmpres
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quelles sécrétent, s’oxydent en °FeDans le cas ou les concentrations en cellules
bactériennes sont élevées (c.a.d. nombre de sitesiface > nombre d’ion £, tous les
atomes de fer présents tEeFe” et oligoméres de Fe(lll)) sont adsorbés & la sarfdes
bactéries ou complexés avec les molécules libenesgs bactéries.

v Les bactéries peuvent inhiber la cristallisatiors ydes de fer

Les surfaces de bactéries, en favorisant I'adsmrptes ions ferreux, retardent leur
oxydation et leur précipitation. De plus, les oxydermés sont moins cristallisés. Ces effets
augmentent avec le rapport (bactéries/fer). Leséticjnes d’oxydation abiotique dans cette
étude ont conduit a la formation de Iépidocrodifapplication de conditions expérimentales
analogues sur les systémes biotiques a conduitf@r@ation de lépidocrocite de moins en
moins cristallisée en fonction de 'augmentationlaleoncentration en cellules bactériennes.
Pour des concentrations trés élevées en cellut@sériEnnes, les observations microscopiques
et les analyses DRX ont montré qu’il n’y avait jpiesformation d’oxydes de fer (Fig. 11.1.1).
Les atomes de fer se sont complexés sur les saracavec les molécules libérées par ces
bactéries sous forme de Fe(ll) ou Fe(lll) monomegjou Fe(lll) polymériques.

v’ Les bactéries ralentissent I'oxydation de Fe(ll)

L’oxydation des ions Fé est un phénoméne bien plus lent en conditionsgpies qu’en
conditions abiotiques dans des conditions physitotcues équivalentes. De plus
I'oxydation est plus rapide a pH 7,5 qu'a pH 6,6ralque la plupart des ions sont adsorbés a
la surface des cellules. Ceci suggere que (a) Boxydation a lieu rapidement dans la
solution aprés désorption des ions de la membraotetienne (b) soit, les ions ferreux
s’oxydent malgré leur adsorption a la surface degdries, ceci indique que leur oxydation
dans la configuration d’ion adsorbé est dépenddunieH.

v Implications pour le cycle du fer

Le cycle du fer dépend essentiellement des réactiéaox, et des activités microbiennes
(Fortin et Langley, 2005). Le fait que les bact@rjguissent diminuer, voire inhiber la
cristallisation des oxydes de fer, rend a la feigelr plus mobile dans I'environnement, mais
augmente aussi les surfaces spécifiques des oxdeldsr biogéniques et par conséquent
favorise I'adsorption des éléments traces métabgu.es oxydes de fer biogéniques sont
donc des piéges mais aussi des sources potentigéepolluants métalliques. Par exemple
I'arsenic possede une grande affinité pour les egyde fer amorphes et peut s’immobiliser a
leurs surfaces. Cette technique est utilisée conméthode de dépollution des eaux
contaminés en arsenic (par exemple, ouest de BergaAsie) (Garelick et al., 2005 ; Charlet
et Polya, 2006).

Notre étude a révélé, que malgré des conditionsbagres constantes une proportion
importante de fer reste adsorbée sous forme Fe(H)surface des cellules bactériennes. En
fonction du pH, ce fer peut étre libéré dans lautsmh. Les bactéries pourraient donc
constituer un réservoir de fer non négligeable dansironnement.

Enfin, il est important de garder a I'esprit queckcle du fer ne peut étre interprété
indépendamment de la présence non seulement desiésienais aussi des autres éléments.
Si les oxydes de fer peuvent contribuer a la captier divers éléments (phosphore, arsenic,
métaux traces,...), ceux-ci peuvent aussi affeceiptecessus de précipitation du fer. Nous
avons ainsi commence une étude pour examiner coejoent I'oxydation du fer en présence
a la fois de bactéries et de cadmium (cf. anneelle-ci indique que si la précipitation des
oxydes de fer a un impact sur la spéciation du oamimla réciproque peut aussi étre vrai,
dans la mesure ou le cadmium peut favoriser laigitétion des oxydes en chassant les ions
Fe?* de la surface des bactéries. L'étude conjointeys&mes complexes impliquant & la fois
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des bactéries et plusieurs éléments permettra dexntiomprendre les interactions multiples
qui peuvent se produire dans des environnementsaetatomplexes.

La bio-réduction

La bio-réduction du fer a été largement étudiédaboratoire (Francis et Dodge, 1990 ;
Zachara et al., 2001 ; Quantin et al., 2001, 20023.principaux paramétres influents tels que
les parametres physico-chimiques (pH, Eh, T), lmlore de cellules bactériennes, le type de
matiére organique donneur d’électrons et I'étatritallisation des oxydes de fer, ont été mis
en évidence. Cependant, ces expériences ont éesdans des conditions bien contraintes
de laboratoire. Il n'est pas certain que sur leater ou tous les parametres jouent
simultanément, et s’influencent les uns les autedspu la solution de sol n'est pas a
I'équilibre, les mémes phases secondaires ou lesem@&endements de dissolution puissent
étre obtenus. Pour pouvoir réaliser une telle éswdde terrain, il a fallu résoudre plusieurs
problémes techniques tels que la récupération dgdes de fer apres leur insertion dans le
sol naturel ou leur séparation de la matrice duRolr cela, des plaquettes acryliques inertes
ont été recouvertes d’oxydes de fer (ferrihydritéépidocrocite dopés ou non en As(V)) puis
insérées directement dans les différents horizams bl hydromorphe de zone humide (zone
humide du bassin versant expérimental de KervidiziNaBretagne, France). Aprés un temps
donné de contact, les plaquettes on été analyseesitgtivement et minéralogiquement afin
(a) de mesurer la cinétique de dissolution rédeeeties oxyhydroxydes de fer, (b) d’identifier
les phases secondaires néoformées et (c) dévéiogract de la dissolution et de la
reprécipitation des phases secondaires sur la igoldi I'arsenic initialement associé aux
oxyhydroxydes de fer. Les résultats majeurs segbayd de cette étude de la bio-réduction
sont résumes ci-dessous.

v" Nouvelle méthode in situ de suivi des oxydes de fer

La technique des plaquettes acryliques recouvditesyhydroxydes de fer a montré son
fort potentiel concernant I'étude qualitative etagtitative de la dissolution réductrice des
oxyhydroxydes de fer et de son impact sur la migbdies éléments traces associés. Elle a
ainsi permis de : (a) déterminer des taux de disisol dans le milieu naturel des
oxyhydroxydes de fer et de I'arsenic associé, {ioedtifier la nature des principales phases
secondaires formées dans un sol naturel réduit.

v" Impact de la nature des oxydes de fer sur leuribgmdution

La nature des oxydes de fer influent sur les psace®t les vitesses de dissolution des
oxydes. Il a, ainsi, été montré que la dissoluti&uctrice de la ferrihydrite était plus rapide
gue celle de la Iépidocrocite. De plus, l'altératiet la dissolution de la ferrihydrite se
produisent en surface des agglomérats trés deosasd par les nano-particules d’oxydes et
se traduisent par un arrondissement global de ac®1 Dans le cas de la lépidocrocite,
constituée d’'une ‘couche’ de cristaux de (M de longueur empilés les uns sur les autres, la
dissolution se traduit de deux manieres : (a) fegaux sont fortement altérés sur les cotés
(Fig. 11.2.5), (b) de profondes cavités colonispas des bactéries apparaissent dans la couche
de Iépidocrocite (Fig. 111.2.6).

v' Nature des phases secondaires

Les phases secondaires issues des études de dagonadrtant sur la dissolution
réductrice d’oxyhydroxydes de fer ont mis en evigela présence d’amakinite, d’hydroxyde
de carbonate ferreux, de magnétite, de pyrite,odéles vertes, de sidérite et de vivianite
(Lovley et al., 1987; Lovley et Phillips 1988; Moner et Coleman, 1997; Fredrickson et al.,
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1998; Cooper et al., 2000; Ona-Nguema et al. 20@@04 ; 2008 soumis; Zachara et al.,
2002, Fredrickson et al., 2003). Cependant, dansrasail, ce sont essentiellement des
sulfures de fer plus ou moins cristallisés qui eat ormés, et ce, malgré des conditions
globales de potentiel redox non favorables ££100 mV/ESH pour les Eh les plus faibles).
La formation de sulfures de fer s’explique pardésgnce de sulfates dans la solution du sol et
par un comportement hétérogéne de la matrice du Lsmlalement, les conditions de
saturation en soufre et fer et les conditions régexvent étre plus favorables a leur
précipitation (présence de micro-sites aux conaiticédox trés contrastées). L’absence de
phases secondaires de type sulfure dans les expeside laboratoire précédemment réalisées
s’explique grace a deux éléments. Pour la plupdentes elles, ces expériences
n'introduisaient pas de sulfates dans les solutEexérimentales. De plus, ces études ont
montré que la nature des phases secondaires etdiblée par le taux de réadsorption du
Fe(ll) a la surface des oxyhydroxydes de fer notoen dissous. Or, dans nos conditions
expérimentalesin situ, le Fe(ll) est non seulement, en compétition awec nombre
conséqguent d’anions et de cations pour I'adsorgiores sites de surface des oxyhydroxydes
mais en plus, les molécules organiques dissoutegepe le maintenir dans la solution par
complexation.

v' Mécanismes bactériens de bio-réduction

Les observations microscopiques ont montré une fastonisation bactérienne en contact
directe avec les oxydes de fer sur les plaguetteggérant que les micro-organismes jouent
un role important dans les processus de rédudteieolonisation bactérienne, la présence de
biofilms, I'altération de la surface des oxydesfeleet la précipitation de phases secondaires
suggerent que les processus biologiques, physigugshysico-chimiques se produisent
simultanément. En début d’incubation, les oxydesfatesont facilement accessibles aux
bactéries, alors gu’en fin d’'incubation, I'accedlgi des bactéries aux oxydes de fer devient
difficile a cause de la présence des particulesaleCe dernier point est démontré par la
chute de taux de dissolution (Fig. 111.3.4). Pdlears, la nature du sol a un effet majeur sur
les colonisations bactériennes qui sont plus ptésatans I'horizon organo-minéral que dans
I’horizon albique.

v" Mobilisation de I'arsenic
Une partie de l'arsenic associé aux deux oxyhydiegyde fer a été réduit en As(lll)

comme l'ont montré les analyses XANES. Cet As@¢té vraisemblablement réincorporé a
la surface de la plaquette, tres probablementgedsorption sur I'oxyhydroxyde de fer non
dissous comme le laisse penser I'épaulement olsi@nies spectres XANES et suggérant une
liaison As-O. Le processus de controle de la sfiéoiale I'arsenic semble donc étre un
couplage entre (a) une réaction de réduction hietide I'As(V) (libéré dans la solution par
dissolution des oxyhydroxyde) en As(lll) par destbaes réductrices de I'As et/ou du Fe et
(b) une réaction de réadsorption. Le taux d’arseradsorbé est plus important a la surface de
ferrihydrite qu’a la surface de la Iépidocrocitea kurface spécifique de la ferrihydrite est
élevée, ce qui permet a I'arsenic de se réadsoPaercontre, dans le cas de la lépidocrocite
non seulement, le nombre de sites disponibles estsnimportant mais en plus, la dissolution
des cristaux induit la destruction des sites pesfiéels d’adsorption de I'arsenic qui ne peut
plus se réadsorber.

v" Implications environnementales

Cette étude a montré qu’en conditions naturellesilgfures constituent la phase minérale
secondaire majeure issue de la dissolution rédectlies oxyhydroxydes de fer. Or, les
sulfures se comportent comme une phase puits @pabservir de réservoir temporaire ou
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définitif de nombreux métaux traces comme I'As, Cd, Cu et Hg (Bostick et Fendorf, 2003,
Bostick et al., 2003, Doyle et al., 2004, BoralSehapati, 2006, Ozverdi et Erdem, 2006).
Les sulfures de fer précipitent lorsque leur prodeisolubilité est atteint, c'est-a-dire lorsque
les concentrations en sulfures dissous (kSues de I'activité bactérienne sulfato-rédaetri

et celles en fer dissous ne sont plus compatibles & maintien de ces espéeces a I'état
dissous. Des sulfures particulaires de type maekiragreigite (FeS) apparaissent alors ; ils
évoluent a terme vers d'autres sulfures de typeatepyFeS). Les sulfures ainsi formés
peuvent conduire a la génération de sulfures pdigiiigies par substitution de sulfures de
métaux moins solubles que le sulfure héte initialcadmium, par exemple, peut ainsi former
des sulfures en s’échangeant avec le fer déjagit@sious cette forme. De la méme facon, le
cuivre dont le sulfure est moins soluble que cdlucadmium peut, par substitution, conduire
a l'apparition de sulfure de cuivre. Par ce progsstes sulfures sont des puits extrémement
actifs pour les éléments traces (Boust et al., 1988pendant, dans les sols hydromorphes
faisant I'objet d’alternances rédox, les élémené&atliques peuvent s’adsorber aux sulfures
de fer. Ces changements de conditions d’oxydo-té@muaeprésentent donc un danger
important pour I'environnement en raison de la deassolubilité des sulfates. Une partie
importante des éléments traces peut donc ainsitr@meférée de la solution du sol vers les
hydrosystemes.

Dans le cadre de cette étude, il a été montré 'gs€V) a été réduit en As(lll), espece
beaucoup plus toxique et plus mobile. Une faiblangge de I'As(lll) s’est réadsorbée sur
I'oxyde de fer non encore réduit. Cependant, agtntité d’As(lll) réabsorbée est trés faible
au regard des concentrations initiales et on peut considérer que la majeure partie de
I'arsenic a été libérée dans la solution sous fadfAs(lll). Le processus de bio-réduction des
oxydes de fer est donc un processus importantéealion d’arsenic dans la solution de sol
comme l'on déja montré plusieurs auteurs a patétude de laboratoire ou de suivis de
terrain (McArthur et al., 2001, 2004 ; Akai et &Q04 ; Islam et al. 2004 ; Hornemann et al.,
2004). Les oxydes de fer peuvent donc étre corésdéomme des pieges a arsenic, on les
utilise d’ailleurs comme tel en dépollution. Néannsp en présence de matiere organique en
condition anoxique ils se révélent étre des sountg®rtante d’arsenic. C'est d'ailleurs la
dissolution réductrice des oxyhydroxyde de fer eglen arsenic qui est soulignée comme
étant le processus responsable de l'augmentatignteleeurs en arsenic dans les eaux
souterraines au Bengladesh et au Cambodge (Hanvey.,€2002). En effet, I'irrigation
intensive liée au développement agricole au Berglada entrainé une augmentation des
teneurs en matiére organique dans les eaux saoesr@darvey et al., 2002). Dans ces eaux
souterraines en présence de matiére organiquebde®ries utilisent les oxyhydroxydes
comme accepteur d’électrons, ceux-ci sont alorsodss et libérent massivement leur charge
en arsenic.

D’un point de vue plus général, comprendre lesggsgs intervenant a I'interface solide-
solution dans le sol (la ‘critical zone’ des Anglaxons), est un préalable indispensable a la
préservation de la qualité des ressources que sament les sols et l'eau. Cette
compréhension des processus est également indidperai développement de méthodes de
dépollution-remédiation. Cette connaissance passs hien, par une meilleure détermination
des mécanismes et des taux de réactions biogéaglemnécessaire aux modélisations que
par, une meilleure connaissance des materiaux qogsi dans les processus. Ces dernieres
années, les techniques basées sur les micro-adiaynchrotron (EXAFS, XANES....), les
techniques de génomique moléculaire et les sonéleghgsiques ont permis de déterminer
rapidement et plus précisément la composition s et sédiments naturels. Cependant,
ameliorer notre connaissance des processus biagéqales impligue de connaitre
I'interaction entre ces différents composants dansol ‘vivant’ et structuré parcouru par des
flux d’éléments et d’énergie. Cette connaissancat @re partiellement atteinte par des
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modeéles couplant physique, chimie et biologie ocarsalpar des expérimentations situ
comme présentées dans ce travail. En effet, lanigeé des supports recouverts d’'oxydes de
fer ou d’un autre minéral peut permet d’améliores monnaissances quant a I'impact de la
composition et du fonctionnement dynamique du solla minéralogie des sols et sur les
réactions biogéochimiques (nature et taux) misgswrDe plus, par sa capacité a isoler de la
biomasse du sol des communautés spécifiques de-priganismes, elle peut permettre de
fournir des données sur leur nature et leur rofes dies processus enclenchés.
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V. PERSPECTIVES

Si cette étude a répondu aux objectifs fixés quistaient a évaluer le rble de I'activité
biologique et des réactions non métaboliques dardyhamique du fer dans les sols, des
aspects restent a explorer concernant, a la faislét bio-oxydation et le volet bio-réduction.

Il serait, en effet, intéressant de:

» Coupler pour I'étude des mécanismes d’oxydatiofieda la surface des bactéries (a)
des analyses par Spectroscopie Mdssbauer afin tendéer le degré d'oxydation et
I'environnement électronique local du fer sur lasos cellulaires, (b) et des observations par
Microscopie Electronique a Transmission (MET) afle mieux visualiser la structure
atomique des oxydes de fer biogéniques (intracateg ou extracellulaires) se formant en
contact intime avec la matiére organique bactédenn

» Etudier les mécanismes et la cinétigue d’oxydatcn fer en milieu naturel.
Bourcereau (2006) a montré que dans une chassng'éForet de Brocéliande, Bretagne,
France), une quantité importante du Fe(ll) rejedésdle ruisseau sous-jacent s’oxydait en
présence de bactériesLeptothriy sur des fibres nanocristallines constituées de
polysaccharides (Fig. 1). Il serait intéressantref@oduire ce phénoméne au laboratoire en
présence de ces mémes bactéries afin de compilesdrgcanismes de précipitation du fer.

» La technique des plaquettes recouvertes d’oxydésrgemontré sa capacité a pouvoir
isoler un consortium bactérien spécifique de laaligion réductrice d'oxydes de Fe(lll) et
d’As(V). Il serait extrémement intéressant de déteer la nature de ces bactéries. En effet, la
plupart des études de biodissolution réductricecgsgles de fer ont été réalisées a I'aide de
divers souches diverses d&hewanella putrefaciengr, ces bactéries ne sont pas des
bactéries spécifiques des sols. L'étude des bastéblées sur les supports permettraient
donc d’identifier les souches ‘naturelles’ du sapables de réaliser non seulement, la bio-
réduction du fer mais également, de mettre en @cmldes associations bactériennes
nécessaires a ce mécanisme. Les technigues de igéieoinhaut débit, ainsi que les puces a
ADN pourraient fournir a ce titre des outils préoieOn pourrait imaginer une étude en deux
temps avec une premiére étape consistant a locdhss des échantillons in vitro, les micro-
organismes responsables d’une activité metabopqugculiére par des techniques basées sur
I'hybridation des ARN. Dans un deuxieme temps, Hastéries ainsi identifiées pourraient
étre d’autant plus facilement quantifiées et agmsiavec des minéraux marqueurs dans le
milieu naturel gu’elles seraient associées a euxles plaquettes. Deux types de cibles
ribonucléiques pourraient étre envisagées pourdeguage : des ARN ribosomaux 16S ou
des ARN messagers (codant pour une protéine dinecteimpliquée dans la réduction du
Fe(lll) ou de I'As(V).

» Caractériser finement la minéralogie des phasemdeaes formées :

» par EXAFS, ce qui permettrait de déterminer le imaige atomique du fer et de
I'arsenic (-Fe-As, -S-As, -O-As) afin de savoir’arsenic est en priorité réabsorbé
sur les oxydes de Fe ou lié au sulfures.

= Par NanoSIMS, ce qui permettrait de réaliser umeogeaphie chimique fine des
éléments a la surface des supports acryliques.

Le couplage NanoSIMS, EXAFS et XANES pourrait aiarifier la nature des liaisons ainsi
gue les mécanismes impliqués dans la dissolutienoXgdes et la formation des phases
minérales secondaires.

> Appliquer cette méthodologie a d'autres minéraughes en Fe(ll) comme la
magnétite, en les insérant, dans un premier ted®ss un sol réduit en colonnes de sol au
laboratoire, ensuite en les réoxydant en aérobire d&tudier la cinétique d’oxydation et ses
conséguences (vitesses, quantités formées...). Omraitoagalement imaginer des études
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d’alternances expérimentales d’oxydation et de ctoo afin d’évaluer l'efficacité des
processusopérants.

i

—_— irm F1
QU ®15,.8068

Fig. 1. a) Ruisseau du ‘Val sans retour’ dans ftétfde Brocéliande (Bretagne), trés coloré,
riche en oxydes de fer, montrant dans le détailadghoto, la présence de ces oxydes
précipités sur les biofilms. b) Structure typelLéptothrixsur un échantillon de ce biofilm. La
photo permet de visualiser la finesse des constingtanocristallines de polysaccharides
effectuées par les bactéries composant le bioBspaonsable de I'immobilisation du fer.
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A.l. Réle de I'oxydation de Fe(ll) dans la séquesition du cadmium par
les surfaces bactériennes.

Xavier Chéatellier
Mohamad Fakih
Christopher J. Daughney

Cette partie correspond a un article soumis adag&eochimica et Cosmochimica Acta,
‘How the sorption and oxidation/hydrolysis of F¢@ffects cadmium immobilization by
Anoxybacillus flavithermusurfaces’, (Aodt 2008)
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RESUME

Les isothermes d’adsorption du Cd ont été mesyséas des cellules &noxybacillus
flavithermus exposées & des quantités croissantes de catioreuxfe(Fé") dans des
suspension sous différents degrés d'oxydationsusgensions Cd-Fe-bactéries ont également
été examinées par Microscopie Electronique a Bglay®IEB). La précipitation d’'oxydes de
fer a été ralentie dans des conditions de rapbetbactéries) faibles. L’adsorption de Cd a
également été considérablement réduite. Les ptésipioxydes de fer ont été formés sous
des rapports (Fe/bactéries) élevés. L’adsorptionCdea été également significativement
réduite au début de I'oxydation quand le fer &paittiellement oxydé. , Mais, a des stades
plus avancés dans le processus d'oxydation et ilygd du fer, la capacité d’adsorption de
Cd de la suspension a été en partie retrouvéeré¢ndtats indiquent que les cations Fet
Cd?* sont en concurrence avec des affinités comparatues les sites réactifs sur la paroi
cellulaire bactérienne. Le rapport (Fe/bactérias)si que la spéciation du fer jouent un réle
important sur I'adsorption de Cd sur la suspen$gotbactéries. On note également qu’alors
que l'adsorption et l'oxydation/hydrolyse du ferffeate I'adsorption du Cd, l'inverse est
egalement vrai, puisqu’il est observé que l'adsorpdu Cd favorise la précipitation des
particules d’oxydes de fer.

ABSTRACT

Cd?* sorption isotherms were measured Asroxybacillus flavithermusells exposed to
increasing doses of Fecations under different degrees of oxidation @ suspensions. The
Cd-Fe-bacteria suspensions were also examined agn8g Electron Microscopy. At low
Fe/bacteria ratios, Fe-oxide precipitation was @red and Cd sorption was significantly
reduced. At high Fe/bacteria ratios, Fe-oxide jmitaies were formed. In partly oxidized
suspensions, Cd sorption was also significantlyiced, but at more advanced stages of the
Fe oxidation/hydrolysis process, the Cd sorptiopacdy of the composite suspensions was
partly recovered. Our results indicate thaf"Fend Cd" cations compete with comparable
affinities for the reactive sites on the bactecill walls and that the Fe/bacteria ratios as well
as the Fe speciation are important controls on @gtien onto iron-bacteria composite
suspensions. Interestingly, whereas Fe sorptionoaidthtion/hydrolysis affects Cd sorption,
the opposite is also true, as Cd sorption was gbddnp promote the precipitation of Fe-oxide
particles.

1.1. INTRODUCTION

Many studies have focused on the adsorption of lnsataons by bacteria (e.g. Beveridge
and Murray, 1980; Beveridge, 1989; Fein et al.,7199aughney et al., 2001; Borrok et al.,
2004; Chatellier and Fortin, 2004; Daughney andtiko2006) or by iron oxides (e.g.
Dzombak and Morel, 1990; Venema et al., 1996; Hiesrend van Riemsdijk, 1999; Buerge-
Weirich et al., 2002). The adsorption of metalsbloyh bacterial surfaces and iron oxides is
dependent on pH and metal-to-sorbent concentratitom, and may also be affected by ionic
strength and the presence of competing sorbatesy M#odels have been developed to
describe metal-bacteria and metal-iron oxide adsorpoften based on isotherms or surface
complexation theory. The interest in developingrditative model for these processes relates
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to observed relationships between metal adsorpimoimetal transport, reactivity and toxicity
(Langmuir, 1997).

Fewer studies have investigated metal partitiomingystems containing both bacteria and
iron oxides. Small et al. (1999) performed a labmwastudy and reported th&hewanella
alga adsorbed more strontium than hydrous ferric oxidder the experimental conditions
employed. In the iron-bacteria composite systerhsret was an observable decrease in
adsorption, in comparison with the pure bactenatems, because the iron oxides were
inferred to mask the bacterial surface bindingssitulczycki et al. (2005) observed similar
behavior for the adsorption of cadmium and leadcbynposites ofBacillus subtilis or
Escherichia coliand ferrihydrite. In contrast, a laboratory stymsrformed using EXAFS
spectroscopy indicated that the sorption of leactdyposites oBurkholderia cepaciaand
goethite was dominated by the iron oxide at pHan@ that ternary complexes involving both
phases were significant at low pH (Templeton et28l03). A few field studies have assessed
metal ion binding by “biogenic” iron oxides formég oxidation of Fe(ll) in the presence of
bacteria, and suggested that metal adsorptionvserged by the bacterial component under
the ambient conditions at the field site (FerrialetL999, 2000; Martinez et al., 2004).

The aim of this investigation is to assess relatgps between metal adsorption and 1) the
ratio of total iron to biomass concentration andh2) extent of the oxidation and hydrolysis of
the Fe(ll). Fe(ll) is known to adsorb to bactetiading sites (Chatellier and Fortin, 2004,
Roden and Urrutia, 2002; Urrutia and Roden, 1988) so we hypothesize that its presence
will reduce the adsorption of other metal catidm®tgh competitive effects (e.g. Cotoras et
al., 1992; Fowle and Fein, 1999). We also hypo#eesihat when iron oxides form, metal
adsorption will decrease relative to iron-free colst as observed in previous laboratory and
field studies (Ferris et al. 1999, 2000; Smalllet2001; Martinez et al., 2004). Overall then,
the incremental oxidation, hydrolysis and precita of iron in the presence of bacteria
might have a significant and previously unrecogaiséfect on the behavior of dissolved
metals. To our knowledge, no previous studies Hasen designed to specifically assess
relationships between metal adsorption and the ddtsoluble Fe(ll) to iron oxide or the ratio
of total iron to bacterial concentration.

The experiments conducted in this investigationdmsigned to mimic natural conditions
where dissolved Fe(ll) is diffusing from an anogitvironment into an oxic bacteria-bearing
setting, leading to progressive oxidation of thenirwhile the oxygen concentration,
conductivity and pH are essentially constant owraet The experiments are conducted using
established protocols and previously studied redstan order to facilitate interpretation of
results. Cadmium was selected as the sorbate l®daus a common heavy metal
contaminant, and because several previous studies &ssessed its adsorption by bacteria
(Fein et al., 1997; Daughney and Fein, 1998; Fawme Fein, 1999; Daughney et al., 2001;
Boyanov et al., 2003; Borrok et al., 2004) or imades (Dzombak and Morel, 1990; Cowan
et al., 1991; Ainsworth et al., 1994; Hiemstra &ad Riemsdijk, 1999; Buerge-Weirich et al.,
2002; Martinez et al.,, 2004). The experiments weerformed usingAnoxybacillus
flavithermus a thermophilic bacterium isolated from the maiastewater drain at the
Wairakei Geothermal Power Station (North Island,wNg£ealand), because its surface
characteristics and cadmium binding capacity hasenbrecently described (Burnett et al.,
2006a, b). Iron oxides and iron-bacteria composiese synthesized using a protocol
developed by Chatellier et al. (Chatellier et @02, 2004; Fakih et al., 2008a) (Section
[1.1.2.1), to ensure comparability with previouspublished results, and so that the
immobilization of Cd could be measured while tranioxidation/hydrolysis process was still
taking place. Throughout this paper, we use thentdron oxide” generically, without
inference to mineralogy, crystallinity, particlezsj or other properties (see Cornell and
Schwertmann, 1996). We also use the term “irondsagctomposite” to describe any mixture
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of iron and bacteria, in order to avadpriori assumptions about whether the iron is soluble
or adsorbed, reduced or oxidized, monomeric oripitated as iron oxide, or whether the iron
oxide, if present, is coating cell surfaces ot i§inot associated with the bacteria at all.

1.2. METHODS

1.2.1. Preparation of bacterial suspensions

Sixteen independent suspensionsAofflavithermuswere prepared using a previously
established protocol (Burnett et al., 2006a). Taetdria were pre-cultured in 5-mL volumes
of autoclaved (121C, 20 min) trypticase soy broth (Becton DickonddBA). After growing
for 24+ 0.1 h at 60C, two 1-L volumes of autoclaved broth were inoteda each with two
5-mL pre-cultures, and these were placed in artarhbiixer incubator (60C, 100 rpm) for
an additional 24+ 0.1 h. The two cultures were harvested in latdiostary phase by
centrifugation (600§, 15 min), rinsed five times in 0.01 M NaMN@he electrolyte used
during the Cd adsorption experiments, in accordavite Burnett et al., 2006a), and mixed
together. After each step in the rinse procedine peacteria were recovered by centrifugation
and the supernatant was discarded. The bacteria prvepared with this growth protocol to
ensure that the cells would be intact but not gngvar dividing, with other characteristics as
previously reported by Burnett et al. (2006a) (€ahll). Finally, the cells were resuspended
in 120 ml of 0.01 M NaCl (the electrolyte used dgrisynthesis of the iron oxides, in
accordance with Chéatellier et al. 2001, 2004 arldhret al., 2008a, section 11.1.2.1), and the
biomass concentration was quantified by measureofemptical density at 600 nm. Three of
the 16 cell suspensions (120 ml) were used to tigage Cd adsorption by the bacteria in the
absence of added iron, whereas the remaining 13ugbensions were used in the synthesis
of the iron-bacteria composite suspensions as suixedain Table A.2 and described in
detail below.

Table A.1. Characteristics @f. flavithermusells (after Burnett et al., 2006a).

Parameter Mean + 20
Cell length (1m) 3.89+1.45
Cell Width (m) 0.54+0.18
Cell wall thickness (nm) 28.1+7.4
Surface area (hwet g*) (assuming cylindrical geometry) 79114
Ratio of dry biomass concentration (g)Lto optical density (600 nm) 0.5359
Ratio of wet to dry biomass concentration 6.7£0.1
Cell wall functional group concentratior {0* mol per dry g) 8.54 2.0

123



Table A.2. Experimental conditions correspondingeteh Cd sorption isotherm. n is the
number of data points obtained for each experimienthe columns indicating the total Cd
concentration and the name of the suspension, *théndicates that the suspension was
spiked with Cd using a solution neutralized at pBl. In the columns indicating the name of
the suspension, the sign “SEM” points at the twmdas, which were exposed to Cd and
then observed by Scanning Electron MicroscopysA#ipensions were aged for4.3 h after
the end of the addition of the FeQolution, except “fresh” suspensions. All suspensi
were washed except “fresh”, “not washed”, and FelAfsuspensions.

Synthesis, Iron-Bacteria Composites Cd AdsorptsmiHerms

Name of suspension [AF] - FeCl P [AF] [Fe] [Cd]

pH dry mi mg/dr dry ma.Lt mg.L*t N

gLt gidyg gt 9. g.

Blank 1 NA 0 0 N/A 0.0 0.0 5 1
Blank 2* NA 0 0 N/A 0.0 0.0 5 ;
Blank 3* NA 0 0 N/A 0.0 0.0 55 4
Blank 4* NA 0 0 N/A 0.0 0.0 15 5
Blank 5* NA 0 0 N/A 0.0 0.0 5+ 5
Blank 6* NA 0 0 N/A 0.0 0.0 15 5
Blank 7* NA 0 0 N/A 0.0 0.0 55 5
Blank 8* NA 0 0 N/A 0.0 0.0 15 6
Blank 9* NA 0 0 N/A 0.0 0.0 5 6
Fe1l 6 0 20 N/A 0.0 232 1 é
Fe 2 65 0 20 N/A 0.0 232 1 é
Fe 3 7 0 20 N/A 0.0 232 1 é
AF 1* NA  NA 0 N/A 01 0.0 5 ;
AF 1* NA  NA 0 N/A 0.4 0.0 5 é
AF 1* NA  NA 0 N/A 1.0 0.0 5 ;
AF 2* NA  NA 0 N/A 01 0.0 5 é
AF 2* NA NA 0 N/A 04 0.0 5 é
AF 3* NA  NA 0 N/A 1.0 0.0 5 é
Fe-AF 0 (Blank) 6 036 20 62 0.4 25 0 ;
Fe-AF 0 (Blank) 6 036 20 62 01 6.2 0 ;
Fe-AF 1 (t=0) 6 036 20 62 04 25 5 6
Fe-AF 1 (t=10mn) 6 036 20 62 04 25 5 6
Fe-AF 1 (t=30mn) 6 036 20 62 04 25 5 6
Fe-AF 1 (t=1h) 6 036 20 62 0.4 25 5 6
Fe-AF 1 (t=3h) 6 036 20 62 0.4 25 5 6
Fe-AF 1 (t=6h) 6 036 20 62 0.4 25 5 5
Fe-AF 2 6 036 20 62 1.0 62 5 é
Fe-AF 2 6 036 20 62 04 25 5 é
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Fe-AF 2 6 036 20 62 01 6.2 5 é
Fe-AF 2 6 036 20 62 0.03 1.9 5 (1)
Fe-AF 3 6 036 20 62 3.0 186 5

Fe-AF 3 6 036 20 62 1.0 62 5 é
Fe-AF 3 6 036 20 62 04 25 5 é
Fe-AF 3 6 036 20 62 01 6.2 5 é
Fe-AF 4* 6 036 20 62 1.0 62 5 ;
Fe-AF 4* 6 036 20 62 0.4 25 5 ;
Fe-AF 4 6 036 20 62 0.4 25 5

Fe-AF 4* 6 036 20 62 01 6.2 5 ;
Fe-AF 5 6 036 5 16 04 6.2 5

Fe-AF 5 6 036 5 16 0.1 16 5

Fe-AF 6 (SEM) 6 036 5 16 3.0 47 5

Fe-AF 6 6 036 5 16 0.4 6.2 5 ;
Fe-AF 6 6 036 5 16 0.1 16 5 ;
Fe-AF 7 6 036 5 16 3.0 47 5

Fe-AF 7 6 036 5 16 0.4 6.2 5 (1)
Fe-AF 7* 6 036 5 16 1.0 16 5 ;
Fe-AF 7* 6 036 5 16 04 6.2 5 ;
Fe-AF 7* 6 036 5 16 01 16 5 1
Fe-AF 8* 6 036 10 31 1.0 31 5 é
Fe-AF 8* 6 036 10 31 0.4 12 5 é
Fe-AF 8* 6 036 10 31 01 31 5 é
Fe-AF O 6 036 40 124 3.0 372 5

Fe-AF 0% 6 036 40 124 1.0 124 5

Fe-AF 9% 6 036 40 124 0.4 50 5 é
Fe-AF 9% 6 036 40 124 0.1 12 5 é
Fe-AF 10* (SEM) 036 5 16 0.36 56 5

Fe-AF 11* (fresh) 6 044 10 25 0.4 10 5+ é
Fe-AF 11* (not washed) 6 0.44 10 25 0.4 10 5* é
Fe-AF 11* 6 044 10 25 0.4 10 5 é
Fe-AF 11* 6 044 10 25 1.0 25 5 %
Fe-AF 11* 6 044 10 25 01 25 5 é
Fe-AF 12 (fresh) 6 044 20  0to082 0.4 20 5e 2
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1
Fe-AF 12* (not washed) 6 044 20 82 0.4 20 5 2
Fe-AF 12+ 6 044 20 82 1.0 51 5 ;
Fe-AF 12+ 6 044 20 82 0.4 20 5 ;
Fe-AF 12* 6 044 20 82 01 51 5+ ;

1.2.2. Preparation of iron-bacteria composite susjpas

Altogether, 16 different suspensions were prepdfl biotic experiments including
bacteria, 3 abiotic experiments in the absenceaofdnia). The first ten separate iron-bacteria
composite suspensions are denoted in Table A.2ea&8H-0 to Fe-AF 9. Each of these
suspensions was prepared by starting with 500 rAl@f M NaCl containing cells from two
independently grown 1-L cultures Af flavithermus(0.36 dry g.[!), as explained in section
A.1.2.1. In each case, the cell suspension wasstadjuo pH 6 using 0.1 M NaOH and then
stirred continuously while a known total volume (&), 20 or 40 ml) of Feglsolution
([Fe(I] = 1.25x 102 M, [HCI] = 2.50x 10° M) was added at a constant rate (0.05 ml/min,
Metronm model 776 automatic burette, Switzerlardiring the addition of the Fef£l
solution, the pH of the suspension was held cohgtapH 6 via addition of 0.1 M NaOH
controlled with a pH-stat autotitrator (Metrohm 7&P Titrino, Switzerland). A high
concentration of dissolved oxygen was maintained ttuthe slow rate of addition of the
Fe(ll) and by stirring the suspension, which reradinn contact with the atmosphere. In
addition to the ten iron-bacteria composite suspess three abiotic suspensions were
prepared using the same protocol, denoted in TAlkeas Fe 1 to Fe 3. These abiotic
suspensions were prepared by starting with 500 fnfl.@L M NaCl (without bacteria), to
which 20 ml of FeGl solution was slowly added at a constant rate @ @nl/min while the
pH was fixed at 6, 6.5, or 7 (Table A.2).

The solids (iron oxides or bacteria with associated and/or iron oxides) were harvested
by centrifugation (600§ 15 min) 12 £ 5 h after the end of the additiorthed FeCJ solution.
This time frame was selected based on practicaiderations and on the measurements of
pH and redox potential over time, which indicatbdttthe oxidation and hydrolysis of the
introduced iron could continue for several hourerathe end of the addition of the FeCl
solution. The solids were then rinsed five time®.01 M NaNQ (the electrolyte used during
the Cd adsorption experiments). After each stepgh rinse procedure, the solids were
pelleted by centrifugation and the supernatant diasarded. The iron-bacteria composites
and the abiotic iron oxides were synthesized usirggprotocol in order to permit assessment
of the degree of saturation of the bacterial s@gagith respect to introduced Fe(ll).

Three additional iron-bacteria composite suspessivare prepared using variations of
the protocol described above, in order to addredsia research questions. In experiment Fe-
AF 10 (volume of FeGladded equal to 5 ml), the bacterial suspensionimmally spiked
with 5 mg.L* of Cd (Cd Atomic Absorption standard solution, @Qfbm Cd as Cd(N£ in
0.5 M HNG;, Merck, Germany) prior to the addition of any Fe@ this experiment Cd was
added to the background electrolyte in order tessshe effect of its presence during iron
addition on the capacity of the iron-bacteria cosif@s to adsorb Cd. In experiment Fe-AF 11
(volume of FeGl added equal to 10 ml, bacterial concentration kequd.44 g.L), the solids
from 60 mL of the suspension were collected immetirafollowing completion of the
addition of the FeGlsolution. 17 h later, another 60 mL of the susymmnsvas collected
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again. These two samples were used immediately efiéection and without any further
treatment for Cd isotherm experiments at a badtedacentration of 0.4 gt (see Section
A.1.2.4). The remainder of the solids from this thgsis were collected and rinsed as
described above. Experiment Fe-AF 11 was thus dedigo permit comparison of Cd
adsorption by the “fresh” and “aged” iron-bactec@mposites, as well as to evaluate the
effect of the washing procedure on the Cd adsarpifcthe “aged” iron-bacteria composites.
Finally, for experiment Fe-AF 12 (volume of FeChdded equal to 20 ml, bacterial
concentration equal to 0.44 @), two 5-ml subsamples of the suspension were celle
every 20 min for a total of 7 h, and used to asties®ffects of the introduction, adsorption,
precipitation and aging of the iron on Cd adsorptiy the iron-bacteria composites at a
bacterial concentration of 0.40 g L(see Section A.1.2.4). 17 hours after the endhef t
addition of the FeGlsolution, the remainder of the solids were coldcand rinsed as
described above.

In this paper, we denote the Fe/bacteria ratio ly $ymbolp. The values ofp
investigated here range from 0 to 124 mg of Fedpgg of bacteria (Table A.2).

1.2.3. Scanning Electron Microscopy

Seven selected samples of iron-bacteria composaésotic iron oxides andA.
flavithermuscells (without added iron) were collected in mtakees, centrifuged, and washed
five times in acetone (10 000 g, 10 min, 5°C), #meh dried at the critical point (Balzers
Instruments, CPDO010, Liechtenstein). The samplesewabserved by SEM without
metallization, using a JEOL JSM-6301F Field Emissigaun Scanning Electron Microscope
operated at 9kV.

1.2.4. Cadmium adsorption measurements

Fifty-one Cd pH-adsorption isotherm experimentsemgerformed using the solids from
the various syntheses and at different cadmiunelio-goncentration ratios (0.01 M NaNO
was used as the diluent), following the method ofrigtt et al. (2006b) (Table A.2, n>2).
Each isotherm experiment involved solids from eithree iron-bacteria synthesis (i.e. bacteria
and associated iron and/or iron oxides present|@mepusly), one abiotic synthesis (iron
oxides only), or one suspension of pure bactemaaghded iron). In general, the solids were
resuspended in 0.01 M NaN@t a known concentration, and the suspension pikedwith
a Cd Atomic Absorption standard solution (1000 p@eh as Cd(N@ in 0.5 M HNG,
Merck, Germany) to yield a final Cd concentratidrid® mg.L" (the three abiotic iron oxides
suspensions) or 5.0 mg‘L (all other suspensions). Nine blank adsorptionthismn
experiments, involving no solids at all, were gt@sformed at Cd concentrations of 1.5 and
5.0 mg.L. For some experiments, the Cd standard was fitsted to 55 mg.[* and then
adjusted to pH 5.% 0.2 prior to addition to the suspension, in ortleravoid possible
alteration of the solids that might have resulteanf the standard’s acidity. Aliquots (5 ml) of
the different suspensions were then transferrea potypropylene test tubes, and the pH of
the suspension each test tube was adjusted téeaedif value (pH 3-8) using known amounts
(<0.2 ml) of 0.01, 0.05 or 0.1 M NaOH or HNO'he test tubes were shaken for 1 h, except
in the case of a preliminary kinetic experiment vehiie time of equilibration was varied. All
Cd adsorption experiments were performed at@%o ensure comparability with previously
published results (e.g. Burnett et al., 2006a,Samples were then centrifuged (66025
min) and 3 ml of the supernatant was extractedifeen and analysed for dissolved Cd by

127



flame atomic absorption spectrophotometry (FAASrkih-Elmer AAnalyst 800, Rodgau-
Jigesheim, Germany) or for dissolved Cd and Fenbdtively coupled plasma optical
emission spectroscopy (ICP-OES) (Thermo Electras Intrepid 1l XDL, USA). The
remaining 2 ml of each sample’s supernatant weesl dsr the measurement of the final
equilibrium pH.

A slightly different procedure was used for the asthved 60 ml aliquots sampled in
experiment Fe-AF 11, which were split into 12 5subsamples. For this experiment, the 5-
ml subsamples of the iron-bacteria suspensionwkat used for the determination of the Cd
adsorption isotherm were not rinsed, and hence ettieriment was conducted with a
background electrolyte of 0.01 M NaCl instead @10M NaNQ. Each 5-ml subsample was
spiked directly with Cd standard (pH ca. 5.5) telgia total Cd concentration of 5 mg.&nd
a bacterial concentration of 0.40 g.LVarious amounts of acid or base were added to the
different 5-ml subsamples, as described aboveetemte a Cd adsorption isotherm over the
range 3 < pH < 8. All samples were equilibrated Toh and then analyzed for final Cd
concentration as described above.

In addition to the 51 adsorption isotherms, thrdditeonal Cd adsorption experiments
were conducted using variations to the experimeptatocol described above. First, Cd
sorption was measured at a single pH (n=1) in exmet Fe-AF 6 at a bacterial
concentration of 3 gL (sample used for SEM, see Table A.2, final pH 6).7Second, in
experiment Fe-AF 10, where Cd had been added midhe Fe (see section A.1.2.2. and
Table A.2, final pH = 6.0), Cd sorption was assdssethe supernatant at the end of the
synthesis. Third, in experiment Fe-AF 12, two 5-subsamples of the iron-bacteria
suspension were collected every 20 min (i.e. atielition of each ml of the FeCs$olution)
for a total of 7 h, and once at the end of thelssi, 17 hours after the end of the addition of
the FeCJ solution. A small amount of 0.01 M NaOH (83L5 ul) was added to one of the two
subsamples collected at each time interval, inra@elightly increase its final pH, whereas
the pH of the other subsample was not adjustedsdgtion was measured at the two pH
values (n=2) as in experiment Fe-AF 11.

1.3. RESULTS AND DISCUSSION

1.3.1. Scanning Electron Microscopy

Figure A.1 displays characteristic SEM micrograpfsthe iron-bacteria composite
suspensions. A micrograph of suspension AF 3, ceegpbmofA. flavithermuscells in the
absence of any added Fe, is shown on Figure AHd&aléingth and width of the cells appeared
to be identical to the previous observations mad8urnett et al. (2006a), as given in Table
A.1l. The cells also appeared as devoid of any pitatés. They were partially translucent, as
the electrons could penetrate the cells in the rades®f a metallic coating. The cells of
suspension Fe-AF 5, which was prepared with gnty 16 mg of Fe per dry g of bacteria,
looked similar to those of the pure bacterial suaspm;n AF 3. Notably, no precipitates were
observed, but the cells were more opaque. In thmpte, the introduced Fe was likely
adsorbed at the surface of the cells & BeFé" monomers or oligomers. The Fe coating on
the cell surfaces possibly contributed to theiréased opacity. Ap was increased to 25
mg/g (suspension Fe-AF 11), iron oxide precipitdiesame visible as scattered clumps of
aggregated particles, which were most often ineckssociation with the cells (Fig. A.1c).
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Figure A.1. SEM micrographs of suspensions AF-i¢aFe), Fe-AF 5 (bp = 16 mg/g), Fe-
AF 11 (c:p = 25 mg/g), Fe-AF 9 (cp = 124 mg/g), and Fe-AF 12 (e ancf= 16 mg/g + 5
ppm Cd).

Under SEM observation, suspension Fe-Alp & 31 mg/g) looked similar to suspension
Fe-AF 11 (micrographs not shown). For suspensicAF® (p = 124 mg/g), the amount of
iron oxide precipitates was noticeably larger (FAgld). The saturation of the cell surfaces
was thus reached for a value pibetween 16 and 25 mg of Fe per dry g of bact&iaa.
comparison, Fakih et al. (2008a) (Section Il.1)orggd thaBacillus subtiliscells were able to
adsorb F& and inhibit the precipitation of iron oxide pakéis up to a value gf comprised
between 21 and 80 mg of Fe per g of bacteria, wisidmilar to the range found here #r
flavithermuscells.
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Two composite iron-bacteria suspensions were diserved by SEM after they had been
exposed to Cd. In the first case, suspension F&-fF= 16 mg/g) was first synthesized and
then spiked with 5 ppm Cd, at a bacterial concéiotiaof 3 g.L* (see Table A.2). After a one
hour equilibration period, the suspension was sathfdr SEM analysis. The bacterial cells
were devoid of precipitates (micrographs not shoamg similar to those of suspension Fe-
AF 5, where the Fe/bacteria ratio was identicathia case, the presence of Cd did not lead to
any apparent change in the amount of precipitatedoxide. In the second case, suspension
Fe-AF 10 p = 16 mg/g) was first spiked with Cd at 5 ppm, #meh exposed to Eecations,
while the bacterial concentration was equal to @36". In this second case, as can be seen
on Figures A.le and A.1f, some iron-oxide prectpgacould be observed in the vicinity of
the bacterial cells. The difference probably arisesause although both cases correspond to
the same Fe/bacteria ratip € 16 mg/g), in the second case there was muchblasteria
relative to Cd, which could lead to a saturatiorth@ cell surfaces with respect to Fe at an
earlierp value.

1.3.2. Cd adsorption isotherms

1.3.2.1. Blanks

Blank experiments conducted without bacteria on iogide revealed an average Cd loss
of 3+ 3 % over the pH range 3 to 7 (humber of Cd measemnés n = 59). Blank experiments
conducted with iron-bacteria composites but withemded Cd did not show any release of Cd
to solution (suspension Fe-AF 0, n = 24). For bgpes of blank experiment, there was no
significant relationship between pH and amount dfdétected in solution. We thus conclude
that Cd loss and release in the blanks are nelgigdmd changes in Cd concentrations
observed in other experiments can be interpretéerms of adsorption by the bacteria and/or
iron oxide.

1.3.2.2. Cd adsorption by abiotic iron oxides

Cd adsorption by the abiotic iron oxide was negliggibelow pH ca. 6.5 but increased
sharply to 100% Cd loss by pH 7.5 (Fig. A.2). Sanitesults were obtained in each of the
three abiotic isotherm experiments, with no systendifference in Cd adsorption related to
the pH of synthesis of the iron oxide. The pH atokhthe 100% loss of Cd was reached
corresponds to the saturation limit of CdCO

It is instructive to compare the data to a modebpation for Cd adsorption by iron oxides
(Dzombak and Morel, 1990). The model predictiomiseasonable agreement with our data,
indicating that little adsorption should occur velpH 6, with the adsorption reaching 100%
by pH 7-7.5. The model over-predicts Cd adsorpsiightly, possibly because the iron oxide
synthesized in this investigation might not haveegas high a surface area and/or surface site
density as assumed by Dzombak and Morel (1990¢radtively, the complexation constants
of the reactive sites of our nano-particulate immdes might be a bit different from those
corresponding to larger particles. Nevertheless,nlodel prediction of Dzombak and Morel
(1990) and the CdC{>aturation limit can be used to define an envelopthe pH range 6-7,
in which Cd adsorption by iron oxide might be sfgraint in our experiments.
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Figure A.2. Cd adsorption by abiotic iron oxidesgared at pH 6.0 (circles), 6.5 (squares), or
7.0 (triangles). The full line corresponds to thed®l according to Dzombak and Morel and
the dashed line indicates the pH of otavite saturat

1.3.2.3. Cd adsorption Anoxybacillus flavithermus

Six Cd adsorption isotherms were obtained for thetdria in the absence of any added
iron. Cd adsorption by the bacteria increased wtbreasing pH and Cd-to-bacteria
concentration ratio (Fig. A.3), as has been obskpreviously (Burnett et al., 2006b). The Cd
adsorption data from independently grown cultufehe bacteria showed variability of ca. 5-
10%. An equal or greater level of inter-cultureighility in metal adsorption by bacteria has
been previously observed for many different baatespecies and many different metals (e.g.
Fein et al., 1997; Daughney et al., 2001; Ngwenyal.e 2003; Burnett et al., 2006b), which
may simply reflect the quantitative reliability thfis type of experimental data.

1.3.2.4. Cd Adsorption by Iron-Bacteria CompositEffects of various details of the
experimental protocol

The kinetic experiment (Fe-AF p, = 62 mg/g, 6 isotherms obtained after equilibratio
times t = 0, 10 min, 30 min, 1 h, 3 h and 6 h) @atied that Cd adsorption to the iron-bacteria
composites was rapid, with equilibrium reached withO minutes at all pH values tested
(data not shown). This rate of Cd adsorption is parable to that observed for the bacteria
alone (Burnett et al., 2006b). Average changesdrad@sorbed for equilibration times between
10 minutes and 1 hour was less than +3% for alivpides tested, whereas more significant
changes in Cd adsorbed were sometimes observad3atie 6 hours, possibly due to cell
lysis. Thus we selected 1 h as a reasonable ancecimt duration of equilibration for all
subsequent Cd isotherm experiments.
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Fig. A.3. Cd adsorption by. flavithermusAF 1* (open symbols) and AF 2*- AF 3* (full
symbols) suspensions, at bacterial concentratibfslog.L” (circles), 0.4 g.I* (squares) and
1 g.L* (triangles).

Cd adsorption by the bacteria-iron composites emxd with increasing pH and Cd-to-
bacteria concentration ratio (Fig. A.4), as alsesevbed for the pure bacterial suspensions
(Fig. A.3). Figure A.4a displays the Cd sorptiootieerms obtained after an equilibration time
of 1 h for suspensions Fe-AF 1 to Fe-AF 4, whichenal prepared using = 62 mg/g. For
suspensions Fe-AF 2 (squares) and Fe-AF 3 (triahdi@al Cd concentrations were
measured using AAS. For suspension Fe-AF 1 (1 leapty circles), final Cd concentration
was measured using ICP-MS instead of AAS. For exaets Fe-AF 1 to Fe-AF 3, the Cd
was added as an acidic standard solution. For sagpeFe-AF 4, the Cd was added as an
acidic solution (empty diamonds), or as a solupoa-neutralized at pH 5.5 (full diamonds,
see section A.1.2.3). The variability between b#se isotherms was equal to about 5-10%,
i.e., it was not larger than the variability in thare bacterial cultures (section A.1.3.2.3). A
similar variability was obtained witp = 16 mg/g (suspensions Fe-AF 5 to Fe-AF 7, Fig.
A.4b). Similar Cd adsorption was also observedstiids that had been aged for one day and
then rinsed prior to the isotherm experiment, aedafpr one day and used in the isotherm
experiment without being rinsed (suspension Fe-Afpl= 25 mg/g, see Fig. A.5b). Overall

then, these results show that the slight variationsxperimental protocol had no significant
effect on Cd adsorption.

1.3.2.5. Effect of changing the iron-bacteria ration Cd adsorption

The striking result appearing clearly from FigurebAs that the iron to bacteria ratio of
the composite had a significant effect on Cd somptsotherms. For Cd sorption isotherms
obtained for differenp values and at bacterial concentrations of I*'g.4 g.L'* and 0.1 g.L
! respectively, the addition of iron to the bactesiaspensions generally led to a significant
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reduction of the ability of the iron-bacteria comsfies to immobilize cadmium. The only

exception to this general rule was observed for ifmherms performed at a bacterial
concentration of 0.1 g:'t.and corresponding o = 62 orp = 124 mg/g, between pH 7.0 and

pH 7.5. For these two isotherms, it is possible tha contribution of the iron component led
to an overall increase of the Cd sorption above/pHowever, this hypothesis is backed by
only two of our data points, which were close te faturation limit of otavite, and so it won't

be discussed further.

Interestingly, the effect of iron-bacteria ratio svaot monotonous with increasiny
values. The strongest reduction of Cd sorption acsally observed for the smallgstalue
tested here, i.ep = 16 mg/g. On Figures A.5a, A.5b and A.5c, thesGrption isotherms of
the pure bacterial suspensions (full circles) ahdhe iron-bacteria composite suspensions
with p = 16 mg/g defined an envelope into which all oteerption isotherms fell. Upon
increasing thg above 16 mg/g, Cd sorption increased and reachadxamum forp = 62
mg/g (diamonds). Then it decreased again and waitasi within experimental precision, for
p = 82 andp = 124 mg/g. For example, the isotherm experimentgucted with biomass
concentration of 0.4 dry gland withp = 16, 25, 31, 62, 82 and 124 mg/g showed Cd
adsorption at pH 6 to be roughly 23%, 32%, 32%, 43406 and 30% respectively (Fig.
A.5b).

For comparison, about 55% Cd adsorption was obdeatvgpH 6 for the bacteria in the
absence of any added iron (Fig. A.3). These complerds were observed at all three
bacterial concentrations, and the magnitude ofédtfiect exceeds experimental error (see
Figures A.3 and A.4).
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Figure A.4. Cd adsorption by iron-bacteria compessit) for p = 62 mg/g at bacterial concentrations of 0.17g.0.4 g.L'* and 1 g.[".
Suspensions Fe-AF 1 (circles), Fe-AF 2 (squares)AlF 3 (triangles), Fe-AF 4 (empty diamonds), amdAF- 4* (full diamonds and dotted
line). b) for synthesis conditions of 16 mg Fe added perydbgcteria at bacterial concentrations of 0.1'g0.4 g.I'* and 1 g.[*. Suspensions
Fe-AF 5 (circles), Fe-AF 6 (squares), Fe-AF 7 (gmipangles), and Fe-AF 7* (full triangles and duattline).
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1.3.3. Effect of the ongoing adsorption and oxitafiydrolysis of F& on Cd sorption

1.3.3.1. Addition of base and pH changes

The experiments performed with suspension Fe-AFall@dved us to investigate the
complex relationship between the ongoing adsorpaiot oxidation/hydrolysis of Fe on Cd
sorption. As explained in section A.1.2.2., aliquatf the suspension were extracted
periodically, two at a time, and used in a serie€£ad sorption experiments (in which the
Fe/bacteria ratip was progressively increasing). For one aliquoswdpension extracted at
eachp value, no base was added and the suspension nvply sipiked with the Cd standard
(pH ca. 5.5). In the other aliquot, a volumei835 pl of 0.01 N NaOH was added together
with the Cd spike at the start of the 1 hour elfualiion period (see section A.1.2.4). For
simplicity we will refer in the following to the twvkinds of aliquots as “B (no base added)
and “B™ (base added) samples. The exact amount of batlas a function gf and the pH
of the B and of the B samples are given in Figure A.6. The pH of theanples was close to
6, i.e., the pH of suspension Fe-AF 12 during sgsig] in other words, the addition of the
Cd** cations and the equilibration period of 1 hour dat lead to significant change in pH,
whether the sorption of the &dcations was taking place primarily onto protonatednto
deprotonated reactive groups. This indicates tmatprotons potentially released in solution
by the Cd sorption were not sufficiently numerousffect the pH measurably.

However, forp > 40 mg/g, a slight decrease of the pH from 6.&rddo 5.75 was
observed. As observed by SEM (see section A.1.Bhé&¥e systems were highly saturated in
Fe with respect to the bacterial sorption capadtitis well known that the oxidation of Fe(ll)
is enhanced by the presence of iron oxide nuclelli@vs and Scherer, 2004). Hence, since
Cd sorption did not seem to induce a measurableciphhge of the suspensions, the pH
decrease observed fpr> 40 mg/g was possibly due to a more pronouncedatrn and
hydrolysis of the Fe(ll) present in the suspensibtine time of sampling.
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Figure A.6. pH as a function @f (experiment Fe-AF 12): vials without any additiohbase
(full circles), vials with addition of base (emptircles); aged suspension without (data point
identified by letter a) or with (data point idergd by letter b) addition of base. For the vials
with base, amount of 0.01N NaOH added iff hioles of OH per g of bacteria as a function
of p for the fresh suspension (triangles), and forafed suspension (data point identified by
letter c).

In the B samples, the pH was of course higher than in theaBiples. However, the pH
difference between both types of samples decrefsed about one unit of pH down to
almost zero whep increased from 0 to 40 mg/g, even though the amolibase increased
by over 30% at the same time (Fig. A.6). This iatks that an increasing fraction of the base
added was contributing to the reaction of oxidahgdrolysis of the Fe(ll) rather than to a pH
change. Hence, the'Bamples can be considered as similar to theaBiples, with the main
difference being, in addition to a slight variatiohthe pH, an increased amount of iron oxide
precipitated. For at least the range 3p < 50 (mg/g), we visually observed that the orange
color of the B samples was notably more intense than in equivBesamples (pictures not
shown). Forp > 50 mg/g, the pH difference between theaBd the B samples increased
again up to about 0.5 units of pH. This could bpl&xed by diminishing concentrations of
residual Fe(ll) in the suspension (see section3A312.), as it was sampled at increaged
values. At the large values, the system was highly saturated in Fe thatithe newly added
Fe* ions were able to easily find reactive sites om #xisting Fe oxides for a rapid
oxidation/hydrolysis reaction.

1.3.3.2. Dissolved Fe concentrations

The measured dissolved Fe concentration is displayeFigure A.7 (circles) for the'B
(full symbols) and for the B(empty symbols) samples. The total amount of dioed Fe
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was known, and so it was possible to calculate ¢becentration (triangles) and the
percentage of immobilized Fe (squares). In thes@nples, the dissolved Fe concentration
initially increased from 0 to over 10 mg-Ldue to the progressive addition of Fe@lith
dissolved Fe concentration reaching a maximum R&&/dacteria ratigp of about 40 mg/g.
Concurrently, the concentration of immobilized Fereased from 0 to about 6 mg,L
indicating that not all of the added Fe remainedalution. The percentage of immobilized Fe
(relative to total Fe) was not constant: it deceglaom an initial value of over 40% to less
than 30% ap increased from zero to ca. 20 mg/g. These reshttsv that the dissolved Fe
concentrations must be interpreted in terms ofd@nging total iron concentration in the
system (due to continuous introduction of F2CGls well as the equilibrium established
between dissolved and adsorbed Fe ionspAscreased above 20 mg/g, the percentage of
immobilized Fe began to increase, which likely aades immobilization of an increasing
fraction of the Fe in the form of sorbed Fe(lll) mooners and/or of Fe(lll) oxide precipitates.
This result is consistent with the SEM micrografgbse section A.1.3.1 and Figure A.1),
which show that the bacterial cell walls were lijksaturated with adsorbed Fe(ll) fpabove

~ 20 mg/g. Asp increased above 40 mg/g, the observed decreaskeoflissolved Fe
concentration can only be explained by the immpailon of a significant and increasing
fraction of the Fe in the form of Fe(lll) oxide pipitates. However, the dissolved Fe
concentration remained above 3 mig.leven up tg = 80 mg/g. Because Fe(lll) is insoluble
at pH 6, this indicates that a fraction of the Res\still present as dissolved®F@ns, even at
large p values where Fe(lll) oxide precipitation was ocig. Note that the final dissolved
Fe concentration was close to zero after the systamaged overnight, indicating that the
residual Fe(ll) was eventually oxidized and prdai@d as Fe(lll) oxide (not shown on Figure
A.7 for clarity).

The B samples followed the same trends, except thadifs®lved Fe concentration was
systematically lower than in the Bamples. The lower initial dissolved Fe concertrain
the B" samples was initially likely related to the higipét value, which would be expected to
lead to a higher percentage of sorbed’ Fens. Asp increased from 0 to 20 mg/g, the pH
difference between both types of samples rapidtyresesed. However, there was a constant
difference of about 25-30% between the percentafjgsmobilized Fe in the Bcompared to
the B samples. This indicates that the oxidation of Fleewas significantly enhanced in the
systems to which base had been added. Alpwe40 mg/g, the difference between the
percentages of immobilized Fe gradually decreasedbbut 10%. Fop > 65 mg/g, the
dissolved Fe concentration in thé 8amples decreased to less than 1 thgitdicating that
there was little dissolved Fe(ll) remaining.
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Figure A.7. Dissolved Fe concentration in the(fll circles) and in the B(empty circles)
samples in mg.t. Immobilized Fe concentration in the Bull triangles) and in the B
(empty triangles) samples in mg-.LPercentage of immobilized Fe in the(®ill squares) and
in the B (empty squares) samples. The vertical dashed itideates the value of the
Fe/bacteria ratio at which the total molar concaiins of Fe and Cd are equal.

In summary, the results of the Fe concentrationsonegments displayed on Figures A.6
and A.7 demonstrate that the Fe(ll)/Fe(lll) ratieckased ap increased and as base was
added. Whereas Fe was mainly present as sorbedissalved Fe(ll) at lovp values in both
the B and B samples, it consisted of mainly sorbed and preatig Fe(lll) ag increased,
especially in the Bsamples. The behavior of Fe must be kept in mimihd interpretation of
the Cd sorption data described below.

1.3.3.3. Cd sorption at increasipgalues and rates of the reaction of oxidation/blyais

Figure A.8a displays the percentage of Cd adsolyethe suspension at increasipg
values. The concentration of bacteria was equél4a.L*, and the pH was equal to 5%.2
in the vials were no base was added, and tat@4% in those where base was added, as is
shown on Figure A.6. Under these conditions, tlopeslof the Cd pH-adsorption isotherm
was quite high. As seen on Figure A.5b, for a biédteoncentration of 0.4 g1, the isotherm
slope was 3@ 5 % of adsorbed Cd per unit of pH, with only weakiations as a function of
p. The variations of sorbed Cd observed on FigurgaAwvere thus partly related to pH
variations. To remove the effect of pH, we extraped the adsorbed Cd values to a pH of 6.
The results are presented on Figure A.8b, usingsimated slope of 30% of adsorbed Cd per
unit of pH, and removing the data correspondingHovalues outside of the 5.5-6.5 pH range.
For clarity, error bars are not shown in FigurelA.But we estimate them at abaud% of
adsorbed Cd at most, based on the precision oA&fe measurements, as well as on the
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errors involved in the extrapolation of the datsalded above, but excluding other sources
of variability discussed in section A.1.3.2.3.,s@s inter-culture variability.

The percentage of adsorbed?Cdations at pH 6 decreased from about 45% to about
22% as the Fe/bacteria ratio increased from 0 tong@ (Figure A.8b and considering the
vials without added base). This decrease was densiwith the decrease displayed in Figure
A.5b as the Fe/bacteria ratio was changed fromi&tmg/g (suspensions AF 1 and Fe-AF 7).
In experiment Fe-AF 12, a further progressive iaseeof the Fe/bacteria ratio up to 82 mg/g
did not affect the percentage of adsorbed Cd, whedhained in the 20-25% range. This is
apparently in contradiction with the results digplh in Figure A.5b, according to which the
percentage of adsorbed Cd increased back to abetd®, as the Fe/bacteria was increased
above 20 mg/g. The main difference between expetinke-AF 12 and the isotherms
presented in Figure A.5b was that the compositpension was sampled while the’Fevas
being added. Hence, the Fe in the suspension wasilhyooxidized, as discussed in section
A.1.3.3.1 and A.1.3.3.2. As a consequence, itkslyi that some of the Fe was present as
dissolved and adsorbed Fe(ll) species.

For the vials to which base had been added, theo@ation was much higher than in
the absence of base, before the pH correction &8g). However, when the Cd sorption was
extrapolated to pH 6, the Cd sorption followed shene trend as in the absence of added base
up to a Fe/bacteria ratio of 58 mg/g. When the &&#éria ratio was increased from 58 mg/g
to 82 mg/g, the percentage of adsorbed Cd increlagdd%, up to about 32%. As we have
discussed in sections A.1.3.3.1 and A.1.3.3.2,etheas likely little Fe(ll) left in the B
samples fop > 65 mg/g. Hence, it is normal that the resultsioied for the B samples fop
> 65 mg/g are more consistent with those displayedrigure A.5b than those obtained for
the B samples.

The examination of the Cd pH-adsorption isotherrtaioled for the fresh suspension
Fe-AF 11 p = 25 mg/g, Fig. A.5b) and its comparison with tit¢ adsorption isotherms of
the same suspension, aged and either washed avasired (Fig. A.5b), led to conclusions in
agreement with our conclusions here. The same deagfr€d sorption was observed for the
fresh and for the aged suspension, except in @B-range, where a slightly (ca. 5%) lower
Cd sorption was observed for the fresh suspenaiwhthe sorption isotherm overlapped with
the sorption isotherm of the suspension prepared pvie16 mg/g. We interpret this lower
sorption by the residual presence of Feations competing with the Cd for sorption on the
reactive sites in the cell walls. Below pH 5, theal percentage of Cd sorption made it
difficult to distinguish differences between theffelient suspensions. Above pH 6, the
addition of a larger amount of base to reach argpid in the fresh suspension was indicative
that a fraction of the base added was used up tadyza the oxidation/hydrolysis of the
residual Fe(ll) during the equilibration period foe Cd sorption.

It is interesting to note that the Cd concentratd® ppm used in this study is equivalent
to a molar concentration of 448V. A similar molar Fe concentration is obtained b
ppm of Fe. In Figure A.8, the bacterial concentrativas equal to 0.4 gl which for 2.5
ppm Fe corresponds = 6.2 mg/g. At this still low value gf, we have discussed that most
of the Fe was likely present in the sorbed Fe(H)es According to Figures A.7 and A.8a, for
p = 6.2 mg/g, the percentages of adsorbed Fe anddtel equal to approximately 36% and
33% in the Bsamples, and to 63% and 55% in thesBmples, respectively. These numbers
suggest that the sorption affinities of’Fand Cd* cations are very similar. This similarity
between the Fé& and Cd" sorption onto bacterial cells had already beerriateby Chatellier
and Fortin (2004). It explains why the sorptiontlué Cd* cations was significantly hindered
but not completely prevented by the presence ofrttieduced Fe(ll), and why Cd sorption
increased again when the competition with Fe(l1¥ wemoved as a result of its oxidation and
hydrolysis.
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1.4. CONCLUSION

We have demonstrated here that the sorption of® @dtions by an iron-bacteria
composite suspension is affected by the incrememidhtion, hydrolysis and precipitation of
the iron. The magnitude of the effect on Cd sorptiepends on the Fe/bacteria ratiand
also on the degree of oxidation and hydrolysishef Ee(ll). In general, the Cd sorption is
lower for an iron-bacteria composite than for baatealone at the same bacterial
concentration. Prior to the onset of precipitatodriron oxide, the decrease in Cd sorption is
mainly due to a competition between thé'Fand the C8 cations, which have comparable
affinities for the available bacterial surface sit®©nce the cell walls are saturated with
adsorbed F&, addition of more iron (i.e. increasegrvalue) leads to the precipitation of iron
oxide, which in turn promotes the desorption ofiffé{om the bacterial surfaces and leads to
its oxidation to Fe(lll). This effect allows Cd anlption to increase, but not to the same level
observed in the absence of iron: Cd sorption resnamited relative to the iron-free case,
because of residual Fe(ll) or Fe(lll) monomers edrlonto reactive bacterial sites and/or
because of a limited access to the bacterial reasites due to a masking effect of the iron
oxide particles themselves. We also observed thatpresence of Cd affected the Fe(ll)
sorption and oxidation process. By competing wigh" Eations for the reactive sites on the
cell walls, the presence of Cd promoted iron oxickxipitation. In conclusion, the sorption of
Cd®* and the sorption, oxidation and hydrolysis of Feations in the presence of bacteria are
interrelated processes that affect each other fgigntly. More generally, our study
demonstrates that the immobilization of metal cetiat oxic/anoxic boundaries in natural or
engineered environments can not be examined indepéy of the redox processes occurring
at such boundaries, such as the oxidation and tygisoof Fe(ll) diffusing from an anoxic
environment.
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B.1. Variations through the incubation time of pH,redox potential (Eh), nitrate (NOs), sulphate (SQ?), acetate, Fe(ll), total iron
(Fe(tot)), and arsenic concentrations in the threeolumns (Reference, As-Fh and As-Lp.

Time Reference  As-Fh As-Lp | Reference As-Fh As-Lp| Referee As-Fh As-Lp | Reference As-Fh As-Lp
(hours) pH Eh (mV) NO;5 (mg.L™?) SO (mg.L™)
0 5.63 5.63 5.63 367 320 367 30.9 30.9 30.9p 10.6 610 10.6
7 - 5.59 - 305 - - 34.8 - - 104 -
21 - 5.68 - 381 - - 184 - - 10.7 -
24 6.27 5.79 317 - 327 21.4 - 28.3 11.3 - 13.
39 - 6.67 - 234 - - <d.l - - 104 -
48 6.60 6.56 246 - 253 1.8 <d.l. 1.2 11.7 - 13.
57 - 6.36 - - 190 - - <d.l - - 10.4 -
72 6.03 - 5.99 175 - 175 0.9 <d.l. 0.8 12.0 - 912
88 - 6.09 - - 167 - - <d.l - - 7.5 -
120 6.20 - 6.18 177 - 179 0.6 <d.l. <d.l 7.2 l<d. 8.4
154 - 6.01 - 142 - - <d.l. <d.l. - <d.l. -
168 6.27 - 6.32 165 - 172 <d.l <d.l <d.l 1.2 d.Ig 2.4
205 - 6.21 - - 114 - <d.l. <d.l. <d.l. <d.l £d <d.l.
256.5 - 6.24 - - 121 - <d.l <d.l. <d.l <d.l <d.l <d.l
321 - 6.27 - - 120 - <d.l <d.l <d.l <d.l £d <d.l
336 6.24 - 6.19 139 - 144 <d.l <d.l <d.l <d.l. <d.l. <d.l
370.5 - 6.38 - - - - <d.l. <d.l. <d.l. <d.l. d€ <d.l.
424 - 6.36 - - 158 - <d.l <d.l <d.l <d.l £d <d.l
491.5 - 6.25 - - -3 - <d.l. <d.l. <d.l <d.l d& <d.l.
504 6.25 - 6.27 125 - 121 <d.l <d.l <d.l <d.l <d.l. <d.l
5425 - 6.26 - - -24 - <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.
589.5 - 6.10 - - -26 - <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.
660.5 - 6.06 - - -27 - <d.l. <d.l <d.l <d.l <d.l. <d.l
672 6.23 - 6.21 131 - 122 <d.l <d.l <d.l <d.l. <d.l. <d.l
727.5 - 6.06 - - -69 - <d.l. <d.l <d.l <d.l <d.l <d.l
756 6.18 6.12 101 - 83 <d.l. <d.l <d.l <d.l kd <d.l
851.5 - 6.02 - - 21 - <d.l. <d.l. <d.l. <d.l. d <d.l.
898.5 - - - - - - <d.l. <d.l <d.l <d.l. 4d. <d.l.
906 6.12 - 6.09 -8 - -36 <d.l <d.l <d.l <d.l <d.l <d.l
990 - 6.23 - 21 - <d.l. <d.l <d.l. <d.l. <d.l <d.l.
1008 6.50 - 6.14 -27 - -56 <d.l <d.l <d.l <d.l <d.l <d.l




1128 6.70 - 6.30 -38 - -86 <d.l <d.l. <d.l <d.l <d.l <d.l.
1210.5 - 6.30 - - -17 - <d.l <d.l. <d.l <d.l. <d.l. <d.l.
1320 6.12 - 6.22 -11 - -21 <d.l <d.l. <d.l. <d.l <d.l <d.l.
1402.5 - 6.27 - - 100 - <d.l <d.l <d.l <d.l. <d.l. <d.l
1560 6.18 6.14 6.27 2 98 14 <d.l. <d.l. <d.| <d.l. <d. <d.l.
Time Reference  As-Fh As-Lp | Reference  As-Fh As-Lp| Referee  As-Fh As-Lp [ Reference  As-Fh As-Lp
(hours) Acetate (mg.L%) Fe(ll) (mg.L™ Fe(tot) (mg.L™) Arsenic (ug.L?)
0 <d.l <d.l. <d.l. <d.l. <d.l. <d.l <d.l. <d.l. sl <d.l. <d.l. <d.l
7 - <d.l. - - 0.38 - - - - - - -
21 - <d.l. - - 0.76 - - 0.39 - - 0.93 -
24 6.6 - 4.3 0.14 - 0.19 <d.l. - - - - -
39 - 30.4 - - 1.28 - - - - - - -
48 7.6 - 8.6 0.38 - 0.61 - - - - - -
57 - 14.2 - - 2.27 - - 2.00 - - 4.15 -
72 15.5 - 22.1 1.76 - 1.94 1.60 - 1.53 441 - .294
88 - 48.8 - 5.88 - - - - -
120 57.6 - 72.9 8.28 - 9.37 9.46 - 8.80 13.76 - 13.22
154 - 114.0 - - 14.75 - 15.38 - - 17.28 -
168 143.7 159.6 17.08 - 17.39 18.59 - 16.43 21.0 - 19.59
205 - 134.8 - - 19.56 - - 21.76 - - 23.47 -
256.5 - 166.5 - - 25.36 - - 25.90 - - 26.83 -
321 - 195.5 - - 29.54 - - 28.98 - - 28.83 -
336 180.0 - 214.4 29.36 - 30.9¢ - - 30.9p 27.70 - 28.46
370.5 - 191.4 - - 33.55 - - 33.25 - - 31.39 -
424 - 218.0 - - 35.94 - 32.20 35.74 - - 33.95 -
491.5 - 259.0 - - 37.72 - - 38.41 - - 37.26 -
504 224.0 - 259.3 35.70 - 39.2¢ - - - - -
542.5 - 239.6 - - 38.36 - - 41.26 - - 39.45 -
589.5 - 242.8 - - 40.91 - - 39.59 - - 38.92 -
660.5 - 251.0 - - 38.49 - - 42.50 - - 42.82 -
672 216.8 - 242.9 39.59 - 48.81 39.50 - 45.16 - - 38.76
727.5 - 244.6 - 40.68 - - 48.84 - - 51.18 -
756 225.3 - 254.0 41.48 - 49.13 - - - - - -
851.5 - 253.6 - - 43.37 - - - - - - -
898.5 - - - - 44.57 - - - - - - -
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906 230.3 - 256.0 43.50 - 52.07 - - - - - -
990 - - - 44.18 - - 53.58 - - 54.33 -
1008 225.6 235.7 254.0 45.20 - 58.04 - - - - -
1128 229.0 248.0 45.70 - 61.53 48.00 - - 38.02 -
1210.5 - 276.0 - - 49.54 - - 54.58 - - 58.14
1320 - - 243.0 - - 61.13 - - 58.40 - - 8.1
1402.5 - 256.5 - - 46.84 - - 67.35 - - 80.15
1560 230.1 - 252.0 46.20 - 64.19 48.00 - - - 3.19 -

d.l. detection limit
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