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Résumé

RESUME

Cette étude traite du comportement physico-chimigies argiles dioctaédriques
gonflantes (smectites) et de leurs interactionsc daesolution aqueuse en présence et en
I'absence de la bactér@hewanella putrefacienses résultats expérimentaux sont présentés
pour des argiles compactées, hydratées en comgliienvolume confiné, en utilisant un
nouveau type de cellule réactionnelle (la "wet*cdicrite dans Warr & Hoffman, 2004)
concue afin de réaliser des mesures de diffractezrayons X (DRXjn-situ. En combinant
des mesures de suivi dans le temps de DMR3itu avec les mesures gravimétriques et les
spectres de diffraction calculés a l'aide du laji€GALCMIX (Plancon & Drits, 1999), la
dynamique d'incorporation et de stockage de l'equ &tre quantifiée avec succés. Cette
méthode analytique, combinée aux données publiaédsatption de la vapeur d'eau a permis
de déterminer l'abondance des couches d'eau stlestudéveloppées dans I'espace
interfoliaire ainsi que la quantité d'eau conterdans les différents sites de stockage
(interfoliaires, surfaces et porosité). Par ailgewme information qualitative sur les surfaces et
l'organisation texturale des échantillons a étémin¢ sur la base de calculs des modifications
de I'épaisseur moyenne des particules et de I'saf@on des couches d'eau (ordering). En
complément, d’autres expériences ont été realisées des suspensions de smectites
contenant des bactéries.

Les expériences d'hydratation de smectites enitiomsl abiotiques réalisées sur une
large gamme de bentonites naturelles et indussiglfEWy-2, IBECO, MX80, TIXOTON)
ont permis de définir le réle des cations intedinés, des densités de compaction variables et
de la force ionique sur la solution infiltrée. Laux d'hydratation des smectites, comme
attendu, a été défini comme fortement dépendamymkide cation interfoliaire (augmenté en
présence de Gj contrairement & Nj et de la force ionique de la solution (taux
d'incorporations augmentés en présence de solutatises, particulierement lors de
l'infiltration de smectites sodiques). Une vari@é modifications dynamiques de ['état
microstructural a également été mise en évidenmearaissant comme une fonction de la
densité de compaction. Ces modifications expliquentgrand nombre des différences de
comportement observées lors de I'hydratation deecti®es calciques et sodiques. Les
mécanismes d'hydratation des smectites, observé®lame confiné, sont inclus dans un
modele schématique prenant en compte difféerentesllés, de I'angstrom pour les feuillets, a
la structure argileuse globale. Alors que la natdes cations interfoliaires affecte
I'nydratation a toutes les échelles, la force iomigde la solution infiltrée affecte
principalement la structure globale.

En paralléle, I'impact d'une sélection de smex({@Ny-2, MX80 et nontronite) sur le
développement des cultures Seputrefaciena été étudié lors d'expérimentations en solution
"batch” sous agitation, combinées avec des comptdgecellules. La survie prolongée des
bactéries dans les suspensions de smectites, aéenpaleur développement en milieu de
culture, est attribué a : un apport continu et bigrale nutriments cationiques et de carbone
organique (G, a la capacité tampon de la smectite et audaigéande surface des argiles
qui favorise I'accumulation de nutriments, sertsdes de fixation et permet la sorption des
déchets toxiques produits.

Le taux d'altération/dissolution des smectites iingar les bactéries a été étudié dans les
suspensions par ICP-OES et microscopie (confob# environnemental et MET couplé a
un systeme de microanalyse en EDS). Un appauvresgeem cations majeurs apparait dans
la solution extraite de la nontronite, qui estibtté a la capture (binding) de cations far
putrefaciens,et est probablement lié a la production de chétatel'appauvrissement
constant en C4 est trés probablement dii & son stockage dan®fiérbabondant produit
(substance exo polymérique, EPS). L'importanterdifién de cations dans le cas de la
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nontronite, dans les expériences a long-terme¢ gaticulierement mise en évidence en ce
qui concerne F& et AP*, correspondant & plus de 10% de dissolution arti& I'inverse, la
smectite sodique pauvre en fer n'a pas semblétedfede la méme maniere par l'activité
bactérienne : l'augmentation de la libération d@#k de lessivage acide correspond a un
maximum de 1,4% de dissolution partielle de la giteedLa présence d8. putrefaciens
causé de nombreux changements texturaux observésii@oscopie (confocale, MEB
environnemental) associés a la formation d'agréaestitiques et de biofilms. En conditions
de volume confiné, la présence de bactéries dansilieu de smectite sodique a montré
laugmentation, a la fois de l'incorporation d'eauposition interfoliaire, et de la quantité
d'eau stockée en position externe (pores et s@ifabans ce type de smectite compactée,
laugmentation de I'épaisseur totale des coucleeal dipparait due a I'augmentation, induite
par les bactéries, de la porosité de I'échantildeci a été confirmé par les observations
issues de la combinaison des mesures de DRX ebdlmation avec CALCMIX. Dans le
cas de la nontronite, de I'eau additionnelle aséékée en position externe, indiquant une
augmentation similaire de la porosité, mais, dansas, le flux d'eau entrant dans la cellule
réactionnelle diminue, tres certainement d0 au atdge de la porosité par le biofilm.

En termes d'utilisation des bentonites comme nedtde confinement des déchets,
cette étude montre que l'activité bactérienne pwatifier les propriétés chimiques et
physiques des smectites. Méme si les bactériesnigas susceptibles de survivre longtemps
dans un milieu smectitique hydraté et hermétigeersl effets semblent actifs a long terme,
spécialement dus aux substances produites paata€ries, notamment les chélateurs et les
EPS.
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SUMMARY

This study reports on the physical-chemical behaviof swelling dioctahedral clays
(smectites) and their interaction with aqueous tsmls and bacteria Shewanella
putrefaciens). Experimental results are presented for compaciegsc hydrated under
confined volume conditions, using a new type ofctiem-cell (the “wet-cell” of Warr &
Hoffman, 2004) that was designed for in situ X-iffraction (XRD) measurement. For
comparison, dispersed clay systems were studied) ssandard batch solutions subjected to
varying degrees of agitation. The combination ofetidependent in situ XRD measurements
with gravimetric measurements and calculated difiom patterns using the CALCMIX
software (Plangon &Drits, 1999) allowed to succelssfuantification of the dynamics of
water uptake and storage. This analytical procedamebined with published water vapour
adsorption data enabled determination of the alwedaf structured water layers, developed
in the interlayer space, and the amount of watentained in different storage sites
(interlayers, surfaces and pore spaces). Quaktatiformation on surface area and textural
organization was also estimated based on calcutitadges in the average particle thickness
and the organization of water layer structures€ondy).

Abiotic smectite hydration experiments, using ageof natural and industrial bentonites
(SWy-2, IBECO, MX80, TIXOTON), focused on defininige role of the interlayer cation,
variable clay packing densities and the ionic gtlerof the infiltrating solution. The rate of
smectite hydration, as expected, was seen to bdyhitependent on the type of interlayer
cation (enhanced for Ca as opposed to Na) anaihe strength of solution (enhanced uptake
rates with saline solutions, particularly as thefjiltrate Na-smectite). A range of dynamic
changes in microtextural state occurred as a fonctif packing density. These changes
explain the differences in hydration behaviour obsé between Na- and Ca-smectite. The
hydration mechanisms of compacted smectite ocaumiithin a confined volume system are
presented in a schematic model involving differssales, ranging from the A-scale of lattice
layers to the bulk clay structure. Whereas theneadd interlayer cation affects hydration on
all scales, the ionic strength of the infiltratisgjution primarily affects the bulk texture.

The impact of selected smectites (SWy-2, MX80 andtmonite) on the growth of.S
putrefaciensvas studied using agitated batch solution expearimmeombined with viable cell
counts. The prolonged survival of bacteria in sieduspensions compared to growth in
culture medium is attributed to i) a continuous aodtainable supply of cationic nutrients and
Corg i) the buffering capacity of the smectite claydaii) the large clay surface areas, which
accumulate nutrients, serve as attachment sitessarid toxic waste products. The rate of
bacterially induced smectite alteration/dissolutionbatch solutions, as monitored by ICP-
OES and microscopy (confocal, ESEM and TEM coupte&DX), shows depletion of the
main cations in the nontronite extracted solutibis is attributed to the initial consumption
and/or binding of cations b$. putrefacienswhich is probably related to the production of
chelating agents. The constantly depleted Ca ist hikaly stored in the abundant EPS
(exopolymeric substance). Enhanced cation releashea case of nontronite in long-term
experiments was especially evident for Fe and At torresponds to more than 10% patrtial
dissolution. In contrast, the Fe-poor, Na-smeaotrtess not seen to be affected by bacterial
activity in this way and the increased release ldbyAacid leaching corresponds to only 1.4%
partial smectite dissolution. The presence Sf putrefacienanduced abundant textural
changes as observed by microscopic investigatiom#f@cal microscopy, ESEM), associated
with the formation of smectite-aggregates and biafi In confined volume conditions, the
presence of bacteria in Na-smectite clay was seamihance both the uptake of interlayer
water and the amount of externally stored surfae@ore water. In this type of compacted
smectite, an increase in the total thickness oewhtyer structures occurs due to bacterial



Summary

enhancement of sample porosity as seen by combirrag diffraction study and CALCMIX
profile calculations. In the case of nontronitediidnal water was stored as external water
indicating a similar enhancement of porosity, beteh the rate of water inflow into the
reaction cell decreased, most likely due to cloggihthe pores by biofilm.

With respect to the application of bentonites asitable backfill material in underground
waste disposal sites, this study demonstrates Wlaaterial activity can modify both
chemically and physically the properties of the stite. Even if bacteria are not likely to
survive in a hydrated bentonite seal, their effests considered to be long-term, especially
due to bacterially produced substances such asaB&8rganic ligands.
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1.INTRODUCTION

1.1. Argiles gonflantes et vie microbienne

L'ubiquité et la réactivité des bactéries et dasenaux sur Terre offrent un potentiel
énorme pour une grande variété d'interactions dassenvironnements hydriques. Les
premiers travaux liant les domaines de la géolegide la microbiologie ont été publiés au
début du siécle dernier, traitant notamment deplication de microorganismes dans la
formation de sulfure d'hydrogene et de carbonatesalcium (Nadson, 1903; in Ivanov
&Karavaiko, 2004). Depuis, I'étude des interactiomsrobe-minéral est devenu un sujet de
premiére importance dans la thématique des scialedenvironnement et de la vie. Il a été
montré que les bactéries ont des effets prononoéa sroissance cristalline (Gorshkov et al.,
1992; Kohler et al., 1994; Ehrlich, 1999; Kawano d&iiita, 2001) et la dissolution des
minéraux (Bennett et al., 1996; Liermann et alQf) Rosenberg &Maurice, 2003; Aouad et
al., 2006; O'Reilly et al., 2006). L'association ménéraux avec des bactéries et/ou des
exsudats bactériens provoque souvent une augnmntdéis taux d'altération a l'interface
minéral/bactérie et une variété de mécanismeslgessint été suggérées afin d’expliquer cet
effet (Marshall et al., 1971; Van Loosdrecht et 4890; Maurice &Warren, 2006). Il a été,
par ailleurs, observé que les interactions mingaatéries peuvent modifier la composition
chimique de l'eau environnante, notamment son psbretétat d'oxydo-réduction. De plus, il
est maintenant admis que la connaissance détddlés interactions est essentielle afin de
mieux comprendre la chimie de I'hydrosphére eadéHosphere (Ehrlich, 1996; Liermann et
al., 2000a; Haas, 2004).

L'interaction entre activité bactérienne et snea@ien particulier été abordée dans des
études pionnieres publiées par Stotzky (1966a; HP@6 Stotzky & Rem (1966; 1967).
L'implication des caractéristiques de la montmonile (p. ex. la capacité d'échange
cationique et la surface spécifique) sur l'actiettéécologie des microorganismes du sol a été
spécialement étudiée en ce qui concerne les chamengu’elle induit sur les habitats
microbiens. Du fait de la haute teneur en eau dexcttes et de leur abondance dans les sols
et sédiments, la nature de l'interaction entré#edéries et les minéraux argileux gonflants est
d'un intérét particulier. Les smectites sont desamsux possédant des propriétés physiques et

chimiques uniques : elles présentent une faiblegehde feuillets facilitant leur ecartement et
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I'adsorbtion ou absorbtion de grandes quantitésud(eu autres substances polaires) et d'une
grande variété de cations au sein de leur strudRéeemment, une attention particuliere a été
donnée aux modifications induites par les bactétesspropriétés de la charge des feuillets de
smectite riche en fer (nontronite) induites par bestéries. Il est aujourd’hui admis qu'une
réduction (anaérobique), chimique ou biologique Féylll) dans la structure de la smectite
provogue une augmentation de la charge de surfageégalement été montré que de telles
modifications diminuent la capacité d'hydratatian ld smectite riche en fer (Stucki et al.,
1987; Wu et al., 1988; Lovley, 1991; Kostka et 4P96; Kostka et al., 1999; Kim et al.,
2004; Kim et al., 2005; Lee et al., 2006; Stucki@dtka, 2006). Dans une expérience réalisée
en conditions anaérobiques par Kim et al. (20043 mméme été reporté que l'activité de
Shewanella oneidensisduisait la transformation de la smectite eneljpar la fixation de K
dans l'espace interfoliaire. Comme dans cette expge la réaction avait eu lieu a 25°C et sur
une période de seulement 2 semaines, les auteggerent que l'interaction "smectite riche
en fer — bactéries" peut jouer un role clé en tarinitiateur des réactions argilo-minérales
dans les environnements anaérobiques. Bien querdbrauses études portent aujourd’'hui sur
cette thématique de recherche, I'amélioration deolmaissance des interactions microbe-
minéral reste un défi de premier plan, spécialeraarte qui concerne la nature complexe des

réactions prenant place dans le systéme bacténiestises.

1.2. Argiles gonflantes dans l'industrie

Les minéraux argileux gonflants (smectites) s@st principaux composants de la
bentonite, qui, du fait de son fort pouvoir ad-absot et de sa capacité d'imperméabilisation,
en fait un des composé argileux industriellemeilisétles plus importants (Murray, 1977;
Elzea &Murray, 1990). Le terme de bentonite a éudrpa premiere fois introduit en 1898, |l
faisait alors référence a une roche trouvée daes"Benton-Shale" au Wyoming, mais ce
terme désigne de nos jours un matériau contenaehtsllement de la smectite (O'Driscoll,
1988; 1989). Ses applications les plus importasoes en tant que liant pour I'extraction des
minerais de fer, en tant que moule de fonderie @unse constituant des boues de forages
pétroliers (Harvey &Lagaly, 2006). Sous forme dspérsions, la bentonite est utilisée en
contexte d'ingénierie civile, comme agent épaiasisg¢p. ex. dans les peintures), comme
adsorbant chimique (p. ex. pour les protéines) guns pour la stabilisation de la biére et du

vin (Sarmento et al., 2000). Du fait de leur impate capacité d'adsorption, de leur grande
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surface spécifique et de leur propriété dimperntiéabion quand elles sont hydratées, les
smectites sont également utilisées comme des IEmri®uvragées dans les sites
d'enfouissement et de stockage de déchets. Emrdsdaugmentation actuelle en besoins
énergétiques et du développement concomitant dergjee nucléaire, de nouveaux défis ont
vu le jour concernant le stockage sOr des déchetaires. Dans cette optique, les argiles
gonflantes (bentonites) sont considérées commeoammiatériau pour constituer les barrieres
ouvragees inhérentes au futur stockage en profondes déchets. Cette application est

décrite plus en détails dans le paragraphe suivant.

1.3. Utilisation des argiles gonflantes dans le stkage des déchets nucléaires

Les déchets radioactifs sont des matériaux exir@nedangereux et leur isolation de
la biosphere est essentielle (Pusch, 2006b). Cgset&proviennent de toutes les phases du
cycle de production de I'énergie nucléaire et dglisation de produits radioactifs dans
I'industrie ainsi que pour des applications méeisal e type de déchet le plus dangereux est
le type des déchets "de haute activité et a vigueh (HAVL), qui sont dérivés du résidu
non-recyclable de la combustion nucléaire. De tishets doivent étre confinés pendant
approximativement un million d'années avant que& hleueau de radioactivité approche le
niveau de I'environnement naturel (ANDRA, 2005).

La majorité des pays producteurs de déchets ratif@nvisagent leur stockage en
profondeur au cceur de formations géologiques pdaferde maniére a avoir une barriére
épaisse et naturelle entre les déchets et la bospbifférents types de formations rocheuses
sont actuellement étudiées pour servir d'encaisgmnt exemple du granite en Suede et
Finlande, des démes de sel en Allemagne, des yufglpstiques aux Etats-Unis et des roches
argileuses en Suisse, Belgique et France (OECD9;1ANDRA, 2005; OECD, 2006). En
dépit de ces différences dans les types d'encaissasidérés, tous les projets de stockage
impliquent le concept de multi-barriere. Celui-onsiste en un container d'acier contenant les
déchets radioactifs vitrifiés, éventuellement endfode béton, un matériau de remplissage
smectitique étant alors introduit entre le contamtiacier et la roche encaissante. Finalement,
le tunnel d'accés sera remblayé afin de scelleitdgFig. 1.1.).
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i

barriere argileuse
roche

encaissante L

container

Fig. 1.1. Représentation schématique du dispabgififouissement des déchets nucléaires. Le concept
"multi-barriére” inclus la roche encaissante en taoe barriére naturelle, ainsi la barriére ouvragé
argileuse dans laquelle repose les containers emermcemplis de déchets vitrifiés.

Le remplissage est supposé réduire les infilingtid'eaux souterraines susceptibles de
corroder les containers et de transporter des psothxiques vers la biosphere (Karnland,
2003). Les bentonites sont considérées comme &tamtatériau le plus adapté a un tel
remplissage du fait de leur faible conductivité faydique, de leur capacité de colmatage
(self-sealing) et de leur forte capacité de rétentles radionucléides (Herbert &Moog, 1999;
Hermann-Stengele &Pl6tze, 2000; Komine &Ogata, 20@sch, 2006b). Dans ce cas, le flux
d'eau devrait étre drastiquement réduit et la dliffa est supposée représenter le processus de
transport dominant. D'éventuelles fissures darsafaere sont supposées étre colmatées par
llaugmentation du gonflement (self sealing) etftetes capacités d'échange cationique et de
sorption des argiles devraient restreindre le parisde radionucléides toxiques dans
I'éventualité d'une fuite de solutions contamin@dgller-Vonmoos &Kohler, 1993; Molera
et al., 2003; Montes-Hernandez et al., 2005c).

Bien que les smectites soient trés stable damsheuronnement naturel d'origine, tout
changement de leurs propriétés en contexte deagjeckouterrain est susceptible de diminuer
les performances de la barriere. Comme une solapreuse de composition variable est
susceptible d'infiltrer le site de stockage, descténs a long terme peuvent étre attendues
sous l'effet des modifications des conditions géonmues (Karnland &Sandén, 2000;
Karnland, 2003). A titre d'exemple, une altératiomérale (des minéraux accessoires aussi
bien que de la smectite) peut étre induite papteact avec la solution infiltrée ; ce processus
étant fortement dépendant des caractéristiquesiaqing® de la solution (pH, force ionique).

De telles réactions peuvent prendre place lorsgsesdlutions salines entrent dans la zone de
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remplissage, ce qui est un scénario possible largahfinement au cceur de formations
salines (Hofman, 2003). Par ailleurs, des infilnas d'eau de mer sont possibles dans le cas
de sites de confinements proches de zones cofjgreet japonais) si le niveau de la mer
augmente du fait du réchauffement climatique (Gssta, 2004).

De nombreuses approches ont été adoptées afiidiéles réactions dans le matériau
smectitique et l'encaissant rocheux adjacent. Ggwoahes ont inclus des études sur
analogues naturels (Montes-Hernandez et al., 20@&s) tests en laboratoires souterrains
(Marcos, 2002; Delay et al., 2007; Garavito et d@D07; Rothfuchs et al.,, 2007), des
expérimentations in situ a large échelle (Martin &8&ala, 2005; ENRESA, 2007) et le
développement de modeéles numériques (Haycox 2Q06; Rotenberg et al., 2007). Toutes
ces études se sont focalisées sur le comporterappbsé des argiles de la barriére avec le
temps. Un aspect important réside dans la caraatém des changements dynamiques ayant
lieu pendant I'hydratation de la smectite en caoowlét de volume confiné, équivalentes aux
conditions de stockage souterrain. Dans ce caspi@aissance des mécanismes et de la
guantité d'eau admise dans le systeme est un fgomedominant pour la compréhension et la
prédiction de la capacité de colmatage et d'impehitiéation du matériau smectitique ainsi
que son efficacité a adsorber ou transporter ldismacléides. Un des aspects clés d'une telle
étude est de quantifier la quantité d'eau présgamns les sites interfoliaires en opposition a
I'eau moins stable adsorbée a la surface desydadiet remplissant I'espace poral disponible.
Bien que peu d'études aient été réalisées surjée, ®@s aspects sont considérés comme
essentiels au regard de I'évaluation des perforesamhes barrieres ouvrageées.

Le role des bactéries présentes dans les stoclsaggsrrains est également sujet a
débat. En effet, diverses études ont portées suodsibilité d'une rétention des radionucléides
par les bactéries et les biofilms associés (St@&eszoyne &Sargent, 1998; Jolley, 2002) et
sur la corrosion des containers induite par leséo@s (Stroes-Gascoyne &West, 1994; King
et al., 1999; King et al., 2004). Cependant, juaqurésent, peu d'études ont été réalisées afin
de déterminer comment les bactéries peuvent inflretes propriétés d'hydratation des
bentonites et des smectites riches en fer. Celéteeprobablement le manque de méthodes
analytiques permettant le suivi in situ de I'hydtiain de la smectite en solution en volume
confiné, avec et sans bactéries. De maniere a eoroblmanque, la présente étude utilise un
nouveau type de cellule réactionnelle, adaptabien aiffractométre de rayons X afin de
réaliser des mesures in situ de l'état d'’hydratatitargiles compactées. Accroitre les
connaissances concernant les taux et mécanismalatdition de la smectite en conditions

stériles et en présence de bactéries est de peeinigortance au regard des applications
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industrielles actuelles. De plus, une telle corsmise contribuerait & augmenter notre
compréhension des réactions de subsurface ayantdhes les environnements argileux

compactes.

1.4. Objectifs de I'étude

Les principaux buts que nous nous sommes fixésldazaire de cette thése étaient :

» de développer un ensemble de techniques analytiggiesettant d'étudier in situ
I'hydratation de la smectite pendant linfiltratiaes solutions aqueuses, en
conditions de volume confiné, avec et sans présgadmctéries

» de déterminer la nature des interactions smectitéebies en solution et comparer
avec des systemes en volume confiné

» et enfin d’explorer les implications des résultatsenus a partir du large panel
d'expériences en laboratoires présentées et d&vdeur importance dans le

contexte de I'enfouissement des déchets nucléaires.

1.5. Plan de la thése

Le chapitre 2 fournit une description de la swuetdes smectites, de leurs propriétés
physico-chimiques ainsi que de réactions d'al@natorrespondantes. Il introduit brievement
les approches analytigues couramment utilisées gtudier I'hydratation des smectites. |l
contient par ailleurs, par ailleurs, une breve @néstion des bactéries, de leur structure et de
leurs besoins nutritionnels, ainsi qu'un résumé daeractions connues dans les
environnements de surface et plus particuliererdans les milieux argileux.

Dans le chapitre 3, les matériaux smectitiquebsés dans cette étude (smectite
purifiée, poudre de bentonite) sont décrits et damactéristiques de l'espéce bactérienne
utilisée Shewanella putrefaciehsont présentées. Les méthodes analytiques aslisént
décrites, et le principe de fonctionnement de lBuleeréactionnelle (“wet-cell”, Warr &
Hoffman, 2004) utilisée pour étudier I'hydratatioes argiles gonflantes en volume confiné
est expligué en détail, notamment son emploi eri taranalogue au laboratoire des

conditions d'enfouissement souterrain.
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Dans le chapitre 4, les résultats obtenus sudrdigition des smectites en conditions
abiotiques et en volume confiné sont discutés antion du type de cation interfoliaire, de la
densité de compaction et de la composition de latisa infiltrée. L'hydratation de la
smectite est caractérisée par la combinaison deregese diffraction in situ des rayons X et
le traitement des spectres de diffraction ainsewibs. Ceci permettant de quantifier I'eau
interfoliaire. Combinés avec des mesures graviouéds, ces résultats ont également été
utilisés afin de calculer le volume d’eau incorparka fois dans les sites interfoliaires et non-
interfoliaires (surface et porosité). Les valedles surfaces spécifiques et I'organisation
texturale de ces argiles, calculées de maniéretafinggd a partir des changements d’épaisseur
des particules et I'organisation des couches d’'@adering) sont également présentées.

Le chapitre 5 présente les résultats des exp@&semettant en interaction la smectite
et S. putrefacienspour une sélection de smectites. La premiereiepadt basée sur des
expériences en batch, d’argiles en suspensiorsééaliafin de quantifier I'impact de différents
types de smectites (nontronite et MX80) sur lasgance microbienne & putrefaciensen
utilisant des méthodes de comptage de cellulededabn paralléle, I'impact des bactéries sur
la composition et les propriétés des smectiteséadéterminé par ICP-OES, microscopie
confocale et électronique (MEB environnemental &TMouplé a un systeme EDX). Dans la
seconde partie, les résultats montrant I'impacbdeeries sur le comportement d'hydratation
in situ des smectites en volume confiné sont ptéseih'ensemble de ces résultats est, par la
suite, discuté afin de définir la nature de l'atém chimique et texturale induite par les
bactéries.

Dans le chapitre 6 les résultats présentés danshiapitres 4 et 5 sont résumés et
discutés au regard de l'application des matérienecstiques dans le contexte du stockage de
déchets, avec un intérét particulier sur le réle bactéries. Finalement, une derniére partie

présente les conclusions majeures et originale devail de these.
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1.INTRODUCTION

1.1. Swelling clays and microbial life

The reactive nature of both bacteria and fine-g@iminerals on Earth provide an
enormous potential for various types of interaction hydrous environments. First
publications linking the fields of geology and nubrology appeared at the beginning of the
last century when the involvement of microorganigmshe formation of hydrogen sulfide
and calcium carbonates was reported (Nadson, 190&nov &Karavaiko, 2004). Since this
time, microbe - mineral interaction has becomepéctof central importance in environmental
and life sciences. Bacteria have been shown to paveounced effects on both mineral
growth (Gorshkov et al., 1992; Kohler et al., 19&4#rlich, 1999; Kawano &Tomita, 2001)
and mineral dissolution (Bennett et al., 1996; nann et al., 2000b; Rosenberg &Maurice,
2003; Aouad et al., 2006; O'Reilly et al., 2006ydRionally, minerals coated with bacteria
and/or bacterial exudates often exhibit increaseesrof alteration at the interface (Marshall
et al.,, 1971; Van Loosdrecht et al., 1990; Maug#&arren, 2006). As bacteria-mineral
interactions are also observed to alter the chdm@maposition of resident water, including
the pH and redox state, it is now accepted thatildet knowledge of these reactions is
essential for understanding the chemistry of thérésphere and lithosphere (Ehrlich, 1996;
Liermann et al., 2000a; Haas, 2004).

The interaction between bacterial activity and diteecwas also addressed in
pioneering papers by Stotzky (1966a; 1966b) antkzisfand Rem (1966; 1967). Especially,
the implication of montmorillonite characteristi@sg. cation exchange capacity and specific
surface area) on the activity and ecology of micgaaisms in soils was studied with regard
to changes on microbial habitats. Because of tgh hiater content of smectites and their
abundance in soils and sediments, the nature efpilaty between bacteria and the swelling
clay minerals is of special interest. Smectitesnamgerals with unique physical and chemical
properties: they exhibit a weak permanent layergdand can therefore sorb into their
structure large quantities of water (or other paabstances) and various cations. In recent
years, particular attention has been given to thetdoially induced changes in the layer
charge properties of Fe-smectite (nontronite). slt now accepted that a chemical or

biologically driven (anaerobic) reduction of Fe[liih the smectite structure leads to an
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increase in the surface layer charge. Such chahges also been shown to diminish the
hydration capacity of the Fe-smectite (Stucki et #087; Wu et al., 1988; Lovley, 1991,
Kostka et al., 1996; Kostka et al., 1999; Kim et a004; Kim et al., 2005; Lee et al., 2006;
Stucki &Kostka, 2006). In the anaerobic experimehtKim et al. (2004), the activity of
Shewanellaoneidensiswas even reported to induce the smectite to il{t®A-phase)
transformation by fixation of K into the interlayspace. As this reaction occurred at 25°C,
and over the time period of just 2 weeks, it waggssted that Fe-smectite-bacterial
interaction can play a key role in driving clay mial reactions in anaerobic environments.
Despite these numerous studies now conducted snfild of research, it remains a great
challenge to advance the understanding of theioakltip between microbes and minerals
and, especially, to elucidate the complex naturesattions occurring between bacteria and

the smectite clays.

1.2. Swelling clays in industry

Swelling clay minerals form the main component ehtonite, which, because of their
high sorbent properties and sealing capacity, dotstone of most important industrially
applied clay mineral materials (Murray, 1977; El&ddurray, 1990). The name bentonite
was first introduced in the year 1898 and it reters rock found in the « Benton-Shale »,
Wyoming. Nowadays, it is used for materials thageesially contain smectite (O'Driscoll,
1988; 1989). The most important applications ineluts use as a binding agent in the
pelletization of iron ores, as foundry mouldingsasroil well drilling fluids (Harvey &Lagaly,
2006). Bentonite dispersions are also used in eimjineering, as a thickening agent (e.g. in
paints), as chemical sorbants (e.g. for proteimg) i the stabilization of beer and wine
(Sarmento et al., 2000). Because of their extermilg®rption capacity, high surface area and
the impermeable nature when hydrated, the smectiterals are also applied as sealant
barriers in waste disposal sites. With today’seasing need for energy, and the development
of nuclear power, new challenges have arisen camggithe safe storage of the generated
nuclear waste. Here the swelling clays (bentonites) considered for construction of the
engineered backfill barrier in many planned undaugd waste repositories, as described in

more detail in the following section.
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1.3. The use of swelling clays in nuclear waste gissal

Radioactive waste is an extremely hazardous mhterdhits isolation from the biosphere
is essential (Pusch, 2006b). It is derived fronphHses of the nuclear fuel cycle and from the
use of radioactive materials in industry as wellfrasn medicinal applications. The most
hazardous type of waste is the so-called "hightlamd long-lived intermediate-level waste",
derived from spent fuel cells. Such waste mustdrgiced for up to one million years before
its level of radioactivity approaches levels sushtlaose found in the natural environment
(ANDRA, 2005).

The majority of nuclear waste producing countrie® aonsidering disposal in
underground repositories placed within deep geolddormations in order to provide a thick,
natural barrier between the waste and the biospliefierent types of host rock formations
are currently been studied, for example graniteSimeden and Finland, salt domes in
Germany, pyroclastic tuffs in the USA and clay ek Switzerland, Belgium and France
(OECD, 1999; ANDRA, 2005; OECD, 2006). Despite tiiéferences in host rock, all
planned repository sites involve the multi-bargencept with additional engineered barriers.
The engineered barriers consist of steel contaittes hold the glassed radioactive waste,
possibly surrounded by concrete, and then a béckakerial introduced between the steel
containers and the geological host rock. Finahg, access tunnel system will be backfilled to
seal the site (Fig. 1.1.).

i

back-fill

bedrock '
container

Fig. 1.1. Schematic sketch of an underground réposfor the storage of nuclear waste. The multi-
barrier concept includes the bedrock as a natugarier as well as the backfill and waste containers
as engineered barriers.
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The main function of the backfill is to reduce gnduwater inflow that could corrode
containers and transport hazardous compounds toidsphere (Karnland, 2003). Bentonites
are considered to be the most suitable backfillenedt because of the low hydraulic
conductivity, the so-called self sealing capacityd athe high retention capacity for
radionuclides (Herbert &Moog, 1999; Hermann-Steag&Plotze, 2000; Komine &Ogata,
2004; Pusch, 2006b). Here, the flow of water iseexgd to be drastically reduced that
diffusion is the dominating transport process. Ksao the barrier are expected to be closed
during enhanced swelling (self sealing) and thé leigtion exchange and sorption capacity of
the clay should restrict the transport of hazard@gsonuclides in the case of leakage of
contaminated solutions (Miller-Vonmoos &Kohler, B99Molera et al., 2003; Montes-
Hernandez et al., 2005c).

Although smectites are very stable in their origimatural environment, any changes in
the minerals properties within the underground sépoy could decrease the performance of
the backfill barrier. As aqueous solution of vag/icomposition may infiltrate the site, long
term reactions can be expected under the changewghgmical conditions (Karnland
&Sandén, 2000; Karnland, 2003). Depending on thetisa chemistry (pH, ionic strength)
both accessory minerals and smectite can be altdred example concentrated saline
solutions may enter the backfill zone when stosasgte in salt formations (Hofman, 2003).
As well the infiltration of sea water is possiblerepositories are close to coastal areas
(planned in Japan) and the sea level rises duebalgvarming (Gustafsson, 2004).

A wide range of approaches has been adopted ir dodstudy reactions within the
smectitic backfill material and its adjacent waltk. These have included natural analogue
studies (Montes-Hernandez et al., 2003a), testittigivunderground laboratories (Marcos,
2002; Delay et al., 2007; Garavito et al., 2007tHRachs et al., 2007), large scale in situ
experiments (Martin &Barcala, 2005; ENRESA, 2007l ahe development of numerical
models (Haycox et al., 2006; Rotenberg et al., 208If these studies addressed the expected
behaviour of the clay barrier with time. One impmitt aspect is the characterization of the
dynamic changes that occur during the hydratiorthef smectite within confined volume
conditions, equivalent to the underground repogitbiere, knowledge of the mechanisms and
amount of water intake and retention is critical imderstanding and predicting the sealing
capability of the smectite material and its effeetiess in the adsorption or transport of
radionuclides. A key aspect of such a study isgjuantify the amount of structured (bound)

water stored in the interlayer sites, as opposedde loosely held water adsorbed on particle
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surfaces and in pore space. Although few studieg f@en conducted on this topic, these
aspects are considered to be essential when ewgltla¢ performance of clay barriers.

The role of bacteria present in underground reposei is also a theme of current debate.
Studies here have focused on the possibility oforaclide retention by bacteria and
associated biofilms (Stroes-Gascoyne &Sargent, 1988ey, 2002) and the microbially
induced corrosion (MIC) of the steel containergd&s-Gascoyne &West, 1994; King et al.,
1999; King et al., 2004). However, little reseatwds been undertaken to determine how
bacteria can influence the hydration propertiebentonite and Fe-smectites. This probably
reflects the lack of an analytical approach thkved in situ monitoring of smectite hydration
in solution, with and without bacteria in a confineolume system. To fill this niche, this
study employed a new type of flow-through reactefi that can be mounted onto an X-ray
diffractometer for in situ measurements of theestait compacted clay hydration. Gaining
knowledge on the rates and mechanisms of smecytieation in sterile and bacterial-
containing samples is considered to be of majoonamce with respect to current industrial
applications and furthers our general understandirsyibsurface reactions in compacted clay

environments.

1.4. Objectives of the study

Therefore the objectives of this study were sdobgws:

» To develop a set of analytical techniques to stadyitu smectite hydration during
the infiltration of aqueous solution under confinemlume conditions with and
without bacteria.

» To determine the nature of smectite - bacteriaractéon in batch solution
experiments and to compare it with compacted ¢jajesns.

 To explore the implications of the results obtairfeain the broad range of
laboratory experiments presented and to discuss imgortance within the

context of nuclear waste disposal in undergroupdsiories.
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1.5. Outline of the thesis

Chapter 2 provides an overview of smectite strggttheir physical-chemical properties and
relevant alteration reactions. A short introductian given on the common analytical
approaches used to study smectite hydration. Aaditly, a brief introduction is provided on
bacteria, their structure and nutritional requiraetsefor growth, as well as a summary of
known interactions in surface environments and mgpecifically within clay mineral
substrates.

In Chapter 3, the smectite based materials stu(jedified smectite and bulk rock
bentonite powder) are described as well as theachenistics of the bacteria used in this study
(Shewanella putrefaciepsare presented. The analytical methods are odilirsd the
reaction-cell (“wet-cell”, Warr & Hoffman 2004) alpd to study the hydration of swelling
clay under confined volume condition is describ@&tlis device is used as a laboratory
analogue for underground repository conditions.

In Chapter 4, the results of abiotic smectite higdnaunder confined volume conditions
are presented and discussed as a function of preedtfyinterlayer cation, packing density and
the ionic strength of infiltrated solution. Smeethydration is characterized by combining in
situ X-ray diffraction and the calculation of ddfttion patterns, which allows quantification
of the amount of structured water layers occurimdnydrated interlayers. Combined with
gravimetric measurement, these results are alsd tmsecalculate the volume of water
incorporated into both interlayer and non-interfaysurface and pore) sites. Qualitative
information on surface area and textural orgarorats also presented based on calculated
changes in particle thickness and the structuigadutization of water layer structures (degree
of ordering).

In Chapter 5, the experimental results of smectit&. putrefaciensinteraction are
presented for selected smectite minerals. The pest is based on batch experiments
conducted to quantify the impact of smectite (namte and MX80) on the growth @&.
putrefaciensby using viable cell counts. The impact on smectibmposition and mineral
properties was determined by ICP-OES, confocaledediron microscopy (ESEM and TEM
coupled to EDX). In the second part, results shgwilmee impact of bacteria on the in situ
hydration behaviour of smectite under confined wwuconditions are presented. These
results are then discussed in order to define #iare of bacterially induced chemical and

textural alteration.
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In Chapter 6, the results presented in Chapterslbare summarized and discussed with
regard to the application of smectite based buffeterials in an underground waste
repository, with special focus on the role of baateThe thesis finishes with a list of general

conclusions.
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CHAPTER 2 — STRUCTURE AND PROPERTIES OF SMECTITES AND OF RELATED

BACTERIA

2.1. Smectites

Swelling clay minerals belong to the hydrated pbsilicates subclass (Table 2.1) and
are rather unigue in the Earth’s environment bez#usy have the ability to adsorb quantities
of water, and other polar substances by the ordexpdnsion of their crystal lattices (Hofman
&Bilke, 1936; Mooney et al., 1952; Norrish, 1954;abEwan &Wilson, 1980; Sposito
&Prost, 1982; Sato et al., 1992; Bergaya &LagaB0Q& Brigatti et al., 2006). Smectites are
2:1 phyllosilicates that are built up by a succassif tetrahedral-octahedral tetrahedral sheets
(TOT). Two successive TOT are separated by anlayter space (Fig. 2.1). The tetrahedron
is composed of a central*Siatom (substitutions with Al and/or F&") surrounded by four
oxygen atoms that are linked via the corners irheeslike manner to form the so-called
tetrahedral sheet (Bailey, 1980; Brigatti et aD0@). In the case of the octahedron the central
cation is usually A" Mg?*, F€* or F€" that is surrounded by six oxygen atoms. The sbarin
of neighboring oxygens results in an edge-linkexdaloedral sheet structure (Velde, 1992). In
the case of dioctahedral smectites (e.g. montroari#, beidelllite, nontronite) the octahedral
sheet is predominantly occupied by trivalent caiomhereas the octahedral sheet of
trioctahedral smectites (e.g. hectorite and sapprmstdominated by divalent cations (Bailey,
1980; Brigatti et al., 2006). In this study, montiionite and an Fe-smectite, nontronite,
were selected for detailed experimental investigai@s these clays are considered to be
particularly important for understanding bentoniack fill systems and their predicted

alteration productions (Chapter 3).
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Charge per formula

unit (PFU) Dioctahedral species Trioctahedral species
Serpentin-kaolin group
~0 Kaolinite Serpentine
(Sin)" (Al5)" Os(OH)a (Sin)" (Mgs)" Os(OH)
Talk-Pyrophyllite group
~0 Pyrophyllite Talc
(Sia)"(Al)"O1(OH)o (Sia)"(Mga)" O1(OH)
Smectite group
Montmorillonite Hectorite
(Mf*nHzO)(Al 3+2.yMgz+y) Si4+4010(OH)2 (My+ * nHZO)(Mg 23.y|_i +y) Si4+4010(OH)2
(Mxiﬁlgjgl;ils+2 + SZ?por"Ee 3+
~0.2-0.6 (Si™*4AI**)O1(OH), (M nH,0)Mg 3 (STAI™) 01 OH)e
e Nontronite
(M, * nH0)Fe®, (Si*4,AI**,)01o(OH),
Vermiculite group
~0.6-0.9 (SLAL)Y (FeyMg,)" (SinAL)Y (Mg3, M)
O1o(OH), (x+y)M* O10(OH), (x-y)/2Mg**
Illite
~0.9 (SiAL)Y (Al Mg,)"
Olo(OH)z (X+y) K*
True mica group
~0.9-1 Muscovite Phlogopite
(SibANY (Al)" (SisA " (Mga)""
O1(OH), K* O1(OH) K*

Table 2.1. Compilation of layer charge and idealiZermula of some representative 1:1 and
2:1 phyllosilicates modified from Bergaya & LagéR006).

e} T Fig. 2.1. Schematic representation of the
OH crystal structure of smectit€he alternating
. succession of tetrahedral (T) and octahedral
e Si 0] (O) units makes up the sheet-like structure.
@ Mg, Fe The interlayer space (IL) contains cations
and separates the TOT sheets. The resulting
T lattice thickness of the structure (d-value)
is 9.6A (modified after Grim, 1962).
9,6A L
T

2.1.1. Layer charge and cation exchange capacBELZ|C

Besides the above described structural charadtsrissmectite minerals can be
additionally characterized by the density and lmcabf layer charge (Brigatti et al., 2006).
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The layer charge of smectite, derived from substiis in either tetrahedral or octahedral
sheets, leads to an excess negative chajgeF¢r smectites this charge typically ranges
between -0.2 and -0.6 per formula unit (PFU, t&blg, whereas for vermiculites, this charge
is higher and lies between -0.6 and -0.9 PFU (Mak®&Wilson, 1980). The layer charge
may result from predominantly octahedral subsbidi as in the case of montmorillonite
where trivalent Al* is substituted by divalent cations, or from teg@fal substitutions, as
described for nontronite, where*Sis partly substituted by trivalent &l (Velde, 1992). The
ability to exchange cations is expressed by theadled cation exchange capacity (CEC)
which is highest in the case of smectites and tinte a particular range of layer charge
values. As the layer charge property controls manportant characteristics, such as
hydration, swelling, clay fabric, and surface reatt (Stucki, 1988) the electrostatic balance
of charge is a key parameter affecting the tranafer retention of water and elements that
serve as nutrients (e.g. in a soil) or pollutamsatural and anthropogenic environments.
However, with increasing layer charge the mineaases the ability to exchange cations

because the interlayer cations become increasivaind (such as Kfixation in illite).

2.1.2. Edge charges

Another type of charge located at the edges of steqaarticles makes up more than 20% of
the CEC (Lagaly, 1993; , 2006). The sign and dgrddithis charge is, unlike the permanent
interlayer charge, dependent on the pH of the sadmg solution and therefore referred to as
the variable charge. In an acidic solution, theessgrotons lead to the formation of positive
edge charges whose density decreases with incgepsin(Fig. 2.2.). Alkaline solutions in
contrast provoke the dissociation of silanol angimahol groups leading to negative edge
charges that are compensated with cations. Unctiadge sites are only found in solutions
of slightly acidic pH (5-6) but here ligand exchamgccurs where OH groups are exchanged,
for example, by sulfate or phosphate groups (Lage®93). The edge charge is seen to play
an important role in buffering and sorption reagsiovithin solution. For example a higher
proportion of edge sites was shown to enhance teeath retention of pollutants such as
UO,** (Zachara &McKinley, 1993).

20



Chapter 2 — Structure and properties of smectites$ @f related bacteria

anion exchange ligand exchange cation exchange @
€]

positively charged edges equal amount of positive negative charged edges due
due to excess protons at and negative charges with to dissodiation of silanol and
low pH increasing pH aluminol groups

Fig. 2.2. Schematic representation of the pH depehedge charges (modified after Lagaly, 1993).

2.1.3. Interlayer hydration properties and anatapproaches to study hydration

The low negative layer charge of smectite (tablg 2nables water molecules to coexist
with the interlayer cations and to hydrate themaatinction of water activity (Norrish
&Quirk, 1954; Prost, 1975; Sposito &Prost, 1982hisT process is generally known as
intracrystalline swelling and corresponds to théencalation of HO molecules in the
interlayer space as it expands (Nagelschmidt, 18R86rish, 1954; Norrish &Quirk, 1954;
Grim, 1962; Watanabe &Sato, 1988; Sato et al., 19%#nura et al., 2000; Suzuki et al.,
2005). This intercalation is governed by the sind aharge of the saturating cation and as
well by the magnitude and localization of layer rgfea(MacEwan &Wilson, 1980).

At ambient conditions, monovalent interlayer casigmeferentially form a one water layer
structure, which if homogenously distributed alaaf interlayers, results in a d-svalue of
~12.3A. Divalent cations are normally surroundectwy water layers and yield an ideal d-
value of ~15.2A. In the case of €athis spacing is stabilized by the formation of
octahedrally co-ordinated hexahydrate groups with dcomposition [Ca (#D)s]*" (Méring,
1946). However it is very rare that smectites aretly homoionic and the presence of more
than one type of cations (typically mixtures of N&&*, K* or M) in the interlayer space
is common with variations of the hydrated interlaygpacings accordingly (MacEwan
&Wilson, 1980).

The amount of water intercalated in the interlag@aice increases with humidity and can
form up to 4 layers of structured water (Bradlewlet1937). As the mobility of the interlayer
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cation successively increases with hydration stat@galy, 1993) the name “quasi-

crystalline” was proposed to describe the thicketew layer structures (Hofmann et al.,
1957). If smectite expands more than 20A the qoaatalline structure is lost and the

interlayer cations build diffuse double layers. Exmental studies of interlayer expansion
under conditions of elevated relative humidity hal& shown transformations to take place
in a step-wise manner with the occurrence of dischgdration states (Mooney et al., 1952;
Norrish, 1954; MacEwan &Wilson, 1980). The earlysetvation of continuous swelling by

Nagelschmidt (1936) and Hofman and Bilke (1936)ctmnsidered to represent random
interstratifications of different hydrates (MacEw&wilson, 1980).

The state of interlayer hydration can be determifiech X-ray diffraction patterns by
quantifying the position and shape of the baséitkatayer reflections (Chapter 3). In analogy
with mixed layered clay minerals, that are formédwmn or more kinds of intergrown layers
(e.g. illite-smectite), the diffraction propertie$ smectite containing a mixture of different
water layer structures can treated according togér principle (Méring, 1949). The basal
X-ray diffraction peaks of mixed layered clays acbetween the nominal positions of both
members and their precise position is fixed byrédative proportions of the interstratified
phases (Moore & Reynolds 1997; Chapter 3).

Smectite interstratifications are generally consgdeto be random (R=0) or ordered (e.g.
R=1) although the precise nature of ordering atl#itice scale is still a topic of debate.
Moore and Hower (1986) described the regular (ramtom) stacking of 1 and 2 water layer
hydrates resulting in varying basal spacingyjdthat formed as a function of the relative
humidity. The ordered arrangement was suggestedetonore stable, resulting from the
electrostatic interaction of the interlayer catisith the hydroxyl ions. When the two water
layer thicknesses were present in equal abundange 0% 1WL and 50% 2WL) with
regular interstratification, the formation of a sugtructure was observed by X-ray diffraction
and confirmed by peak calculations.

The types of ordering present in mixed layered mailseare best studied by matching
measured XRD patterns with calculated profiles. bést known program for simulating one-
dimensional diffraction patterns is NEWMOD (Reym®ld 985), but there are limitations to
the number of mixed-layered phases that can bedmieultaneously. Recent simulations of
smectite swelling under elevated air humidity cdasithat complex diffraction patterns are
best reproduced by calculating mixtures of bothepand mixed layered structures to be
necessary to account for observed heterogeneiiesage et al., 2005a; Ferrage et al.,

2005b). However, in this study the observed XRDigvas were most satisfactorily fitted
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assuming only mixed layered structures, as longerasugh components were included.
Preliminary tests using non mixed layered compagieided poorer results.

Molecular simulations have also been applied to ehdtie hydration structure of
smectites when experimental constraints are ab&aged on such studies, the chemical
properties, reaction mechanisms, thermodynamias karetics of the hydration mechanism
were identified (Monsalvo et al., 2006). Simulagousing the Monte-Carlo algorithm are
most common. In this approach the energy of a naylohosen compound in a system (with
defined coordinations) is calculated by varyingdamly its position or rotation until a
minimum energy is obtained. Here, the change franold to the new state is based on the
assumption of certain probabilities and energetinimmums. The calculated molecular
structures serve as a basis for calculating varmystal-chemical parameters such as the
thickness of the hydrated interlayer (Meleshyn, 0®Gimulations of Na-montmorillonite
confirmed the presence of four stable hydrationtesta(at 9.7, 12.0, 15.5, and 18.3A,
respectively), the thicknesses of which are in gampeement with experimental data
(Karaborni et al., 1996). Based on such studies ctimbination of experimental results and
computer simulations is seen to be an essential ggannderstanding complex molecular

reactions such those involved in smectite hydration

2.1.4. The diffuse double layer, DLVO theory, angplications for smectite swelling

The double layer model (Gouy-Chapman-Model) is useddescribe the ionic
environment in the vicinity of a charged particledaexplains how electrical repulsive forces
occur. A negatively charged particle causes firattpched positive ions to concentrate at the
surface of the clay particle (known as counter-otws form the so-called “Stern layer”
(represented as one layer of positive charges gn Ei3). The diffuse layer results as a
consequence of positive ions being attracted by tegative charged surface but
simultaneously repelled by the “Stern layer” anteotpositive ions trying to approach the
particle (Shaw, 1992). The concentration of positicharge ions decreases with increasing
distance from the particle surface until equilibmiwith the solution is attained. The Stern-
and the diffuse-layer together are called the (diéf double layer” (Fig. 2.3.a). The DLVO
theory (independently proposed IBerjaguin andLandau in 1941 and byervey and
Overbeek in (1948) provides a quantitative desaipbf interaction of negatively charged
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particles and includes the basic concept of muteplilsion of overlapping diffuse double
layers and the attraction of particles due to tbedon-van der Waals forces.

The behaviour of smectite particles in solution t@nwell understood by applying the
diffuse double layer model. The thickness at whsalelling occurs is driven by the forces of
the charged surfaces and the transition to osmstelling, which is controlled by
concentration gradients. This transition usuallyresponds to layer separations >30A as
indicated by small angle scattering techniques ¢liblar & Cohaut (2006). This contrasts to
the proposed 20A limit of Hofmann et al. (1957). tis point the interlayer becomes
detached and the exposed cations build a diffusblddayer between the layers that repulse
each other as the coherence between particlessis(fey. 2.3.b). This so-called osmotic
swelling transforms interlayers into free surfae@sl create very thin independent particles
which do not overlap (Lagaly, 1993; Likos, 2004phéy, 2006).

Guy-Chapman-Model
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Fig. 2.3. a) Schematic representation of the défdsuble layer of a
smectite sheet-silicate particle in suspensiorf-dymation of tactoid
particles due to osmotic swelling (modified afterghdy, 1993).

With increasing concentration of the electrolyteg(R2.4.a) the diffuse double layer is
suppressed and particles are able to approach atheh (McNeil, 1970; Lagaly, 1993; ,
2006). When particles approach a distance of ~19d \Yan-der-Waals attractive forces
overcome the electrostatic repulsion forces andpimticles coagulate to form aggregates
(Fig. 2.4c, Lagaly 1993). A typical value for theitical coagulation concentration of
Wyoming montmorillonite is 3.5 mmol/l NaCl (~0.2gfbr a maximal of 18g/l dispersed clay

(Lagaly, 2006). In addition to dissolved salts, mwous other components can lead to
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coagulation (see Lagaly 2006) including organic maolecules. Here, important
mechanisms are charge neutralization (the moleante the clay surface having opposite

charge) and the molecular bridging of adjacentiglas.

a) increase of ionic strength b) Interaction energy
> (Vervey & Overbeek 1948)
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Fig. 2.4. a) With increasing ionic strength the dimsion of the diffuse double layer is decreasedhe) curves for
interaction energy show decreasing electrostapulgion and increasing influence of Van-der-Waalsaative forces.
¢) Coagulation of particles forming stair-step-carduse structures (Hofmann, 2000; modified aftegdly et al.
1997).

2.1.5. Hydration of non-interlayer sites: surfane @ore water

In smectite-rich clay such as bentonite, wateras anly stored within interlayers but is
also located outside the crystal structure, nanaslyadsorbed water on external particle
surfaces or as free pore water stored betweeneadjgtains or minerals aggregates (Prost,
1975; Sposito &Prost, 1982). In the case of snethié enormous specific surface area (SSA)
is one of the most important properties controlsugface phenomena including the uptake of
organic and inorganic molecules (Michot &Villierd®)06). The amount of available surface
area is highly dependent on the state of partiglellsmg. Maximal values for external
surfaces range up to 85C/gy a surface which is theoretically available feater adsorption
(Schramm &Kwak, 1982; Michot &Villieras, 2006). &ddition to this immense surface area,

smectites commonly have relatively high porositiee to their microtextural arrangement. A
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typical porosity of a smectite-rich soil for exampknges between 58% and 51% (Horgan,
1999), corresponding to a bulk density of 1.1 arf®l d/cm3, respectively. Such porosities
provide a natural capacity to store water in mioreg as infiltrating aqueous solution
replaces air. In the hydrated state these poresi@mever frequently not connected and in
such conditions the smectites have characterititad hydraulic conductivities (depending
on the packing density, ranging between 1E-11 &hd4 m/s, Pusch 1994; 2006).

Water adsorption on the siloxane surface of sneep#iticles, which is the basal plane of
a tetrahedral sheet, is mostly depending on thal lolkarge distribution (Sposito &Prost,
1982). For montmorillonite the isomorphic substdntoccurdn the octahedral sheet and the
resulting excess negative chaedjews the surface to form adsorpticomplexes with cations
and water molecules by weak hydrogen bonds (Spédtmst, 1982; Sposito et al., 1999).
This effect is even more enhanced in nontronite revhgubstitutionoccurs mostly in the
tetrahedral sheet. The resulting excess negeliaege localized closer to the siloxaueface
leads to stronger adsorption complexes and thediwom of strongehydrogen bonds is

possible (Sposito et al., 1999).

2.1.6. Smectite swelling in a confined volume syste

Although a restricted reaction volume is the comnsitmation in many natural and
engineered systems, the hydration behaviour in scmhditions is not well studied
experimentally. The uptake of water in a confinedume and the associated expansion
depending on the packing density can generate isggiressures ranging from 0.06 to 12
MPa (Pusch, 2006a; 2006b). The latter value iscitpior pressures at more than 10km
crustal depth. Therefore swelling under such caomuktis different from that observed in free
swelling. The elevated solid to liquid ratio in @mgered clay systems and the effect of bulk
characteristics such as the pore water chemistsy been addressed in various models
(Muurinen &Lehikoinen, 1999; Bradbury &Baeyens, 30Wersin et al., 2004). In such
studies the main reactions could be identified ddpey on the system parameters, such as
the degree of equilibrium attained in the bulk miheassemblage, N&Ca&* exchange
reactions and deprotonation of functional surfaceigs. However it is generally considered
that many uncertainties remain with regard to tiffeces of smectite swelling and the

chemical properties of the interstitial water (Wier2003).
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The different water storage sites, namely the layer, surface and pore spaces are most
likely to influence the mechanisms of sealing, sorp and transport in fundamentally
different ways. A quantification of the distributiaf water between these sites is therefore
considered as important for predicting of the bamavof hydrated smectite clays in both

natural and anthropogenic environments.

2.2. The role of bacteria

Another aspect of importance is the role bactetay pn influencing clay mineral
reactions in low temperature agueous environmdddsteria are abundant in near surface
conditions and have been shown to be present ip geelogical formations (Fredrickson &
Onstott, 1996) and in naturally occurring bentorfRedersen, 2000, Fukunaga et al. 2005).
The impact they have in affecting mineral reactienstrongly dependent on the type of clay
and bacteria present, but in a number of cases ltheg been shown to enhance mineral
dissolution (Banfield & Welch, 2000). Dissimilatorseduction of Fe-smectites under
anaerobic conditions byshewanellaspecies was shown to increase layer charge and
decreased patrticle swelling (Gates et al 1993, keost al 1999, Kim et al. 2003; 2004) and
was accompanied by partial mineral dissolution ¢Stet al. 1987, Wu et al. 1988, Gates et
al, 1993, Kostka et al. 1999, Kim et al 2003, 20ddstka et al. 2003b).

2.2.1. Structure, properties and requirements cifebia

Bacteria are abundant in soils and sediments in testestrial and marine environments.
They flourish in the extreme conditions of hot sga (Corliss et al., 1979), deep in the
Earth’s crust (Fredrickson &Onstott, 1996) and haven been reported in nuclear waste
material (Fredrickson et al., 2004; Nazina et a004). The biochemical functions they
perform in system Earth are numerous and of clitioaportance in the ecological
environment, serving as decomposers, gas fixatatsagents of fermentation. They also play
an important role in bioremediation by degradingl &ransforming hazardous contaminants
such as toxic metals and radionuclides (Willeyleti®96; Banfield &Welch, 2000; Lloyd,
2003; Madigan et al., 2003; Konhauser, 2007; Mudieal., 2007). Members of the genus

Shewanellawere among the first organisms shown to grow kssidiilatory metal and
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radionuclide reduction and they have been intehssteidied with regard to biogeochemical
cycling and bioremediation (Haas et al., 2001; Maliset al., 2006; Payne &DiChristina,
2006).

Bacteria are a group of single-cell microorganismigh prokaryotic cellular
configuration (Fox et al., 1977, Woese &Fox, 19Woese, 1987; Madigan et al., 2003).
Typically, a few um in length, individual bacteristhapes range from spheres to rods and
spirals. In contrast to animals or plants, a bateell can carry out the key life functions
such as growth, energy generation and reproduatiependently without the need of other
cells. A prokaryotic cell (bacteria and Archaea)c@mpared to the eukaryotic cell more
simple in structure, lacking a membrane-bound nusckend instead of having chromosomal

DNA, their genetic information is contained in accilar loop called a nucleoid (Fig. 2.5).

cytoplasmic nucleoid ribosomes
membrane

“\

cell wall cytoplasm flagellum

Fig. 2.5. Internal structure of a procaryotic
cell (modified after Madigan et al. 2003)

2.2.2. The bacterial cell wall

Two major groups of bacteria are recognizable basettheir cell wall structure: the gram
negative and the gram positive (based on the cefiponse to the so-called gram stain).
Gram-positive cell walls consist primarily of ongé of molecule, the peptidoglycan, which
provides strength to the wall by forming a relalyviick layer (Fig. 2.7). In contrast, the cell
wall of gram-negative bacteria is made up of a dempultilayered structure that contains
besides the peptidoglycan layer an additional layeade of lipopolysaccharide. The
lipopolysaccharides form the outer membrane ofcelewalls of gram-negative bacteria and
contain macromolecules with carboxylate, phosphatk amino groups (e.g., Beveridge and
Murray, 1980; Plette et al., 1995). Generally baateells are negatively charged in most
environmental conditions (Haas, 2004; Kronhause®,72 but the cell walls can be protonated
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or deprotonated, depending on the pH of the outsaletion This is basically due to the

macromolecules of the cell wall that contain exposenizable functional groups.

Additionally, buffering reactions can be linkedtte bacterial metabolism such as the active

transport of protons (proton pump) and the subssquelease of exudates (Banfield
&Hamers, 1997; Barker et al., 1997; Banfield &Wel2B00; Haas, 2004).

Peptidoglycan =

Periplasmic
space

Plasma
membrane

gram-positive gram-negative
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Lipotoichoic acid Teichoic acid Ly

o ) - ! f Braun's
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side chains f pop
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Phospholipid ) Peptidoglycan 41../ membrane

Integral protein

Fig. 2.6. Schematic representation of the gram-tiegand the gram-positive cell wall (Cleasseng&0nodified after Willey et al. 1996)

2.2.3. Requirements for bacterial growth

Bacteria are relatively small with a common sizeabbut 0.5-1um in diameter and upto

~4um

in length. As a consequence, they have a kpgeific surface area compared to their

volume (e.g. 55fig for Shewanella putrefaciensjaas 2004). As the surface area controls

the rate of nutrient transport into a cell as vaslithe rate of waste products excreted, bacterial

size fundamentally affects both the cells metaboled growth rate. For successful growth

in nature or in the laboratory bacteria requireesaan energy source, carbon and a range of

other nutrients (table 2.2).

Carbon is the major constituent of all cellular enetls and in the case of bacteria it

makes up around 50% of its dry weight. It is therefthe main nutrient desired by all bacteria

(Madigan et al., 2003; Konhauser, 2007). After carlthe second most abundant element in

a cell is nitrogen with around 12% dry weight. Thlement is a major constituent of amino

acids,

nucleic acids nucleotides, and coenzyméte(fal). Phosphorous is required primarily
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as a constituent of nucleic acids and phospholipuereas sulphur is a constituent of amino
acids (cysteine, methionine) and several co-enzyPessium is the main inorganic cation
and acts as a cofactor for certain enzymes. Ott@ganic cellular cations are magnesium
and calcium that are cofactors for enzymatic reasti Iron is the key component of
cytochromes and thus plays a major role in celluémpiration. A summary of the main
elements required as nutrients and some of thedatifons are compiled in table 2.2.

Element % of dry Source Function
weight
Carbon (C) ~50 organic compounds orCO Main constituent of cellular material
Nitrogen (N) ~12 NH, NOs, organic compounds, Constituent of amino acids, nucleic acids
N, nucleotides, and coenzymes
Phosphorous  ~3 inorganic phosphates (gO Constituent of nucleic acids, nucleotides,
P) phospholipids, LPS, teichoic acids
Sulphur (S) ~1 SQH,S, S, organic sulphur  Constituent of cysteine, methionine, glutathione,
compounds several coenzymes
Potassium ~1 Potassium salts Main cellular inorganic catiod eofactor for
(K) certain enzymes
Magnesium ~0.5 Magnesium salts Inorganic cellular cationactdr for certain
(Mg) enzymatic reactions
Sodium (Na) ~0.5 Sodium salts Mostly required byinmabacteria
Calcium (Ca) ~0.5 Calcium salts Inorganic cellwation, cofactor for certain
enzymes
Iron (Fe) ~0.2 Iron salts Component of cytochrolaed certain nonheme
iron-proteins and a cofactor for some enzymatic
reactions

Table 2.2. Compilation of bacterial nutrients, iading their source and function (Madigan et
al., 2003; Todar, 2006).

In order to drive cellular biosynthesis and funetithe bacteria require energy. This
energy can either come from the conversion of raddaergy (light) into chemical energy via
the process of photosynthesis (phototroph) or feadation-reduction reactions involving
inorganic or organic molecules (autotroph and loéteph).

Additionally, a suitable range of physical conditp especially temperature, and
optimal pH conditions are required. This is howewgghly depending on the bacterial
species. Hyperthermophilic bacteria, for examplefgy temperatures around the boiling
point of water as identified in samples from deeg@ Bydrothermal vents (Huber et al., 1989)
whereas other bacteria have been reported to belgagrowing in the Siberian permafrost at
temperatures as low as -20°C (Rivkina et al., 20B6)dophiles can live at pH values below
2 and are for example found in acid mine drainabereas alkaliphiles grow at pH values up

to 11 and are often associated with soda lakesarwbnate rich soils (Konhauser, 2007).
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2.2.4.Shewanella putrefaciens

The gram negativ&. putrefaciensre heterotroph and therefore require organic carbo
(Corg) to couple its oxidation with the reduction of amidized compound, the terminal
electron acceptor (TEA). As facultative anaerolibsy can switch between aerobic and
anaerobic types of metabolism. Under anaerobicitond (no Q) S. putrefaciengan gain
energy by reducing various metals in particulallkevley, 1991; Lovley et al., 2004; Stucki
&Kostka, 2006) and Mn (Myers &Nealson, 1988; , 1p@Mereas in the presence of they
switch to aerobic respiration. According to theimtural habitats optimal conditions of
temperature, salinity, and pH are that of typicahrime and freshwater environments
(Venkateswaran et al., 1999). The strain usedighdudy §. putrefacien®MS 6067) grows

at optimal temperatures around 30°C and a nearaiga (7).

2.2.5. Impact of bacteria on their environment

Within limits, bacteria can react and even evolvehanges in their environment and thus
readily adapt to a particular situation (Roszak &@l, 1987; Todar, 2006). Mineral
surfaces are preferred sites for metabolicallyvacthacteria because nutrients are often
accumulated (Brown et al., 1977; Ellwood et al.82;9Bright &Fletcher, 1983). In order to
attach to surfaces the majority of microorganismsaquatic systems form biofilms and
assemble themselves in microcolonies (Flemmingb518®nhauser, 2007). Such a biofilm
consists mainly of highly hydrated exopolymeric stances (EPS) that are secreted by the
bacteria who are embedded within it. Biofilms tragrients for the growth of the microbial
population and help prevent cells from desiccafjdgn Loosdrecht et al., 1989; , 1990;
Madigan et al., 2003).

Additionally, bacteria can produce compounds tauaegnutrients or other compounds. It
was for example shown th&hewanella oneidensigas shown to produce reductase proteins
that specificallynteract with the mineral surface after the potdrdas a TEA was recognized
(Lower et al., 2001). As well the production of @len-shuttling compounds for electron

transfer was reported to be involved (Lovley et @004). Another mechanism is the
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excretion of low molecular weight ligands that aspecially produced to sequester essential
elements. Fe(lll)-specific ligands are called sipérores (Neilands, 1989) that form
coordinative positions around the central Fe(l&li@n. This complexation keeps iron in a
soluble form making it more easily accessible factbria (Birkel et al., 2002). It was
described that some bacteria (€2geudomonas mendocinae able to adapt the siderophore
production to the availability of Fe(lll) and soti@ely adapt to their environment (Hersman
et al., 1995; Hersman et al., 2000).

2.3. Conclusion an approach of this study

Smectites are unique minerals with very speciaperties such as their permanent and
variable layer charge, cation exchange capacity lange surface areas. The way that
smectites interact with the environment is diretitiked to these properties and the behaviour
of the diffuse double layerin aqueous solution. Byaghes to studying smectite hydration are
traditionally based on X-ray diffraction analyseslar conditions of elevated air humidity in
combination with calculated diffraction patternglanore recently Monte-Carlo simulations.

Despite the wealth of knowledge on the hydrationavéour of bentonite clay in solution,
less work has been conducted to determine the mechand rate of hydration during the
infiltration of solution into pressed bentonite pevrs within a confined reaction volume. In
Chapter 4 this topic is addressed by using confwe@dme reaction-cells (“wet-cells”) that
are used to study hydration in situ as potentialagues for the infiltration of solutions into a
backfill section of a waste disposal site. Timealegent results on the mechanism of
hydration in relation to the total influx of wateto compacted bentonite are obtained and the
partitioning of solution into different water stgeasites is quantified.

Bacteria are extremely diverse and inhabit alnevstry near surface environment in
and on the planet. Requirements for growth arelhigbpendent on the type of bacteria but
all require a source of carbon, a range of nutsieaehergy, water and a favourable pH and
temperature range. Many species of bacteria noy @mpear to interact with their
environment but actively react with the solid iféees of minerals. The bacteria chosen for
this study belongs to the phylogenetically divegsausShewanellahat have been isolated
from a wide range of freshwater and marine enviremi® as well as from terrestrial

environments including soils (Bowman, 2005). Thisoda occurrence in nature in
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combination with their broad versatility with redato anaerobic respiration make them a
“model” organism for studying environmental pro@ss

Being aware that thadiversity of microbial live and the complexity af\dronmentally
relevant processes in natural systems imply anneos challenge to resolve, this work is
based on a defined system of only one type of raln@mectite) and one type of bacteria
(Shewanella putrefaciensJhe materials and methods used to study theaictiens of this

clay and bacteria are presented in the followirgptér (Chapter 3).
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CHAPTER 3MATERIALS AND ANALYTICAL METHODS

3.1. Sample materials

3.1.1. Bentonite samples: MX80, IBECO, TIXOTON

Three different industrially available bentonitegres selected for experimentation:
“MX80”, “IBECO SEAL-80" und “TIXOTON TE”". For reasns of simplicity, the latter two
will be referred to as IBECO and TIXOTON in theltoling text. MX80 is a commercial
bentonite that is sold by « CETCO France « (17nmweeGénéral De Gaulle, 94220 Le Plessis
Trevise, France) and was chosen for this studynasxample of a possible future back fill
material in the context of nuclear waste dispos@NIPRA, 2005). For experimental
investigation, it was used without further purifgitreatment and, therefore, the interlayers of
the montmorillonite are heteroionically occupied Mg and C&" according to the formula
(Sauzeat et al., 2001):

Nao 18Ca0.11[Al1.52Mdo.26F€®0.1] [Siz.06Al0.04 O10(OH)2

Montmorillonite makes up around 76% of the raw mateand the remaining fraction
consists of mica, feldspar, quartz, calcite andt@ytable 3.1).

The other two industrial bentonites are considéodoke “activated”, which means that the
interlayer cations of the montmorillonite minerdlave been exchanged to enhance desired
properties (Lagaly, 1993). IBECO is activated Wit and can be obtained as a powder from
“IBECO Bentonit-Technologie GmbH” (Ruhrorter Stras&2, 68219 Mannheim, Germany).
TIXOTON is a mixture of different bentonites froroudh German bentonite deposits. The
C&" activated powder is available from “Suid-Chemie A@Steinbockstrasse 12, 85368
Moosburg, Germany). These bentonites contain mbwe 80% montmorillonite and
accessory minerals such as mica, feldspar, quartzealcite (table 3.1).

Because of their low layer charge (ranging betw@28 and 0.33 equivalents per half unit
[eq/(Si,Al), Oyq) and high cation exchange capacities (CEC, randiatween 70 and 82
milliequivalents (meq) per 100g), they are consderto be suitable for industrial

applications, in particularly, as back fill matdésidHermann-Stengele &Pl6tze, 2000; Sauzeat
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et al., 2001; Hofmann et al., 2004; Pusch, 200Bbaddition, their high surface area (BET
surface area ranging from ~30 to over 16@nprovides numerous sites suitable for the

adsorption of toxic substances.

Sample name IBECO seal’80 TIXOTON-TEY MX80 Swy-2°) NAu-1*>
(BF100Y
Material Na-activated Ca-activated bentonite bentonite Pure nontronite
bentonite bentonite
Lokality South Germany  South Germany  Wyoming, USA  yoiiing, Uley Mine,
USA Australia

Source IBECQBentonit- Sud-Chemie CETCO, France CMS source CMS source

technologieGmbH, AG, Germany clay collection clay collection

Germany
Smectite

Amount [%] > 80% > 80% > 80% >95% >93%

montmorillonite montmorillonite montmorillonite montmorillonite nontronite
Interlayer cation Na Ca Na, Ca Na Ca
CEC [meq/100gq] 82 72 69.6 76.4 71
Surface area 55.33 103.01 30.03 27.64 83.98
[m*g]*
Layer charge 0.33 0.29 0.28 0.32 0.52
[ed/(Si,Al)4O4(]
Grain size Not separated Not separated 14% silt + sand, <1 pum <0.5 pm

86% <2um

Accessory minerals [%0]

Mica <3 1-2 2.8-3.8 <1 -
Kaolinite - - - - 4
Biotite* - - - - trace
Chlorite - - - >1 -
Feldspar <3 5-6 4.5 1 -
Quartz - 8-9 5-6 4 <1
Goethite - - - - 3
Calcite 8-12 1 0.3-1.4 - -
Gypsum - - - 1 -
Pyrite - - 0.5 - -

Table 3.1. List of samples and their important mat@gical characteristics. Data taken from
(Hofmann et al., 2004) (Sauzeat et al., 200) (Mermut &Cano, 2008, (Keeling et al.,
2000¥ and (Chipera &Bish, 200%) *Own data.
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3.1.2. Nontronite and montmorillonite purification

Pure smectite fractions were prepared from sangidgined from the clay minerals
society (CMS) source clay collection (Source Clainédfals Repository, 1150 LILY Hall,
Purdue University West Lafayette, IN 47907-1150pnhNonite NAu-1 is a dioctahedral
smectite that contains a high proportion of strradté&e(lll) in the octahedral sites (~ 34 wt.%
FeOs, table 3.2) and basically divalent Cdons at interlayer sites. Substitutions occurring
both at tetrahedral (Al for Si**) and octahedral sites (Eefor F€*, see Fig. 3.1) result in a
negative layer charge of around 0.52 equivalentshpk unit (Keeling et al., 2000; Gates et
al., 2002). According to Keeling and co-workers (@p the structural formula is best

expressed as:
Caos[AloFeR; [Siz0AlLg O10(OH).

Because the raw powder samples obtained from theceoclays collection contain
impurities such as kaolinite, quartz, biotite amethite, they were washed and a reality pure
< 0.5um nontronite fraction separated by centrifioga(for remaining impurities, see table.
3.1). The nontronite was chosen as a representéwech smectite, which is predicted to
form as an alteration product of montmorilloniteamhin contact with the Fe-containers of a

repository site (Wilson et al., 2006).

Nontronite Montmorillonite
" 7 @v‘v‘cv T v’v‘v v r
v@'v'ssa':' @Y@r@ss@@vsr
X Y@ © BXERX XBX@X XBXB® O
RRNGRNLYL T QRS ¢

Fig.3.1. Schematic representation of cation sitethie dioctahedral smectite
structure (non-stoichiometric). Abbreviations arefallows: IL- interlayer, T-
tetrahedral sites and O-octahedral sites (afterdéel992).

SWy-2 is the sample name of the Wyoming bentortd@dard from the clay minerals
society (CMS). The raw material contains around%0montmorillonite with Na as the

principle interlayer cation. The layer charge abward 0.28 equivalents per half unit results

38



Chapter 3 - Materials and analytical methods

mainly from the octahedral substitution of Mgor AI** (cp Fig. 3.1). The generalized
formula after Mermut & Cano (2001) and Mermut &Jady (2001) is:

Nao 16Ca0.0dAl 1.50Mgo.3FeE g 7 [Siz.00Al0.0] O10(OH)2

In order to obtain a monocationic sample the (<Xrattion) was saturated with Nand was

used in experiments as a standard reference ferpamontmorillonite.

Element IBECO seal - TIXOTON-TEY MX80 SWy-2 NAu-1
[% oxide] 80" (BF100Y) Montmorillonite® Nontronité)
SiO, 52.9 53.8 57.5 62.9 53.33
Al,O; 16.6 17.5 18.66 19.6 10.22
TiO, 0.8 0.3 0.14 0.09 -
Fe,0s; 4.6 5.1 4.16 3.35 34.19
FeO - - 1.65 0.32 -
MnO 0.1 0.1 - 0.006 -
MgO 3.9 3.0 2.17 3.05 0.27
CaO 6.1 3.7 1.42 1.68 3.47
Na,O 2.6 2.2 2.18 1.53 0.08
K,0O 0.5 1.3 0.64 0.53 0.03
P,0Os 0.1 0.1 0.25 0.049 0
S - - 0.27 0.05 -

Table 3.2. Chemical composition of the used mdteriBata taken from Hofmann et al.
(2004)), Sauzeat et al. (2001)Mermut & Cano (200P)and Keeling et al. (2000)

3.1.3. Solutions: ground water, sea water and @xjgatally mixed saline solutions

In this study, two natural solutions were used I@ah3). A granitic ground water
obtained from a surface source in Heidelberg, Geynand an Atlantic sea water that was
sampled from the Cornwall coastline, UK. The lattas been diluted by terrestrial waters and
exhibits a lower salinity than the average sea matenposition. The samples were filtrated
(<0.45um) and stored in a cool place until usedefgperiments. Additionally, a simplified
salt solution containing KCI (0.28 g/l) and Ca@.05 g/l) was mixed. All solutions were
sterilized by filtration or autoclave prior to expeentation.
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Cation Atlantic sea-water [mg/I] Granitic ground{ea[mg/l]
Na 11300 8.13
K 468 4.76
Mg 1410 3.79
Ca 428 23.8
Li 0.27 <0.01
Fe <0.01 0.213
Mn <0.01 <0.01
Al <0.01 <0.01

Total dissolved cations ~13606 ~41
pH 8.2 7

Table 3.3. Cationic compositions of the natural solutions used in this ciétielynined by
atomic adsorption spectroscopy (Warr & Berger, 2007).

3.1.4. Bacteria

The bacterial growth media are special types ofegrpental solution (table 3.4). The
Luria Bertrani (LB) medium was used for incubatiohcultures prior to experimentation,
whereas a chemically defined minimal medium (MM; dvlyy & Nealson (1988)) was used
both as an incubation medium and experimental isolutPreparations were done under

sterile conditions or the solutions were sterilizafler preparation by filtration and/or

autoclaving.
Luria Bertrani Medium (LB) Minimal Medium
(MM)
Cation [mg/1] Compound unit
[mM]
Si 19 (NH),SO, 9.0
Al 0.09 KHP O, 5.7
Mg 2.02 KHPO, 3.3
Ca 2.56 NaHC@ 2.0
Fe 0.35 MgSQ@ 1.0
Mn 0.008 CaGl 0.5
Ti 0.022 Amino acids [mg/l]
Na n.d. (~10000) Arginine 20
K 306 Glutamate 20
P 130 Serine 20
Electron donor [mM]
Formate 20
Electron acceptor [mM]
Fe(lll) citrate 80

Table 3.4. Cation composition of the Luria Bertramédium (LB) and a list of the major
compounds in the minimal medium (MM) as definedlpgrs and Nealson (1988). The
electron acceptor was only added to adapt bactedaFe(lll)-respiration and for
incubation under anaerobic conditions.
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Shewanella putrefacierare motile rods that vary in size between 0.5 Buoh (Fig.
3.2.), depending on their growth state and enviremiad conditions (Chapter A)hese gram
negative heterotrophic bacteria have been detaonted variety of aquatic and subsurface
environments (Venkateswaran et al., 1999) as welbeen isolated from some oil fields
(Westlake et al., 1966). As facultative anaeroltesy are able to use oxygen as terminal
electron acceptor (TEA) but under anaerobic coonétithey can also utilize nitrate, fumarate,
sulphite, chromate and U(V), Fe(lll) and Mn(1V) (dkwe &Westlake, 1982; DiChristina et
al., 1988; Lovley et al., 1991).

flagellum

2um

Fig. 3.2. TEM image of S. putrefaciens cultivatedninimal
medium showing the presence of a flagellum.

S.putrefaciens

The S. putrefaciensstrain used in this study was obtained from thesufBche
Sammlung von Mikroorganismen und Zellkulturen (DSM& freeze dried pellets. The DMS
specification (DMS 6067) is identical with the Anman Type Culture Collection
specification ATCC 8071. This strain had been fatynealled Alteromonas putrefaciens
(Lee et al., 1977; MacDonell &Colwell, 1985) but sviater re-classified (Gauthier et al.,
1995). In pre-1977 literature, the namBseudomonas putrefacier Achromobacter

putrefaciensvere used.

3.2. Analytical Methods

3.2.1. X-ray diffraction study

X-ray diffraction (XRD) is the main method usedthms study for monitoring time

dependent changes in crystal chemistry. This i®kkaestablished technique commonly used

for identification and characterization of smedites it can routinely detect changes in lattice
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structure at the angstrom scale (Brown &Brindle984; Moore &Reynolds, 1997). As

established by Max von Laue in 1914, X-rays diffrac the periodically arranged atoms of
crystalline substances, allowing its structure @hémistry to be determined. X-rays are
generated within an X-ray tube and focused ontodssed samples at varying angles within a

controlled goniometer circle (Fig. 3.3).

Fig. 3.3. Photograph through the window of the D3BMBruker-Siemens
diffractometer showing the X-ray tube, the goniemand the sample holder.

The X-ray photons from the incident beam collidehwelectrons in the crystalline
sample causing some photons to be deflected awaytheir original direction (scattered X-
rays). Constructive and destructive interferencalififacted waves with the crystal lattice
allow interference maxima (peaks) to be recordedhleydetector. Conditions for diffraction

are given by the well known Bragg’s law (Fig. 3.4).

.o Fig. 3.4. Two dimensional schematic sketch
2dsin6 =n A of X-ray diffraction and the Bragg's law. The
incident X-ray beam with the wavelengdth
interacts with the atoms arranged in a
periodic manner (grey dots) forming different
sets of planes in the crystal (dotted lines).
Bragg's law gives the condition for the
occurrence of constructive interference and
the position of the diffraction peak.

A = wavelength of the X-ray

0 = scattering angle

n = integer representing the order of the difiatpeak.
d = lattice distance
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The arrangement of atoms in a lattice are chanatiteof each mineral phase and their
X-ray scattering effects can be used for resohdtngcture, qualitative mineral identification
and quantitative measurement of mineral abundaPasdicularly important in the study of
smectites is the determination of the thicknesthefinterlayer space which can be resolved
from d-value of the 001 X-ray peak (Hofman &BilKE936; Bradley et al., 1937; MacEwan
&Wilson, 1980). This dimension varies dependantlenstructure of adsorbed water and the

type of hydrated interlayer cations (Fig. 3.5).
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Fig. 3.5. Increase of d-values due to intercalatbbmvater layers.
WL=water layers.

In addition to the position of X-ray diffractiorepks, the shape of the basal reflections
holds important structural information of the makrin particular, the thickness of the
coherent scattering domains (commonly referredstgparticle size) and the abundance of
mixed layered structures. A simple measurementh@fhape of a refection is the full-width-
at-half-maximum (FWHM) parameter (peak-width). Aahincrement of peak broadening is
caused by machine effects, such as defocusingattesag of the beam (Klug &Alexander,
1954; Moore &Reynolds, 1997). However, installingn@nochromator and narrowing the
slits minimizes this effect. In the case of clayherals, most of the peak broadening is due to
small particle size and (in case of smectites) ttueomplex mixtures of mixed-layered
hydration states (Reynolds, 1980). In the caseucé phase reflections (no mixed layers), the
thickness of particles can be estimated by the r&@hequation or from modifications of this
empirical formula (see Klug & Alexander (1954), BBret al. (1997) and Moore & Reynolds
(1997) for details).

Although most natural smectites produce basal X&f2ctions that are broadened by
the effects of small particle thickness (typicakylO nm) and mixed hydration states,
comparison with calculated XRD patterns, such adMNVEOD and CALCMIX, do allow
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these parameters to be resolved. Mathematicallgpmtrast to the irrational distribution of
mixed-layered broadened peaks (2 theta dependesticle size broadening is rationally
distributed over the XRD patterns and thereforebieta dependent (Eberl et al., 1998).
The intensity of a given X-ray reflection is depention a number of factors such as

phase abundance, density, mass adsorption coaffiaied orientation (texture) of the clay
mineral platelets (Lagaly, 1993; Moore &Reynold897). For perfectly oriented crystallites
only the (00I) intervals are visible because ddfian is restricted to the crystallographic c-
direction. Texture preparations, in contrast to gew preparations, approach this ideal
because, during sedimentation, their particlesntaie parallel to the sample holder (glass
slide). Therefore, texture preparations were usethis study to characterize clay samples
extracted from the experiments

Analyses were made using a theta-theta Bruker 3iem&000 diffractometer with CuK
radiation, operated under a potential of 40kV armbam current of 30mA with 1° divergent
aperture diaphragms and a 0.15° detector diaphr&gamning parameters were set at 0.02
step width and a count time of 10 seconds. The uneagent range was selected to suite
certain samples and ranged between 2 and 1370R#ensity variations between
measurements caused by textural changes in thelesavepe calibrated by normalizing the
height of the (001) kaolinite reflection at 7.14A.

3.2.1.1. Concept of a laboratory analogue: reaatelhX-ray diffractometry
The reaction-cell device (“wet-cell” of Warr & Hoimn 2003) is a small flow-through
reaction chamber made of a Teflon compound thatbearoutinely mounted onto the X-ray
diffractometer. It allows in situ measurement oflfgtion reactions during the infiltration of a
solution into fine-grained smectite powders. Thmpgle chamber of the cell is disc shaped
(Fig. 3.6 a) with a diameter of 24mm and a deptBrofm (volume of 3.9cf), into which the
sample is densely packed using a metal brass mddgihies a rough texture parallel to the

upper surface of the sample holder.
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a)

b)

O-ring

sample
covered by
capton foll

flow direction

Fig. 3.6. a) Schematic representation of the remctell
sealed by Capton foil. b) Closed reaction-cell witflon
bottles. c) Reaction-cell mounted on the sampldédradf
the diffractometer.

Bacteria containing samples were prepared by mikiegclay with the bacteria prior to
loading it into the cell. Depending on the typenaditerial and its initial hydration state, the
amount of clay powder loaded into the cells vabetiveen 3 and 5g. The reaction-cell was
then sealed by a thin X-ray transparent Capton€afw held in place with a sealing Teflon©
O-ring. Around 200ml of solution was placed in 8tat Teflon© bottles which were screwed
directly onto the cell to allow inflow (Fig. 3.6bRefore entering the reaction-cell and the
sample powder, the solution passes a horizontah®.&ole, 5mm in length. Once into
contact with the powder, a radial zone of hydratwwoves across the reaction-cell chamber.
Filters at the entrance of the cell (<0.45um) pné\entaminations with unwanted microbes
which are especially important when working withctesial media. Additional filters at the
end of the reaction-cell also prevent the powdamfteaving the chamber.

In order to maintain constant reaction volume dyitime experiment, a pressure cap was
screwed to the top of the cell and only removed X&D study (Fig. 3.6.c). Subsequent
measurements were made at selected intervals thwatighe experiment, enabling sequential
XRD patterns to be plotted against time. The fregyeof measurements was adjusted
according to the observed rate of reaction. Fotdp@ccontaining samples, the measurement
frequency was kept low in order to minimize radiatidamage and disturbance of the

experimental setup.
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3.2.2. Monitoring hydration

3.2.2.1. Quantification of interlayer hydrationngiCALCMIX

The hydration structure of smectite interlayers vepmntified by comparison with
calculated patterns. In this study, the CALCMIX tsafre provided by Plancon & Drits
(1999) was used because it could be easily mod#retican deals with three phase systems
simultaneously. This software calculates the themakediffraction patterns of mixed-layer
minerals based on Mérings principle (Méring, 1948)order to calculate different mixtures
of different water layer structures, the standarderal data base was modified for smectites
containing 0, 1, 2, 3 and 4 water layers. The @ie\chemical composition and structure of
the minerals used was entered in the minerals ds¢adf the program.

In the CALCMIX program, the mean defect free domeam be selected and the particle
thickness distribution calculated assuming lognamiigtributions (Drits et al., 1997; Drits et
al., 1998). This type of distribution reproduceslivike broadened tails observed in clay
mineral XRD 00 reflections and is considered to be the commondistebution observed in
clays and many other minerals (Drits et al., 1997the smectites studied, the mean defect
free domain varied between 14 and 19 layers pek $ta relatively dehydrated samples and
between 3 and 8 units for hydrated samples. Theedegf ordering for mixed-layered water-
layer structures (the Reichweite) was selected mignunitial values of R1 ordering were
first tested which appeared to best match the shapeneasured XRD reflections, followed
by refinements made in the stacking probabilitesniprove the correspondence between
calculated and measured profiles. Based on thdselai@ons, the abundance and ordering of
water layer structures as well as the mean defeet domain thickness (particle thickness)
were obtained. Further details on using the CALCMIégram can be found in the handbook
of Plancon & Drits (1999).

The relative abundance of water layers obtainech fCALCMIX-calculations were used
to estimate the amount of interlayer water usinta dzbtained from isotherm absorption
experiments of montmorillonites (Bérend et al., 39€ases et al., 1997). The amount of
water in nontronite interlayer's was calculatedngsdata by Jahnchen et al. (2006) and
Milliken & Mustard (2007). As 3 and 4 water layenave not been observed in relative
humidity experiments, these values are extrapolated the isotherm curves (see appendix

for details).
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3.2.2.2. Quantification of non-interlayer hydration
The total water uptake into clay samples duringratdn was determined by monitoring
gravimetrically the relative weight change of theagction-cell apparatus throughout
experimental runs. Subtraction of the calculateriayer water from the measured total
water content yields the volume of surface- ancepueater in the samples (i.e. non-interlayer
water). Based on the decrease in numbers of |p@rparticle (n), the relative increase of
surfaces and a theoretical corresponding surfae® \®ere obtained. These results were then
used to estimate the amount of adsorbed water ditlpasurfaces (appendix for an example

of this calculation).

3.2.3. XRD characterization of clay minerals

Experimentally induced changes in smectite comosdnd structure can be detected by
simple chemical treatments in the laboratory comtbiwith XRD analyses. Here, tests related
to the oxidation state of Fe and its influence ayel charge properties are of particular
importance. As octahedral Fe is reduced, the weglative charge of the smectite (~0.3-0.5
per formula unit - PFU) increases and approachas dh vermiculite (~0.6 PFU, Bailey
(1980). As the permanent layer charge increase$ ®BU), K can fix to interlayer sites to
form a 10A illite phase (MacEwan &Wilson, 1980; @uas &Altaner, 1998; Meunier et al.,
2000). Low layer-charged smectite can be distingrdsfrom the higher charged vermiculite
by Mg- exchange and glycerol solvation because weilite only accepts one plane of
glycerol molecules (d-spacing 14.5A). Smectitecamtrast, swells to a basal spacing of 18A
and intermediate spacings are suggestive of ammetiate layer charge. lllite clays, or
mixed layered illite-smectite phases, produce basé#lections between 10-15A in the
untreated air dried state. These type of mineredsbast characterized by ethylene glycol

solvation and heat treatments (Moore &Reynolds,7).99
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3.2.4. Microscopy

3.2.4.1. Confocal microscopy
Optical microscopy (epifluoresence) was used wdysthe formation of biofilm in clay
bacteria mixtures. For this purpose, diluted baaterontaining and sterile smectite
suspensions were directly pipetted onto a glads slnd studies in the wet state. In the case of
optical epifluorescent microscopy, the biofilm wasdoured with calcofluor and the bacteria

with ethidium bromide (see details of procedurappendix).

3.2.4.2. Electron microscopy
As powder XRD is a bulk analytical approach andsdoet provide vision information
concerning reaction textures and fabrics, it is angnt to accompany such studies with
electron microscopic investigations of the sampéemal. The electron microscope operates
on the same basic principles as a light microscbpe the focused electrons allow
significantly higher resolutions to be obtainedc#@thode at the top of the microscope emits
electrons that are accelerated through the vacwalomn of the microscope and focused by
magnetic lenses to produce a very narrow beam.gindispersive X-ray analyses (EDX)
allows multi-element analyses by detection of Xsray specific energy that are characteristic
individual elements. Because the electron beambeaneduced to a sub-micron diameter,
microchemical information can be obtained fromidigtclay particles and bacteria cells. The

two different types of electron microscopes usethis study are briefly outlined as follows.

Transmission electron microscopy (TEM)

At the base of the TEM microscope, un-scatteredtreles hit a fluorescent screen to
produce a shadow image of the specimen with itergifit parts displayed in varied grey
scales according to material thickness and deriBitg.image can be studied directly by the
operator or photographed with a camera. The higressilution possible is, dependent on
microscopic settings, in the order of a few angesd10'°m). This is ideal for imaging
bacteria and clay structure at the nanometric armlometric size (Elsass, 2006). Coupled
with an EDX analyzer, microchemical data on speg#rticles and bacteria can be routinely
obtained. As it was shown by (Perdrial, 2007)sihot necessary to stain bacterial cells prior
to imaging (as required for optical microscopy) @mdacceleration voltage of 120 kV incurs

minimal damage to the bacterial cells in transroissnode.
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Because of the low resistance to irradiation oftéy@e and swelling clays, the counting
time for analyses was reduced to 30s and analyses done with the sample in strictly
eucentric position at an angle of +20° to the detedviicrochemical analyses (C-N-O-Na-
Mg-Al-Si-P-S-Cl-K-Ca-Mn-Fe-Cu-Zn) were carried aattransmission mode with the same
acceleration voltage and with the fluo-X signalsmgeecorded between 0 and 20 keV with a
Si/Li detector and an atmospheric thin window (ATWhe C coating of the copper grids
(Formwar ©) always contains enrichment in Si, ki be taken into account concerning all
EDX microanalyses. The TEM/EDX was carried outhat Laboratory of Users of Electron
Microscopes (LUME) of INRA, Center Versailles-Grign The TEM microscope, a Philips
STEM 420 is equipped with an Oxford INCA EDX systemd a SIS Megaview II CCD

camera.

Environmental scanning electron microscopy (ESEM)

As both bacteria and smectite are very sensitivariong, environmental scanning
electron microscopy (ESEM) was used to investighie sample material. This technique
does not require desiccation or coating and, idstdacompletely evacuating the specimen
chamber as in conventional SEM, water vapour mthtced into the chamber via a valve that
controls the pressure (range 0-10torr or O - 0.8f3tespectively). The microscope used was
a Philips XL30 ESEM equipped with a peltier coolsgecimen stage that controls the
temperature (range of -5°C to +60°C). In conjunctmith chamber pressure, the resulting
condensation keeps the sample wet. Relative humitues, between 55-75%, were
obtained by applying a pressure range betweenrsl ® @aorr and corresponding temperatures,
ranging from 8°C to 22°C.

Electrons are emitted from a LaB6 cathode andyderoto achieve the best resolution in
ESEM mode, the accelerating voltage was set to @%. Khe signal to noise ratio and
resolution were decreased and the resulting magtibn limited to about 20 000 times due
to the skirting effect: an electron scattering bé tprimary beam caused by the residual
pressure between the objective lens and the scasunéalce. Secondary electrons emitted
from the surface of the sample encounter water wapwlecules, which amplifies the signal.
A specific detector converts directly the electrgignal into images. In this study, the ESEM
was used to monitor changes in the morphology aedd smectite particles, and to observe
biofilm formation and structures under hydrated ditons. In Fig. 3.7 a) an example of a
nontronite aggregate imaged by conventional SEBhsvn with no swelling as opposed to

the same material imaged in environmental mode @=igb).
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HV: 30.00kV WD: 15,1570mm
SEM MAG: 5.28kx DET:LVSTD
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Fig. 3.7.a) SEMimage of a nontronite aggregat& M image of swelling
nontronite.

3.3. Bacteria preparation and analyses

3.3.1. Aseptic techniques

Working with pure cultures requires techniques thaiid contamination with unwanted
microorganisms. Most of the laboratory items useth as test tubes, were sterilized by heat
treatment (normally at >121°C) or by a combinatidrheat and elevated pressure treatment
using an autoclave that normally operates at 1:03e nutrient media were also sterilized
by autoclave to remove living organisms and viruseghe case of some components that
cannot resist heat (e.g. amino acids), solutione werilized by filtration (<0.2um pore size).

As many contaminants are airborne it is essentiaprevent contaminated air from
entering the sterile materials. Therefore, the omeof containers or the transfer of a culture
was usually done close to the flame of a BunsemdsurThe heated air is convecting and
provides a sterile environment within a ~20-30ciiua around the heat source (Madigan et
al., 2003). Inoculating loops or needles were atsalized by burning in the flame.
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3.3.2. Culture preparation

The bacterial sample @&. putrefacienswhich was obtained as a dried pellet from the
DSMZ, was first dissolved in LB medium and thentaréd for 72h at 30°C. Secondly the
culture was grown on LB-agar plates to controlpisity and was then again introduced and
grown in liquid LB for 72 hours. For storage in thieezer (-80°C), this culture was washed
by centrifugation (4000rpm/10min) and then suppliedh 20% of glycerol to prevent
damage during freezing. This frozen culture senasd a source for all subsequent
experiments. Before usage, a small amount of theefr culture was taken, re-grown in LB
medium for 72 hours and washed. Experiments thate wenducted under anaerobic
conditions required a culture adapted to metal iraspn (Fe(lll)-respiration). For this
purpose the stock culture was washed and grown defened minimal medium (Myers
&Nealson, 1988) for 72h at 25°C (table 3.4). Thdétwe was supplemented with 20mM
formate, as an electron donor, and 80mM Fe(lllyatét, as TEA, before being stored
anaerobically by using the GQyenerating system of BioMerieux©. The Fe-citratasw
applied to slowly adapt the bacteria’s metabolismraspire Fe(lll) instead of oxygen.

Bacterial cultures for aerobic experimentationsensst adapted.

3.3.3. Viable cell counts

The growth of a bacterial population can be measbyemonitoring changes in the total
numbers of cells (total cell counts) or by countordy those cells that are alive and are able
to form colonies on an Agar plate (viable cell cs)nThis latter method was routinely
applied in order to control the density of a baatezulture both prior to experimentation and
during bacterial growth within smectite samples.wdwer, with this technique it is not
possible to know if one colony has been formed hbyremthan one bacterial cell and,
therefore, the population growth is expressed aease in “colony forming units” (cfu) per
ml. For effective counting of single colony unill samples were diluted using serial
dilutions before being tested on agar plates. éf namber of bacteria in a sample was too
high, no single colonies could be observed as thegge to form bacterial mats. However, if
this number is too low, the statistical error irages.

Prior to dilution, solid samples were dissolved aigpersed in sterile water. Several

serial 10-fold dilutions were prepared for each gi@ny mixing 0.1ml of the initial solution
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with 0.9ml dilutent. Further dilutions were prepauey repeating the procedure by extracting
0.1ml of this dilution and introducing it to anoth@9ml of water (Fig. 3.8.). In the case of
pure culture counts, the samples were diluted u times (10) whereas for samples
containing bacteria and smectite 3 dilutions J1@vere usually adequate. Colonies were
grown by spreading 0.1ml of sample-suspension antagar plate (glass-pearls were used to
obtain an even distribution), incubated (25°C f@h)’and after a few days of growth counted.

To increase the reliability, preparations of eaamgle were repeated twice.

sample dilution

>
/01m N\ 01m¥ (0Im¥ 01mi¥ 0.1miN

0.9ml H2O

0.1ml
<

- -2 - -4 -5

10110 Ulo 3U1O Ulo
125 12 1

Fig. 3.8. Example of a serial dilution conductedbptto viable cell counts. 0.1 ml of the initialraple are

introduced into 0.9 ml sterile water and mixed. ®@llof this dilution is then introduced to anothiebe that

contains as well 0.9 ml water and so on. Each &egs to a 10 fold dilution. 0.1 ml of the finaluion is

then spread on an agar plate. In the example ptesethere are too many colonies on the first twatqs

(101 and 102) but the third dilution gives good results with51&lonies on the plate yielding a coufit o
1.25*10 fum| (after Madigan et al. 2003).

3.4. Solution chemistry

Precise elemental concentrations of elute solutivee readily obtained using ICP-
OES (Inductively-Coupled-Plasma Optical-Emissiore@poscopy). Here, analyses were
made using the ,Plasma 400“ICP-OES of Perkin-Elntexited atoms and ions emit
electromagnetic radiation characteristic of eaaftiqadar element. An induction coil fed by a
high frequency generator, releases an oscillatiagnatic field at the plasma torch. Since it is
easily ionified, argon is used as a plasma gash Wie induction of the coil, the high
frequency generator supplies the energy for iommman the plasma in which the sample is

introduced. The intensities of emission are detebtea photosensitive detector and digitally
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processed before calculation of the dissolved aiah&oncentrations by calibrating against

standards.
This method is particularly suitable for metals,tatieids and some non-metals. In

this study, the elemental concentrations of Al,Mbj, Na, K, Fe and Ca were measured. As
the detection limit is in the order of ppm mosttbé samples required a dilution of 1:5

(minimum of 4ml) for accurate measurements.
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CHAPTER 4 ABIOTIC INFLUENCE ON SMECTITE HYDRATION

Abstract

This chapter presents the study of smectite hyairati confined volume conditions in situ by
using small-scaled reaction-cells (“wet-cells”, Wé&rHoffman, 2004) mounted on an X-ray
diffractometer and applied to simulate conditiofisan underground repository. The rate of
smectite hydration was seen to be highly depenalatie type of interlayer cation (enhanced
for C&* as opposed to Npand on the ionic strength of solution (enhancetdke rate in the
case of Na-smectite). Differences between Na andn@zctite were observed to occur due to
microtextural variations and to decrease as a iomaif packing density. The combination of
X-ray diffraction and the calculations of difframti patterns by using the CALCMIX software
(Plancon &Drits, 1999) revealed aggregate formatibparticles with the same water layer
thicknesses. Additionally, changes in particle khesses were used to calculate
corresponding theoretical surface area increassul®endicate the partial transformation of
internal surfaces into external ones upon hydrattan are partly available as sorption sites.
Quantifications of water storage sites by usinglishbd data of water vapour absorption
experiments (Cases et al., 1992; Bérend et al5;188ses et al., 1997) revealed that in Na-
smectite external water (surface- and pore watetaken up and serves as a reservoir for
interlayer hydration. Higher initial packing densiecreased the thickness of water layers
and led to enhanced external water uptake. Theenfle of solutions of higher ionic strength
was seen to be most pronounced in the case of Mattes and was attributed to the
formation of aggregates that enhance the poro$itye observed mechanisms of smectite
hydration in confined volume is presented in a sdit&c model involving different scales:
ranging from the A-scale (layers) to the bulk stmse, including particles, aggregates
(arrangement of closed particles) and arrangenwmaggregates. Effects on all scales were
due to the nature of interlayer cation, whereasiahe strength basically affected the bulk
texture. Quantification of water storage sites asiraction of solution chemistry, packing
density, and the obtained uptake rates provide itapb constraints for predicting smectite
hydration in terms of conductivity, sealing capacand sorption and/or transport of
radionuclides. Additional constraints for compub@sed models are provided by estimations

of changes and availability of surface area dunydyation.
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4.1. Introduction

The majority of nuclear power producing countries goday considering disposal of
radioactive waste in underground repositories usingystem of clay-based natural and
engineered barriers (OECD, 1999; ANDRA, 2005; OEQ@DQ6). In order to prevent or
severely reduce the eventual release of radiogtithe engineered barrier is of major
importance with regard to physical and chemicalt@ioment. Swelling clays (smectite) are
the primary constituent of the engineered backnfiditerial which during hydration expands
and self-seals, thus restricting the movement aieags fluids (Karnland &Sandén, 2000;
Montes-Hernandez et al., 2005b; Pusch, 2006b).sbineant properties of clays are also of
interest because of the potential retention ofdadements (Hermann-Stengele &Plotze,
2000; Karnland &Sandén, 2000; Karnland et al., 2000

The sealing capacity of smectite is based on iilgyato intercalate water molecules into
the interlayer space that solvates the exchangéatieldayer cations (Farmer &Russel, 1971,
Prost, 1975). During intercalation, the moleculegeo themselves in an arrangement of well-
defined layers and successive intercalation leadimdreasing expansion (Sposito &Prost,
1982; Karaborni et al., 1996). Water that is natred in the interlayer space is found in
external regions in inter-particles and aggregdties,external surfaces or micropores (Prost,
1975; Sposito &Prost, 1982). Experimental quardtfmn of the mechanisms and rates of
water incorporation is of major importance becatise different storage sites of water
influence the mechanisms of sealing, sorption aadsport in notably different ways. The
amount of water that is incorporated in interlagpaces has already been successfully
quantified based on water vapour adsorption-desorgotherms (Cases et al., 1992; Bérend
et al., 1995; Cases et al., 1997).

In a fully dispersed Na-bentonite solution of lamic concentration, the proportion of
external pore space increases dramatically as aspressure transforms interlayers (internal
surfaces) into free (external) surfaces by sepaygparticles (Lagaly, 1993; , 2006). Such
newly formed external surfaces might then be aliklaas sorption sites. In bentonite
powders, the quantity of additional water uptakeparticle surfaces has been calculated on
the basis of the Brunauer-Emmet-Teller (BET) meth{8drend et al., 1995; Cuadros
&Altaner, 1998). Additionally, the size distributicof pore spaces was assessed by the Hg-
injection technique (Olson, 1985).
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In order to monitor the interlayer expansion, a own approach is to study the smectite
hydration states by varying the conditions of me&thumidity in combination with X-ray
diffraction measurements (XRD) (Mooney et al., 1962llins et al., 1992; Kihnel &van der
Gaast, 1993; Chipera et al., 1997; Ferrage e@05b) or via bulk volume measurements
(Likos, 2004). In contrast to experiments in eleda@ir humidity, a number of studies
investigated swelling in aqueous and electrolytliteins by using experimental systems
where particles expanded freely (Norrish, 1954rridb &Quirk, 1954; Schramm &Kwak,
1982; Laird et al., 1995; Wilson et al., 2004). Maecently, the influence of varying salt
concentration on the total bulk expansion of monthonite particles in solution was
quantified by in situ laser scanning microscopyz{8a et al., 2005) so the contributions of
interlayer expansion and osmotically-driven swelllcould be directly observed.

Hydration under repository conditions is, howeveost likely to be highly influenced by
the confined volume and therefore not comparabl&de swelling in solution. In order to
record essential parameters like heating, wettatg and development of swelling pressure,
large scale in situ experiments such as Mock-upvieden and Spain or the FEBEX (Full-
scale Engineered Barriers EXperiment) were perfdrifidoret &Villar, 2007; Pusch et al.,
2007; Villar &Lloret, 2007). This approach is essainfor evaluating the performance of a
bentonite buffer in an almost full scale system RE$A, 2007).

Large scale analogues are, however, extremelyycastd require intensive preparation
and once started, it is not possible to adapt angé the set up. Laboratory analogues are
significantly cheaper and serve to simulate repogitonditions, thus providing more easily
won constraints for larger scale tests. At the same, laboratory experiments allow specific
problems to be investigated by using differentuget and materials that provide quantitative
data for modelling reaction and transport procesBles experiments conducted in this study
were therefore designed to monitor and quantifyhtyaration of different materials (purified
smectite and bulk powdered bentonite) with regarditferent initial conditions, such as
packing density and initial hydration state, sutgdcto a range of infiltrating solutions
(Table. 4.1.1).
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IBECO seal 80 TIXOTON-TE MX80 (BF100) SWy-2 Nau-1
Material Na-activated Ca-activated bentonite bentonite Purified Purified
bentonite montmorillonite nontronite
Pre-treatment
Grain size - - - - - - - lpym Ipym  0.5pm
separation
Cation - - - - - - - Na Na -
exchange
Hydration or  60° for 24h, re-equilibrated at 25-30 %110°C2  110°C1 Hydrated  110°C for 2 110°C
dehydration RH weeks  week ET?I'/Z? weeks 1week
Initial parameters
packing 1.15 1.14 0.94 0.94 1.43 1.35 1.60 1.37 1.36 1.08
density (dry
[g/Cm3] 1.31)
Temperature 25 25 25 25 25 25 25 25 25 25
[°C]
Experimental parameters
Experimental Ground Sea  Ground Seawater Purified Salt Salt Purified NaCl  Purified
solution water water water water  solution solution  water water
lonic strength  0.0013 0.639 0.0013 0.639 ~0.001 0.011 0.011 ~0.0011 ~0.001
mol/l
St[atic ﬂ]uid 0.7-05 0.7-05  0.7-05 0.7-05 0.7-05 0.7-05 0.7-05 7-0B 0.7- 0.7-05
pressure 05
[kPa]
Inflow rate 2.7E-04 1.1E- 4.3E-03 3.8E-03 8E-05 1.7E-04 1.7E-04 19E-04 2.1Et.2E-03
[ml/g/h] 03 04

Table 4.1.1. Summary of the key properties of theéiesd materials after sample preparation
and a list of the experimental conditions usechmhydration experiments.

4.2. Analytical procedure

In situ monitoring of smectite hydration by XRD washieved by using a flow-through
reaction-cell known as “wet-cell” (Warr &HofmannP@3). This small-scale reaction-cell
provides a laboratory analogue for quantifying themamics of hydration in compacted
smectite under confined volume conditions. Time eelent XRD measurements were
acquired routinely during experimentation with mmail disturbance of the sample set up. The
total water uptake was measured throughout expataheuns by monitoring the relative
weight change of the cell. The relative proportioh WL structures obtained from the
CALCMIX data were used to calculate the theoretarabunt of water (mmol/g 4D) in the
interlayer space of Na-montmorillonite and Ca-mationite based on the absorption
isotherm experiments of Bérend (1995) and Cases. €1.997). Subtracting the calculated
interlayer water from the measured total water @ontyielded the combined volume of
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surface- and pore-water, here referred to as eadtevater. The specific surface area (BET)
was used to estimate the contribution of surfacgodmed water to the external water in
combination with changes in particle thickness. @dlculations assumed a log normal size
distribution commonly described for clay minerdlyifs et al., 1998; Eberl et al., 1998). As
fitting was done manually by adjusting a range afiables, results are considered to

represent best approximations to the measuredpattather than perfectly fitted profiles.

4.3. Hydration results of compacted smectite claynder confined volume

4.3.1. Total water uptake as a function of integtagation, solution chemistry and clay
packing density

As shown in Fig. 4.3.1, the total water uptake satdiration time vary as a function of
the type of interlayer cation. Materials that camggredominantly Na as the interlayer cation
(montmorillonite of IBECO- and MX80-bentonite andhet purified Wyoming-
montmorillonite, SWy-2) show continuous and relalyvslow water intake. Uptake into the
purified SWy-2 montmorillonite powder reaches stabtate conditions after 2314h with a
total uptake of 0.44ml/g at a relatively constaaterof 1.9E-04ml/g/h (table 4.3.1). The
IBECO-bentonite powder hydrates over a 1368h doematnd 0.37ml/g enter the clay
(hydration rate of 2.7E-04ml/g/h). Although some?Care contained in the interlayer space
of this sample (0.11 Gaand 0.18 NAPFU, chapter 3), water uptake into MX80-bentorsite
similar to other Na-montmorillonite, which is camiious and slow. Here, the steady state of
water saturation develops over 5040h with a topédhke of 0.40ml/g at a rate of 8E-05ml/g/h.
This is the lowest water uptake rate observed limyadration experiments (table 4.3.1, data

not in plot).
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Steady state Steady state
Ca-smectite Na-smectite
07 4 — —
TIXOTON

Total uptake
Ca-smectite
Total uptake
Na-smectite

0 500 1000 1500 2000 2500 3000
time (h)

Fig. 4.3.1. Solution uptake into pressed smectiteders in ml/g. Ca-smectite
(TIXOTON, NAu-1) reaches steady state earlier tNarsmectite (IBECO,

MX80 and SWy-2) and generally incorporates higheoants of solution.

I=ionic strength.

Smectite with predominantly Gaas the interlayer cation shows a different behavio
with more rapid and nonlinear water uptake. The aCiated TIXOTON-bentonite
incorporates a total of 0.61ml/g at an average ot 3E-03ml/g/h over the first ~ 142h of
inflow. This is 10 times more rapid than observedthe IBECO and around 15 times more
rapid compared to the SWy-2 sample. Notably leseementers the Ca-nontronite powder
compared to the Ca-montmorillonite (TIXOTON) whilegmpared to Na-smectite, there is
still 14-26% more water taken in. A total of 0.50gnis contained at the stable state that is
reached after only 290h (rate 1.2E-03ml/g/h). Theeoved difference in water uptake for Na-
and Ca-smectites can be attributed to the sigmifidéferences in hydration energy (enthalpy
of hydration) of the Na and Ca cations positionadthe interlayer sitesAHn,Na = -
405kJ/mol as opposed tiHp,Ca= -1592kJ/mol, values from Huheey (1993)). Thghéar
hydration energy of Ca explains both the more rapigier inflow and the larger amount of

total water uptake.

IBECO (Na) TIXOTON (Ca) MX80 SWy-2 Nau-1
Experimental Ground Sea water Ground Sea water Purified Purified NaCl Purified
solution water water water water water
Total solution 0.37 0.45 0.43* 0.61 0.69 0.66* 0.40 0.44 0.45 ©.43 0.50
uptake [ml/g]
Saturation 1368 384 142 167.6 5040 2314 1994 290
time [h]
Uptake rate 2.7E-04 1.1E-03 4.3E-03 3.9E-03 8E-05 1.9E-04 DAE- 1.2E-03
[ml/g/h]

Table 4.3.1. Total water uptake for confined volumnegperiments infiltrated by
solutions.*Uptake after correcting the weight ofisa solutions to account for dissolved salt.
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The effect of ionic strength (I) on water uptakesioown in Fig. 4.3.2 for samples of
similar packing density. Each sample presented shtwe water uptake behaviour for
relatively lower (empty circles) and higher ioniglgtion strengths (filled circles). The Na
exchanged and purified SWy-2 montmorillonite waéltnated with purified water (I =
<0.001mol/L) and concentrated 1M NaCl solution (Hg.2.a). The total uptake of the 1M
NaCl solution seems relative to the purified waehanced by 0.45ml/g. But correcting the
weight of the solution (dotted line), it is showrat the additional weight is due to the higher
ionic strength (1M NaCl accounts for 0.058g/ml)tefporal plateau is visible between 340
and ~820h after which water intake continues amdires a stable state after ~1994h with a
total of 0.43ml/g leading to an uptake rate of 2QUE Here, the higher ionic strength leads to

an increased rate of water intake but not to areased amount.

a) Swy-2 montmorillonite (Na) ) IBECO -bentonite (Na) C) TIXOTON-bentonite (Ca)
0.7 . r 0.7
e sea waterl1=0.6¢4 | AL _____-
o ground water 1=0.001
_os 055
oy =
= E
s 03 03N
A v ST
T
e saltsolution I=1 e sea water 1=0.64
0.1 o purified water 1<0.001 1 o ground water I=0.001 10.1
- . . 3 . . A g . . 1,
0 500 1500 2500 3500 S0 h1000 1500 ¢ 100 200 300
time (h) time (h) time (h)

Fig. 4.3.2. Influence of ionic strength on solutigetake into pressed smectite powders. Correctfamedght
due to higher ionic strength is indicated as dotied. a) SWy-2 purified montmorillonite infiltratdy 1M
NacCl solution and purified water (packing densitg6l and 1.37 g/cH). B) IBECO Na-montmorillonite
infiltrated by sea water and ground water (packilemsity 1.14 and 1.15 g/énc) TIXOTON Ca-montmorillonite
infiltrated by sea water and ground water (packingnsity 0.94 g/c8). l=ionic strength.

In contrast, for the bentonite sample infiltrabladboth dilute ground water (I= 0.0013mol/L)
and sea water (I= 0.639mol/L), more water enteessimple subjected to the more saline
solution. Here, the difference in weight betweewugd and sea water is slightly less
significant with 0.037g. In the case of the Na-nmomtillonite containing IBECO-bentonite
(Fig. 4.3.2b), there is accordingly ~13% more waigake (total = 0.43ml/g) over a more
rapid time period (384h) with sea water compareth&b of dilute ground water (1368h). This
represents a four fold increase in the rate ofomfito 1.1E-03ml/g/h compared to 2.7E-
04ml/g/h. The Ca-bentonite (TIXOTON, Fig. 4.3.2¢)dhated in sea water incorporated a
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total of 0.66ml/g, which represents ~7.5% more thwfu compared to the ground water
sample (0.61ml/g) and, in contrast to the Na-bdtgpthis occurred over a longer period of
time (~ 168h compared to 142h). The resulting cdt8.9E-03ml/g/h is similar to the rate
obtained for the ground water-infiltrated sampébl¢ 4.3.1).

The difference between Na- and Ca-smectite is elsdent when plotting the total
water uptake for the range of packing densitiesetegFig. 4.3.3, table 4.1.1.). Linear
relationships are observed for both types of maltewer packing density range of 1.05 and
1.6g/cmi. Slopes of the linear trends are similar for bbid and the Ca-smectite and are
independent of the ionic strength of the soluti@edi Extrapolating the plots to Oml water
uptake leads to a packing density of 2.1g/éon both types of interlayer cations, which is in
good agreement with the range of published smemtiteral densities (between 1.8 and 2.3

g/cnt), as published by Dud’a et al. (1992).

2.2 4
~21 h
204

18 N

Y
] \
16 "\\ Ca-smectite

14 €

(glem3)

y=-1.3011x + 21163
R?=0.9438

R i <
12 Na-smectite N

packing density

y=1 ,5?78>< +2.1157
R=0.7

1.0 466 d

0.8 v " v - )
0 0.2 0.4 0.6 0.8 1.0
total uptake (ml/g)

Fig. 4.3.3. Correlation between packing density &otdl water uptake for
various samples. Materials containing predomina@#yin smectite interlayers
take more water in than the Na varieties. Interfiotathe plots to zero water
uptake (dotted lines) yields for both varieties Haene values for packing
density (2.1 g/c@rthat corresponds to mineral density.

As expected, less water is taken in when the natieripacked more densely and therefore
has a lower porosity. Also Ca-smectite generalpiporates more water than the Na-variety
for equivalent packing densities, in accordancd whe results presented in Figure 4.3.2. The
higher packing density decreases the available gmaiee for accommodating pore water and
the expansion of swelling smectite particles. Tdt that the fitted slopes for packing density
versus total water intake for mono- and divalentioos are similar indicates that the

restriction of pore space in all packed swellingycpowders is controlled by the same
physical parameter, namely the volume of the reaatell. Additionally, it is noted that the

difference in water uptake for the different caiatecreases with increasing packing density.
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This indicates that initial microtextural differeex occur that become negligible when

particles are forced more closely together (Pugofga).

4.3.2. Influence of solution chemistry on the hyira mechanisms of Wyoming

montmorillonite (SWy-2)

4.3.2.1. Dynamics of water layer development in S2Vy

The hydration of Na-montmorillonite (SWy-2) was nitored during the infiltration of
purified water and 1M NacCl solution in order to strain the effect of higher ionic strength
on hydration behaviour. In order to exclude catowchange effects, the sample powder was
first Na-exchanged using a 1 M NaCl solution, wakshe-dried and powdered before loading
into the reaction-cells. Similar packing densitigere used in order to exclude porosity
differences. The consistency of packing was ackievieh 1.37g/cm for the water-hydrated
sample and 1.36g/chfior the salt solution infiltrated powder.

Although the material was dehydrated in the ovean2feveeks (at 110°C) around 5% of
the SWy-2 powder remained hydrated with a 1 wadged (WL) structure (Fig. 4.3.4a+b).
During infiltration with purified water, the collapd layers (initially 95%) hydrated to form
1- and 2-WL structures. After only 480h all O-WL= aeplaced by hydrated structures (Fig.
4.3.4a). At this time the 1-WL structure is mosumttant at 47% and from this point its
proportion decreases successively to reach a stthte at 12%. The replacing 2-WL
structure appears to be slowly replaced by 3-WLdmuntinues to remain the most dominant
structure with a steady state abundance of 63%.tflibkest hydrated structure is the 3-WL
structure that is steadily increasing in abundaha@ng the experiment and stabilizes at 25%
under saturated conditions. The normalized uptakeec shown as a dashed line, matches
most closely the formation of the 1- and later 2-®$#tuctures.

The sample infiltrated with 1M NaCl solution hasienilar initial hydration state to the
pure water sample with 96% of completely collapege@rs and 4% abundance of the 1-WL
structure (Fig. 4.3.4b). After 814h, the dehydrag&dcture (0-WL) is completely replaced by
the growth of 1- and 2-WL structures. As in theewater experiment, the 1-WL structure
forms a maximum at 44% followed by a rapid decred®me&n to 21%. This decrease in the
1M NaCl solution occurs more rapidly than in theegwater system. The 2-WL increases
during hydration and forms the dominant structusd% abundance) whereas the 3-WL
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structure forms only 15%, and does not exceed dingber of 1-WL. Generally, the sample in

salt solution shows a more rapid development of 28tfuctures but forms slightly less

hydrated structures than the pure water one. Tifferehce is best seen in the abundance of
1- and 3-WLs in the saturated steady state comdiR@garding the pure water system, the 3-
WL is more abundant than the 1-WL structure, whemsdgh 1M NaCl solution it is just the
opposite: here, the 1-WL is dominant over the 3-Whe temporal plateau visible for the
normalized water uptake curve (between ~500 an@H)5Might indicate either a hydration

step (this would correspond to a sudden formatibthe 3-WL structures) or a temporally

blocked inflow induced by salt precipitations frahe solution.
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Fig. 4.3.4. Development of water layers in Na-exgea purified montmorillonite (SWy-
2). a) During infiltration of purified water and kJuring infiltration of 1M NaCl. c)
Storage sites for solution when infiltrated by fied water and d) by 1M NaCl. Values

for weight of NaCl corrected.

The corresponding storage sites determined by aibtg the interlayer from the total
water are shown for both samples (Fig. 4.3.4c+Hu)the case of the pure water infiltrated
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sample, the curve for interlayer water uptake iatdis that a relative stable state is achieved
after 625h with an intake of 0.20ml/g (Fig. 4.3.4&jter 1104h, the amount increased only
slightly to 0.24ml/g making up around 54% of theéatavater uptake (table 4.3.2). The curve
for external water (combined surface- and pore wWyatelicates rapid uptake followed by a
short temporary decrease between 625 and 790h. dHusease reflects, most likely, the
transfer of pore water to hydrate interlayer spaitbout a higher rate of new water inflow.
The expansion of non-interlayer sites continuegrafhe stabilization of interlayers and

reaches its stable state at 2314h after incorpgr&i20ml/g of solution.

Total water Interlayer  Saturation Rate External Saturation Rate
[ml/g] water time (h) (ml/g/h) water time (h)  (ml/g/h)
[ml/g] [ml/g]
SWy-2- 0.44 0.24 1104 2.2E-04 0.20 2314 8.6E-05
H,O
SWy-2- 0.43* 0.23 1653 1.4E-04 0.20 2450 8.2E-05
NaCl

Table 4.3.2. Water uptake into the different sterages of SWy-2 montmorillonite.*Weight
after NaCl correction.

The first 500h of the pure water experiment reweglortant information on the hydration
mechanism. As the 1-WL hydrates are formed, the otinterlayer swelling is not quick
enough to use all available water and, thereforeess surface- and pore water are present.
At this stage, the largest amount of interlayeravé accommodated within 2-WL structures.
However, during the development of the 3-WL strugtua significant amount of water is
used up from pores and this leads to the decrdassr\vaed in the external water uptake curve.
Another additional mechanism to explain this patiefr water uptake is that during hydration

the particle size decreases (Fig. 4.3.5).

1 particle made of 18 layers —» 2 particles made of 9 layers

1
1 N=9
/ 2
N=18
3
N\ =
> N=9
4

Fig. 4.3.5. Schematic representation of the fororatf new external
surfaces associated with decreasing particle théskes. N=number of
layers per patrticle (stack).
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Such a decrease in particle thickness, commonlgrabd during hydration, is associated
with the transformation of interlayer into exterpalticle surfaces. This is achieved by simple
splitting and detachment of layers during waterakpt probably related to internal stresses
generated by particle expansion. This latter meshamwould be expected to lead to a relative
increase in the gradient of the non-interlayer eumative to the interlayer water uptake as
the particles swell, split and increase the surtaea of the wet clay powder.

In the case of the sample infiltrated with 1M Nag&lsimilar pattern of water transfer is
observed (Fig. 4.3.4d) as a temporary stable stateached after 340h (0.16ml/g) for the
interlayer water and a temporal increase for exiesater after ~280h (0.08ml/g) for the non-
interlayer water. As for the pure water infiltratedmple, the curve for non-interlayer water
increases rapidly, indicating that solution is tfiecommodated on external surfaces and
within pores before being incorporated into theildyer space. During the last period of the
experiment (after 1653h), interlayer expansion egawsith 0.23ml/g, whereas values for
external water are slightly lower with 0.20ml/gll&4.3.2).

The fact that the values for both the water and N&CI infiltrated sample are similar
indicates that the higher ionic strength does fieicathe net hydration state. However, the
rates are different, with more continuous hydratiorcase of the water infiltrated sample.
Pores might be kept open and facilitate inflow akigh ionic strength inhibits possible
osmotic swelling and the closure of pores by namecent particle expansion (Lagaly, 1993;
Hofmann et al., 2004; Lagaly, 2006).

4.3.2.2. Organization of interlayer water (orde}imgSWy-2

Fig. 4.3.6 shows the ordering probabilities of difeerent WL structures which developed
in the stable state condition (from 625h onward) tiee water- and 1M NaCl-hydrated
samples. In the case of the water hydrated saffde 4.3.6a), high probabilities (>0.5)
occur for the same WL lying adjacent to each otiidis applies particularly to the 1-WL
(p11 between 0.6 and 0.7) and 2-WL (p22 rangingnfa65 to 0.86) structures. The high
probability to find a 2-WL adjacent to another 2-Wiructure is expected to increase simply
as a function of the abundance of this hydrateufalo60%). Similarly, it is also relatively
probable that 3-WLs are found adjacent to the abonh@-WL (0.4-0.6) and other 3-WL
structures (p33 0.34-0.5). However, it is less camrto find the 1-WL adjacent to 2-WL.
These characteristics are best seen in the sati@oinfiltrated experiment (here shown from
1650h onwards) where highest probabilities occulfdVL to adjacent to 2-WL (p22 is over
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0.8, Fig. 4.3.6b), which corresponds well to thghhabundance of this 2-WL structure. The
probability that 1-WL follows 1-WL is also relatilehigh but it is not as common as in the
pure water infiltrated sample.

Generally, the ordering of WLs in the hydrated pergdis largely a function of the
relative abundance of WL structures. For randorokstg (RO), the layer probabilities would
be a direct function of layer abundance. For examPWL structure with an abundance of
60% has the same probability for pl2, p22 and p3&hvis 0.6. Any ordering in the
arrangement of water layers is revealed by normmgliprobabilities to random stacking, as
shown in Fig. 4.3.6¢c+d. In both pure and saline ewaxperiments, the probability of
combinations of the same structure is relativelhagwed over the random case (positive
values for pll, p22 and p33). Therefore, the coatlmn of different structures is generally
not favoured (negative values for p32, pl2), exdeptthe p31 pair in montmorillonite
hydrated in saline water. Some differences are séem when comparing the pure water with
the NaCl solution infiltrated sample. The former dsaracterized by high pl11l and p33
probabilities, the latter by high p11 and p22 ptoliges. This pattern provides evidence for
clustering of hydrating layers during local homogeuns uptake of water along layers of

equivalent layer charge.
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a) Swy-2 infiltrated with purified water

b) Swy-2 infiltrated with 1M Nacl
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Fig. 4.3.6. Ordering of mixed water layer structsi{grey bars) expressed as probabilities (p)
and the corresponding water layer abundance (erbptg) for SWy-2 a) infiltrated by water
b) infiltrated by NaCl. c) Stacking probability filed for SWy-2 expressed as the deviation
from the random stacking state (R=0) when infikdby purified water and d) for SWy-2
infiltrated by NaCl solution.

4.3.2.3. Patrticle thickness and theoretical suréaea in SWy-2

In Fig. 4.3.7a+b the changes in N are presentedidder and 1M NaCl-solution infiltrated
samples. The mean values for N are obtained by mmgtcmeasured profiles against
calculated diffraction patterns. The N values clo e used to estimate relative changes in
surface area (ffg), referred to as the theoretical specific swefacea (SSA; table 4.3.4 and
details in appendix).

The initial measurement of the purified water expent was best fitted with a mean of
18 layers per particle (N=18). This value serves asference value and corresponds to a
“dry” BET surface area of 27.64y. The mean particle thickness rapidly decreaseihg
the first 480h of water uptake and then stabiliaed?2 layers per particle stack until 1780h,
which corresponds to a SSA value of 41%mA further decrease to 9 layers per stack and a
SSA of 55.3fg occurs by the end of the experiment (3500h) wtien steady state is
reached. Here, the hydrated smectite particles halfehe thickness of the dry particles and

twice their surface area.
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SWy-2 infiltrated by purified water
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Fig. 4.3.7. Plot showing the change in the numbidayeers per stack and the corresponding
increase of surface area with time a) for SWy-itiafed by purified water and b) by 1M
NacCl. c) Shows the distribution of stored water tmelestimated amount of surface adsorbed
water for the saturated stable state (indicatedadsorizontal dotted line) assuming a
concentration of 4mmol/g. The distance betweerstinface absorbed water line and the
external water curves (marked by a vertical arraegresents the amount of bulk pore water

at the end of the hydration experiment.

The sample infiltrated by salt solution has a sliglower initial number of layers per stack

and shows rapid decrease in N during hydration. (Ei§.7.b). Within the first 340h, N

decreases from 16 to 9 and corresponds to a suafaeeincrease from 31.1 to 55%m In

this experiment, no intermediate plateau in theuWe was observed as it was seen for pure

water. The nonlinear decrease shows a simple @amdeattains a stable, saturated state at a

rate ten times faster than for pure water. Despieemore rapid change in N, there is no

difference between the average patrticle thicknéteeosmectite saturated in salt solution or

pure water. Therefore, the theoretical final swefacea is for both experiments the same

(~55nT/g). These values are, due to the confined voluomeliions, significantly lower than

those obtained for free swelling Na-montmorillonitehere up to 850ffg could be
theoretically reached (Schramm &Kwak, 1982; Mic&dtllieras, 2006).
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An estimation of the contribution of surface adsat water to the measured external
(non-interlayer) water was calculated by assumiva #mmol/g of water is required to cover
the initial surface area of 27.64imp with one sheet of 40 molecules (Bérend et al., 1995).
Fig. 4.3.7c+d shows the amount of water storedh&n dmectite clay and the dotted lines
indicate the amount of surface adsorbed water laslaged for the stable state. In both cases
(Fig. 4.3.7c+d), the surface adsorbed water wougltbant for almost the entire “external”
water (which is the combined surface and pore Watéicating that only a small portion of
water filled porosity remains (table 4.3.4). Howewveis important to note that all the above
described quantifications of surface areas andatheunt of surface adsorbed water are just
approximations and they serve only as estimatiangsampare the behaviour of equally
treated samples and should not be treated as &bsedlues equivalent to analytically

measured parameters.

Layers per Layers per External External Stabilization Surface Excess
stack stack surface area surface area  time [h] adsorbed  water [ml/g]
initial final Initial final [m?/g] water * (pore water)
[m?/g] [ml/g]
SWy-2-H0 18 9 27.64 55.3 3440 (480) 0.14 0.06 (30%)
SWy-2-NaCl 16 9 31.13 55.3 340 0.14 0.06 (30%)

Table 4.3.3. Average number of layers per stack thedcorresponding theoretical surface
area. *Calculated assuming 4mmol/g. The dry BETamer area is 27.6411y.

4.3.3. Influence of initial packing density and eratontent on the hydration behaviour of
MX80 bentonite

4.3.3.1. Dynamics of water layer development in NAX8
The influence of initial packing density and hydvatstate on the hydration dynamics of
smectite-rich clay was investigated using MX80 baite. Fig. 4.3.8 shows the change in
water-layer abundance during hydration for 3 ddferMX80 samples of varying packing
density and initial water contents that were irdiiéd with solution of low ionic strength
(I<0.001M). Although the sample in Fig. 4.3.8a wehydrated for 2 weeks in the oven at
110°C (table 4.1.1.), some 1-WL (5%) and 2-WLs Y49re present at initial measurements.
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During the first 300h of the experiment, all nordigted smectite interlayers were completely
replaced by the developing 1- and 2-WL structuBegh reached a maximum of 35%, after
490h for 1-WL and after 681h for 2-WL. The 3-WLwstture developed relatively early by
replacing 1-WLs and, at the final stages of theeexnent, it reached an abundance of 30%.
The 4-WL structure was also detected and formetepiacing the 2-WLs. The shape of the
XRD profiles also indicated the presence of evérkdr hydrated structures, which were best
fitted by assuming a d-value of ~22.8A. For reasoihsimplicity, this structure is referred to
as a 5-WL structure, although the precise naturthisfhydrated layer is not clear. This d-
value might also result from the ordering effedtshinner water layers (e.g. a superstructure
formed from adjacent ca 11.4A layers). At the ehthe saturation experiment, the powder
contained 9% of apparent 5-WLs, 30% of 4-WLs ant &f 3-WLs.

The abundance of water layers in the more densetitasl powder (1.43g/cihchanged
in a similar way with hydration of dehydrated lay€®4% of 0-WL) to form a mixture of 1-
to 3-WL and, eventually, 2- to 4-WL structures (Fg3.8b). However, in comparison to the
less compacted MX80 bentonite, the thickness ofdted layers (mixture of 3-, 2- and 4-
WLs compared to 3-, 4- and 5- for 1.35g/m2) wasablyt smaller and the rate of hydration
slower, with a stable state of total water uptakaimed after more than 5000h. The 2-WL
was for most of the hydration process the domisamicture increasing in abundance up to
70% followed by a subsequent decrease to 14%. TWé 3tructure developed slowly and
continuously to form the dominant structure at &juatable state with a value of 78%
together with 8% of the 4-WL structure. A “5-WL"rgtture was not observed in this more
strongly compacted sample. Both a reduction in miatger thicknesses and a slower rate of
hydration was expected for the more strongly padadples because of reduced pore space

and, thus, restricted volume for inflow and paeiekpansion.
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The pre-hydrated MX80 bentonite (containing ~0.28mof water) showed a significantly
different pattern of interlayer hydration to thdttibe two dehydrated bentonite samples (Fig.
4.3.8c). The packing density of this sample wasdigvhen including the pre-absorbed water
(1.60g/cr) but corresponded to dry packing density of 1.8t/ Therefore, the initial
hydration state was notably different from the ottveo samples, with a mixture of 40% 1-
WLs, 15% 2-WLs and 45% 3-WL structures. The subsetjyattern of water-layer
development was less complicated with a graduakase of 3-WL which was always the
most abundant structure (80% at stable state af@00h of hydration time). This gradual
increase corresponded with a gentle decrease df-thed 2-WL, whereas, after ~1500h, a 4-
WL structure occurred (ca. 10% abundance) and redaunchanged until the end of the
experiment.

The relative abundance of WL structures formedhia pre-hydrated bentonite is most
similar to the more highly compacted dehydrated mamof 1.43g/cmi The water

incorporated into the smectite (prior to packing gowder into the reaction-cell) was added
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into interlayer sites inducing particle expansidherefore, the sample behaved according to

its “wet” packing density (1.60g/chh like a highly compacted material with reduced

permeability.

Comparing the mean thicknesses of the differenialnand final WL structures for the

three samples showed, as expected, similar valoeshé hydrated and densely packed
dehydrated MX80 (1.43g/cintable 4.3.4). In contrast, the two dehydrated pas had
similar values for the difference in mean lattiegdr thickness which reflects the dimension
of the hydrated interlayen@d 9.45A and 8.25A as opposed to 2.7A for the hgdiatimple).

MX80 dehydrated MX80 dehydrated MX80 hydrated
Packing density 1.35 g/cm 1.43 g/cm 1.6 g/cm

Water layers d-value Initial Final Initial Final Initial Final
0 9.6 0.91 0.94
1 12.2 0.05 0.06 0.4
2 15.2 0.04 0.14 0.15 0.10
3 18.5 0.61 0.78 0.45 0.80
4 20.2 0.3 0.08 0.10
5 22.8 0.09

Mean thickness of d (A) 9.95 19.4 9.95 18.2 15.6 18.3
Ad (A) 9.45 8.25 2.7

Table 4.3.4. Water layer abundance (%) and thesdifice in mean lattice layer thickness in
A between the initial and final state of hydration.

4.3.3.2. Organization of interlayer water (orde}imgMX80

An example of the ordering probabilities for théfetient WL structures formed during
hydration is given for the dehydrated MX80 benterat two different stages of hydration
(Fig. 4.3.9a-d). At the beginning of hydration (tfiest 480h), the probability that a
dehydrated structure lies adjacent to another delgd structure is always very high with a
p00 between 0.57 and 0.94. Other combinationshizned high probabilities are the 1-WL and
2-WL structures adjacent to dehydrated layers with and p02 values both between 0.7 and
0.9. During the final stages of water intake (be&twd 700 and 5040h), the 3-WL structure
dominates with abundances between 45 and 81%4Rdb) resulting therefore in high p33
values, ranging between 0.56 and 0.91. Although d@heunt of the 2-WL structures
decreases during hydration, the probability th&¢I2structures are neighbours is consistently
high (p22 0.6-0.7). The 4-WL structure is more treqtly located adjacent to other thick
hydrated structures than to thinner ones, with yeldes between 0.4 and 0.5 and p43 values
of 0.5.
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Ordering of the WL structures is displayed as aia®n from the random (RO) case for
the initial and final stages of hydration in the BIXbentonite (Fig 4.3.9c+d). Little variation
is seen from the random stacking state during rniteli stages, with layer probabilities not
exceeding 0.31. Systematic deviations from randmeroaly seen in some cases with positive
values for p11 and p22 and negative values forguigilpl12.

a) Compacted MX80 at initial stages b) Compacted MX80 at final stages
0 low 0.5 high 1 0 low 0.5 high 1
p10 p43
p22 p44
p00 p22
4WL
3WL
2WL } T T
0 20 40 60 80 100 0 20 0 60 80 100
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Fig. 4.3.9. Ordering of mixed water layer structifgrey bars) expressed as probabilities
(p) and the corresponding water layer abundancagblempty bars). a) Initial stages of
the experiment and b) the final stages. Expressétiedeviation from the random stacking
state (R=0). c) Initial stages and d) final stages.

In contrast, clearly reproducible deviations fradme tandom case occur at final stages of
the experiment (Fig 4.3.9.). As observed in thescas SWy-2 (cp. Fig. 4.3.6), enhanced
probabilities occur for adjacent WL structures lué same thickness, with positive values for
p22 (0.2-0.64), p33 (0.09-0.22) and p44 (0.27-.0l4)contrast, well defined “negative”
probabilities characterize all combinations of eliéint WL structures. This is especially the
case for the probability that 2-WL is followed by8L (p23 between -0.15 and -0.61), that 4-
WL is followed by 3-WL (p43 up to -0.31) and thatML is followed by 2-WL (p42 up to -
0.41). For other combinations, the deviations ass reproducible and close to the zero line

indicating random ordering.
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Based on the described variation, it is clear #shydration proceeds, the water layer
structures become increasingly ordered as thetstaccwater arranges itself in a state that is
closer to equilibrium. The degree of ordering aitdi is likely to be strongly influenced by
electrostatic forces that attract water moleculed are, moreover, induced by internal

stresses due to particle expansion in a confinédne reaction system.

4.3.3.3. Water uptake into different storage Sitegl X80

Fig. 4.3.10 shows the curves for total water uptakd the calculated amount of water
stored in interlayer and external storage sitese Wost water was incorporated by the
dehydrated, less compacted MX80 bentonite (Figl0a. At the stable saturated state, (after
3130h) the total water accounts for 0.54ml/g (tab&5) with a relatively fast inflow rate of
1.4E-04ml/g/h. Although the sample was dehydratedrgo the experiment, some water
(0.09ml/g) was still present in interlayer spacBsring the early stage of hydration, the
external water makes up the major proportion witt6tl/g after ~310h. This external water
located in pores serves as a reservoir before ptisoinnto interlayer spaces (a similar pattern
of water uptake was observed for SWy-2, Fig 4.3Mfer 490h the interlayer water uptake
dominates and reaches a stable state after 144@hawinaximum of 0.32ml/g. Interlayer
water makes up ~59% on the total water budget aathaverage hydration rate of 2.2E-
04ml/g/h whereas the surface- and pore water atcsammy for 0.22ml/g (41%) of the total
water intake.

In the case of the more strongly compacted MX80 gew(1.43g/cr), the total water
uptake and the amount of water adsorbed into ayjers were almost identical for the first
2000h of the experiment (Fig. 4.3.10b). The timés axas chosen to be compatible to the
other experiments but, in this hydration run, ituatly took more than 5000h to achieve
stable state conditions. This resulted in a pdedity slow rate of water inflow (7.1E-
05ml/g/h) that reached a total water intake of lB§. Interlayer water dominated during the
first 3720h of hydration with 0.28ml/g water accting for more than 77% on the total water.
Residual external water (surface and pore) makes2286 of the water budget (0.08ml/g).
This small amount of surface- and pore water caattvuted to the higher packing density
characterized by lower sample porosity.

The pre-hydrated sample contained 0.18ml/g interlayater and 0.05ml/g external water
(total: 0.23ml/g) at the beginning of the experim@ig. 4.3.10c). The surface and pore water
stayed relatively constant at 0.05ml/g and mostthef water intake was stored within
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interlayer sites. After 1470h, the interlayer waters complete with 0.27ml/g, which made up

~82% of the water inflow.

increasing packing density
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MX80-dehydrated MX80-dehydrated MX80-hydrated
1.35 g/lcm 1.43 g/lcm 1.6-1.31 g/crh
Total water
Initial amount (ml/g) 0.09 0.005 0.23
Saturation time (h) 3130 5040 1998
Final amount (ml/g) 0.54 0.36 0.32
Rate (ml/g/h) 1.4E-04 7.1E-05 5E-05
Interlayer water
Saturation time (h) 1449 3720 1470
Uptake (ml/g) 0.32 0.28 0.27
Proportion (%) 59.3 77.7 81.8
Rate (ml/g/h) 2.2E-04 7.5E-05 1.8E-04
External (surface and pore) water
Saturation time (h) 1997 3720 1998
Uptake (ml/g) 0.22 0.08 0.05
Proportion (%) 40.7 22.3 18.2
Rate (ml/g/h) 1.1E-04 1.6E-06 5.8E-05

Table 4.3.5. Experimental results used to calcuthterates of water uptake into the various
storage sites of MX80 montmorillonite as a functidrdifferent packing densities and initial

hydration states.
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The storage of water in the pre-hydrated bentos#emed to show more similar
characteristics to the strongly packed dehydraaeaptes. The “wet” powder packed at higher
density (1.60g/cr)) incorporated less external water than the morekiye compacted
dehydrated sample (1.35g/8mand in comparison with the strongly packed dehteit
sample (1.42g/cf), the storage sites were occupied in a similar .whlis behaviour
indicated that a wetted bentonite powder showsvedgnt sealing capacities as similarly
packed dehydrated samples while pre-hydrated bi@sowill have the disadvantage of
sudden volume loss and clay cracking when drieda@®eet al., 1998; Cui et al., 2002).

4.3.3.4. Patrticle thickness and theoretical suréaea in MX80

Changes in patrticle thickness and theoretical sarfrea during hydration for the two
dehydrated MX80 bentonites are displayed in Fi®.14. The surface area calculated
assuming a particle thickness of 19 layers cormredpdo a BET surface area of 3bg(table
4.3.6). In the case of the less compacted sampB5dicn?, Fig. 4.3.11a), the particle
thickness decreased from 15 to 3 layers and thcgumarea increased from theoretically
38nt/g (already slightly hydrated) to around 190gnby the end of the experiment (Fig.
4.3.11a). This difference indicates a 5 fold inseesn surface area in the near-saturated state.

The more strongly compacted powder also showedceedse in particle thickness, here
from 19 to 7 layers (Fig. 4.3.11Db). This correspahtb a theoretical increase in surface area
from ca. 30 to 81Aig, which was less than a threefold increase. Thellsr increase in
surface area during hydration and the higher alncelaf interlayer water in this sample
(Fig. 4.3.11b) suggests patrticle splitting, anddkeeration of new external surfaces and pore

spaces is not a significant mechanism in the mwoagly compacted clay.

Layers per stack  External surfaceStabilisation Total external ~ Maximal surface Surface
area* [nf/g] time [h]  water [ml/g] water [ml/g] availability [%]
Initial  final initial  final 4mmol  2.5mmol  4mmol 2.5mmol
MX80- 15 3 38 190 1977 0.22 0.46 0.29 47.8 75.8
1.35 g/cm
MX80- 19 7 30 81 1704 0.06 0.2 0.12 30 50
1.43 glcm
MX80- 9 5 63 115 1998 0.05 0.27 0.17 18.5 29.4
hydated

Table 4.3.6. Results used to estimate the amowrédce water based on decreasing layers
per stack.*Assuming a mean of 19 layers per stackyastate.
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Fig. 4.3.11 Plot showing the change in the number of layersgteck and the corresponding
increase of surface area with time filehydrated and compacted MX80 powdgDe hydrated
and compacted MX80 powder (1.35 gfciin) Dehydrated and highly compacted MX80 powder
(1.43 g/c). Estimation of surface adsorbed water accordmintreased smectite surface area
for c¢) dehydrated and compacted MX80 powder (1.35 &/amd g dehydrated and highly
compacted M X80 powder (1.43 gRnDotted lines indicate the calculated amount atev
corresponding to the stable saturated state assgmior 2.5mmol/g required to cover the
external surface area. TW-total water, ILW-intedawater, EW-extermnal water (combined surface
and pore water).

The relative contribution of the increased surfasa to the sorption of surface water was
calculated assuming that 4 and 2.5mmol/g of watrewmeeded to cover the external surfaces
at the stable state (Fig. 4.3.11c+d). 4mmol/g vearesidered more typical for dispersed Na-
montmorillonite (Bérend et al.,, 1995) whereas 2.@#ign was reported for Ca-
montmorillonite (Cases et al., 1997). As notedthe SWy-2 sample, these values should be
just taken as a reference to compare equally ttestmples, since the published data was not
obtained using similar experimental conditions.

For both samples, the theoretical possible amotintader sorbed on external surfaces
exceeded the available external water when using kalues (4 and 2.5mmol/g). (The
external water was obtained by subtracting interMawater, obtained from CALCMIX

calculations). Because of the confined volume, wateunable to enter the system and to
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saturate the surfaces as in an open system. Thereidhe case of the less compacted sample
(Fig. 4.3.11c), a higher proportion of surfaceslddue saturated with the available external
water compared to the strongly compacted samplieutaséing for 2.5mmol/g, the maximal
portion of saturated external surface was 73%Herléss compacted sample vs. 42% for the
more compacted one. In comparison to the SWy-2revbgcess water was available to fill

pore spaces, the access for water n MX80 is limited

4.3.4. Hydration behaviour of bentonite in natwalution

4.3.4.1. Dynamics of water layer development in@&Eand TIXOTON

The hydration experiments infiltrated with grounditer and Atlantic sea water were
conducted to quantify the uptake and storage inadaraated IBECO and Ca-activated
TIXOTON bentonite when infiltrated by ground- antlahtic sea water. The development of
water layer structures is given in Fig. 4.3.12drdthe case of the ground water infiltrated
IBECO powder, the initial hydration state comprigddo 0-WL, 59% 1-WL and 10% 2-WL
(Fig. 4.3.12a). During ground water inflow, rapicbgth of the 2-WL structure occurred at
the expense of both 0- and 1-WL. Between 400-600hflow, the O-WL disappeared, the 1-
WL structure stabilized at ~ 30% and the 2-WL steached its maximum abundance at
60%. After 600h of hydration, the 2-WL transformietb the 3-WL state, a reaction which
was completed by ~1400h. Following this change,hydration condition reached a steady
state composed of ~ 70% 3-WL and ~ 30% 1-WL. No U-8tfucture was detected in this
experiment.

In sea water, the interlayer hydration of IBECOwoed over a shorter time period than
in ground water (Fig. 4.3.12b). The abundance adr@ 1-WLs rapidly decreased during the
initial hours of hydration and disappeared withie first 300h of hydration time. During this
period, both 2-WL and 3-WL formed rapidly, and read a steady state condition between
200-400h consisting of 55% 2-WL, 40% 3-WL and 5%/&-components.

In the case of the Ca-activated TIXOTON powder,ithigal hydration state was higher,
consisting of 15% 1-WL, 70% 2-WL and 5% 3-WL (F#§3.12c). No 0-WL structure was
detected in this sample material. During the fnoisase of ground water inflow both 1 and 2-
WLs rapidly decreased during the first 30h of hyidrg with the formation of the 3-WL
state, reaching a maximum (~60% abundance) after 4@-WL state appeared at this stage
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of the experiment, corresponding to the disappearanthe 1-WL, the continued decline of
2-WL, and the reduction of the 3-WL structure. Aaty state system was achieved after
150h of hydration and comprised 11% 2-WL, 42% 3-@id 47% 4-WL. When hydrated in
sea water, the 1- and 2-WL structures decreasedlyagnd the formation of 3 and 4-WLs
during the initial 60h of hydration could be obssiv(Fig. 4.3.12d). After 120h, the 2-WL
structure showed about the same abundance as imdyrwater (~10%) and the 3-WL
structure increased to ~ 60%. However, in the stestdte condition, the 3-WL phase

remained dominant, and was accompanied by 27%/tL 4-

a) Na-smectite (IBECO) in ground water ) Na-smectite (IBECO) in sea water
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Fig. 4.3.12. Water layer development in smectitdaioed in bentonite powders. a) IBECO
infiltrated by ground water. b) IBECO infiltrated/Isea water. c) TIXOTON infiltrated by
ground water. d) TIXOTON infiltrated by sea watenic strength for ground and sea water
is 0.0013 and 0.64M, respectively. Modified afteriv& Berger (2007).

Values of mean thickness (d-values) for the iniiatl final water layer distribution are
given in table 4.3.7 for both the ground- and sedewinfiltrated IBECO and TIXOTON
samples. Both IBECO bentonite samples had similzal fmean thicknesses (16.64A in
ground- and 16.77A in sea water) that was lowerpamed to values for TIXOTON with 18.9
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vs. 18.6A. This is in accordance with results fifedent interlayer cations (cp. Fig. 4.3.3.)
and can be attributed to the fact that IBECO isagtivated and TIXOTON Ca-activated.

IBECO IBECO TIXOTON TIXOTON
Ground water Sea water Ground water Sea water
Water layers d- Initial Final Initial Final Initial Final Initial fnal
value
0 9.6 0.31 0.45
1 12.2 0.59 0.29 0.45 0.15 0.25
2 15.2 0.1 0.01 0.1 0.55 0.7 0.11 0.7 0.11
3 18.5 0.7 0.4 0.05 0.42 0.05 0.62
4 20.2 0.05 0.47 0.27
Mean d-value (A) 11.7 16.64 | 11.33 16.77 | 134 18.9 14.6 18.6
DifferenceAd (A) 4.94 5.44 5.5 4

Table 4.3.7. Water layer abundance (%) and thesdifice in mean lattice layer thickness in
A between the initial and final state of hydratfon bentonites infiltrated by natural solution.

4.3.4.2. Water uptake into different storage sted8ECO and TIXOTON

The quantification for interlayer and non-interlayeater are given in Fig. 4.3.13 with
corresponding uptake rates in table 4.3.8. In ttase, the calculation was based on
CALCMIX fitting of XRD-patterns of samples that alidy contained some interlayer water
and all curves were normalized to a starting watertent of zero at the beginning of each
experiment. Thus, the presented hydration curveesent the quantification of water inflow
and not the total water content of the bentoniteéictvis higher than the values given.

In the case of Na-bentonite, the total inflow obgnd water, the growth of interlayer
water and the incorporation of external water sttbivee same general linear increase. The
interlayer water hydrated at an average rate oE-DAml/g/h over 1368h but a slight
flattening of the curve started after around 12@€h. 4.3.13a). The external water hydrated
at a similar rate 1.2E-04ml/g/h over 1368h but,thms case, a clear linear trend was
maintained. After 1500h, the proportion of intedayater made up 54% of the total water

inflow.
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Fig. 4.3.13. Partitioning of water storage sitesb@ntonites infiltrated by natural
solutions. The weight of seawater was correctediferamount of dissolved ions.

Modified after Warr & Berger (2007).

The sea water intake curves reveal a different \oeba from the ground water
experiments with non-linear intake rates (Fig. 43B). Rapid uptake leads to the formation of
a relative stable plateau after only 552h for tkeemmal water (average rate 3.6E-04ml/g/h)
and after 720h for interlayer hydration (average BalE-04ml/g/h). 52% of interlayer water
and 48% of external water were observed at theafrttie experiment (values for higher
weight of the sea water were corrected). This uptaks much more rapid than the NaCl
infiltrated SWy2 sample (cp. Fig. 4.3.6) and wasstrikely due to the decreased packing

density.
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IBECO in ground IBECO in TIXOTON in TIXOTON in
water sea water ground water sea water
Interlayer water

Saturation time (h) 1368 720 87 146.3
Uptake (ml/g) 0.2 0.22 0.15 0.15
Proportion (%) 54 52 24 23
Rate (ml/g/h) 1.5E-04 3.1E-04 1.7E-03 1.0E-03

External water (surface and pore water)

Saturation time (h) 1368 552 142 167.6
Uptake (ml/g) 0.17 0.20 0.46 0.49
Proportion (%) 46 48 76 77
Rate (ml/g/h) 1.2E-04 3.6E-04 3.2E-03 2.9E-03

Table 4.3.8. Experimental results used to calcutbterates of water uptake into the various
storage sites of Na- and Ca-bentonites. The wegdhsea water was corrected for salt
content.

The proportion of external water was visibly highethe Ca-bentonite experiments (Fig.
4.3.13 c-d). In ground water, most of the totalteah was stored as surface and pore water
(76%), which formed at an average rate of 3.2E-0%iml The interlayer water intake was
already completed (hydration rate of 1.7E-03ml/géhEen the total intake ceased after 142h.
When infiltrated with sea water, the amount staxedexternal water made up around 77% of
the total water inflow resulting, therefore, equéra to the ground water infiltrated sample.
The interlayer water curve flattened after 100hd¢asion rate of 1.0E-O03ml/g/h) and
indicated no change after 146h, whereas significendimes of surface and pore water
continued to build up until ceasing at ~ 167h (layidn rate of 2.9E-03ml/g/h).

4.3.4.3. Patrticle thickness and surface area estgma IBECO and TIXOTON

The Na-montmorillonite containing IBECO infiltratedith natural ground water showed
the same initial and final number of layers peclstas infiltrated by sea water, decreasing
from 15 to 5 (Fig. 4.3.14a+b). Accordingly, the wed for the initial surface area for both
samples were 66.4g and at the final stages 1992g The major difference between the
two samples was the time needed to achieve stdike $Vhen infiltrated by ground water it
took 1250h until a stable state was formed, whereae case of salt water infiltration, the
system stabilized already after 214h (that is ntbam 5 times quicker). The same trend was
visible for the Ca-montmorillonite-containing TIX@N bentonite when infiltrated by
ground- and sea water (Fig.4.3.14c+d). In bothg;abe particle thickness decreased from 14
to 7 layers per stack and the corresponding sudeeincreased from 132 to 26%g When
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infiltrated by ground water, a stable state wasieadu after 142h, whereas,

infiltration led to a stable state after less tban(3 times less time).
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Fig. 4.3.14. Changes in the number of layers paslsand the corresponding surface areas
of montmorillonite contained in bentonite (a-d).
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4 .4. Discussion

The hydration of smectite clay is a process thaticcat a range of different scales including
the lattice interlayers, the external surfaces aftigles, the voids between particles in
“clusters” and the voids between such clusters.(HEigl.1). The sorption or trapping
mechanisms of water during the hydration of swglkitays varies based on sample properties
and the experimental conditions applied. Here vméous controls on smectite hydration are
addressed and discussed in the light of the expetahresults and are included in the model

of scale-dependent hydration as shown in Fig. 4.4.1

z? layer b) particle C) aggregate d) arrangement of
(

scale) (nm scale) (um scale) aggregates
(pm-mm scale)

10R 10nm 0.1um >10pm
structural and + s rface adsorbed 4+  micropore water + micro- and
interlayer water water mesopore water

Fig. 4.4.1. Different hydration sites in a smecfitavder as a function of scale. a) Interlayer, b)
surface of particles composed of several layergaggregates composed of several particles and
d) arrangements of aggregates. The aggregate mst®in in c is modified after Suzuki et al.
(2005). Hydration sites are marked with arrows.

4.4.1. The influence of the type of smectite arldtgm chemistry

Layer-scale
The type of smectite has the major influence ondWelling behaviour at all scales,

whereas the most important factor is the type tdriayer cation. This primarily controls the

structure of water layers sorbed in the interlayelated to the charge distribution and
hydration energy of the cation in question (Mooweeél., 1952; MacEwan &Wilson, 1980;

Sposito &Prost, 1982; Brigatti et al., 2006). Thedtation energy is related to important
cationic properties such as ionic size and valefMgntes-Hernandez et al., 2003a) and
therefore the larger monovalent Na ion has a maated hydration energyAHnydNa = - 405
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kJ/mol; Huheey 1993) compared to the smaller, divaCa AHnyCa= -1592 kJ/mol). This
effect is visible by the slower interlayer watertalge in case of all Na-containing smectites
(SWy-2, MX80-bentonite and IBECO-bentonite, tabl@.?).

For example the Na-activated IBECO bentonite hydtah ground water showed the
slowest rate of hydration and was not completetyraéed even after the 1500h duration of
the experiment. In contrast, the interlayer uptakéhe Ca-activated TIXOTON bentonite
infiltrated by the same solution was accomplishéidrgust 80h. Although differences in
packing density occur between these samples (TIXKBentonite 0.94 g/cirvs. 1.15g/crh
for IBECO), which influences access of water toerlgtyer sites, the dominant factor
controlling the enhanced uptake rate of the Ca-Steets considered to be the higher
hydration energy. Whereas the interlayer uptakesrdéor all Na- smectites vary between
1.4E-04 and 7.5E-05, the Ca-varieties show valudsmmced by a factor of 10 with rates
between 1.0 and 1.7E-03 (table 4.4.1).

IBECO seal 80* TIXOTON-TE* MX80 (BF100)* SWy-2* Nau-T'
Material Na-activated Ca-activated bentonite Purified Purified
bentonite bentonite montmorillonite nontronite
packing 1.15 1.14 0.94 0.94 1.43 1.35 1.60 1.37 1.36 1.08
density (dry
[g/cnT] 1.31)
lonic strength  0.0013 0.639 0.0013 0.639 0.0001 0.0109 0.0109 00.001 0.0001
of infiltrating
solution
[mol/]
Interlayer 1.5E-04 3.1E- 1.7E- 1.0E-03 7.5E-05 2.2E-04 1.8E-04 2.2E- 1.4E- <1.2E-03
uptake rate 04 03 04 04
[ml/g/h]

Table 4.4.1. Calculated rates of water uptake ithi® interlayer spaces of various *Na- and
*Ca- smectites. The samples are of varying packamgity and where infiltrated with a range
of ionic solutions

Particle-scale

The type of interlayer cation has additionally afiuence on particle scale (Fig. 4.4.1)
because the number of average layers per clay stais for the different types of smectite.
For example, the number of layers per particleeigorted to be higher for Ca-smectite
(average ~10 layers per stack when hydrated) agseppto the thinner stacks composed of 3
to 5 layers for Na-varieties (Cases et al., 199&cR, 2006b). This trend is partially visible
when comparing the Ca-activated TIXOTON and thealivated IBECO where the latter
shows a decrease to 5 layers per stack and the TMROto 7, independent of the infiltrated

solution (Fig. 4.3.15). However, these differenaes less pronounced than described in the
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literature (Schramm &Kwak, 1982; Pusch, 2006a) appears to be strongly dependent on
the packing density when particle separation igictsed by limited pore volume.

The solution chemistry also clearly influences stibedydration on a particle scale. It
has been reported that a higher ionic strengthfofrated solution leads to increased rates of
hydration by influencing the micro texture of clagrticles. During particle aggregation,
voids in the micro porosity are not closed (Pugfigla). This mechanism occurs during the
initial states of solution uptake by Na-smectit¥/f52 montmorillonite and the Na-activated
IBECO-bentonite) where both external (surface- pote-water) and interlayer water show
enhanced uptake rates (Fig. 4.3.2). The Ca-actvatXOTON bentonite showed slower
uptake when infiltrated with sea water comparethéoground water infiltrated sample (ionic
strength of 0.64M as opposed to 0.0013M). Due & pdfresence of the divalent Ca in the
interlayers, this sample has already a tendendgrto aggregates and the effect of solution
concentration is not as pronounced as for Na-steecti

Responsible for sealing is, however, the amoumtteflayer water that was in both cases
(Na and Ca-smectite) not observed to be affectethéyigher ionic strength. In the case of
SWy-2 infiltrated by 1M NaCl the interlayer wataddot significantly differ from the water
infiltrated sample (table 4.3.2) and in the caséB&CO-bentonite, the interlayer water was
even enhanced when infiltrated by sea water assmgpto ground water (table 4.3.8). These
results indicate that the saline solution has nmge detrimental effects on intracrystalline
swelling of Na-smectite, as previously noted byrdahn et al. (2004).

4.4.2. Progressive hydration in solution under @ volume conditions

All hydration experiments in this study were cocida using aqueous solutions as
opposed to conditions of relative humidity. Therefaifferences in the mechanisms and
kinetics of hydration can be expected. It is gelheraell documented that the smectite clays
(in particular montmorillonite) show a step-wisedhgtion behaviour as the water activity is
improved under conditions of increasing air hunyidi€ollins et al., 1992; Chipera et al.,
1997; Ferrage et al., 2005b). This stepwise hyainabiehaviour is commonly attributed to
apparent energy levels as hydration shells areddraround interlayer cations (Karaborni et
al., 1996; Cases et al.,, 1997). In contrast thddhup of structured interlayer water in
percolating solutions is observed to be a moreigoatis process. In general, water-layers do
not appear spontaneously in high abundance, as wsienncreasing humidity, but form
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steadily as part of a progressive layer expansioogss as seen during the hydration of the
Wyoming bentonite sample, SWy-2 (Fig. 4.3.4 a+biherMX80 bentonite(Fig. 4.3.8).

In some hydration experiments the occurrence ofaegm plateaus may be better
explained by transport fluctuations during the amfl of water rather than to variations in
hydration energy. A stepwise behaviour was obsefeedSWy-2 when hydrated with a
solution of increased ionic strength (1M NaCl, FHig3.2.a). This apparent hydration step
could result from precipitation of salts from thawtion that blocked infiltration but might be
as well due to the increased rate of infiltrationeneby less time is available to organize the
preferred coordination of interlayer water molesull the case of the sea water infiltrated,
Ca-activated TIXOTON bentonite, an apparent hydrasitep is also visible (Fig. 4.3.2). One
possible explanation here is that cation exchaagetions such as K exchanging Ca led to a
reduction in the number of water layers.

However, such variations in the rate of interlayeater uptake and the occurrence of
apparent hydration steps should be interpreted watlhition as these fluctuations can also
results as an artefact of the calculation procedmgied in this study. In the CALCMIX
program, that was used to quantify the abundancgabér layers, only combinations of 3
different WL structures can be fitted simultanegusthereas in some transitional states it is
probable that more WLs coexist. For example, theédiate appearance of abundant 3-WL
structures in some bentonites (e.g. 35%, as seeNdeactivated IBECO, Fig. 4.3.12a) is
considered to be such an artefact as these thidkated interlayers are more likely to form
continuously by progressive layer growth, which Idooot be resolved by the CALCMIX

approach.

Influence of the confined volume conditions ony&itacale

The confined volume was seen to have, as expeetesignificant influence on the
hydration behaviour of the smectites on all scalEmcerning the interlayer hydration (layer-
scale, Fig. 4.4.1) the generation of significanekiwg pressures can limit particle expansion
(Pusch, 2001b; Komine, 2004; Komine &Ogata, 2004sdR, 2006a). This is visible in the
number of water layers formed with increasing paghkiensity of the MX80 bentonite (Fig.
4.3.8). The more strongly compacted sample (injttking density 1.43g/cinFig. 4.3.8b)
shows a final combination of 2-, 3- and 4-WL wheardar the less compacted sample
(1.35g/cm, Fig. 4.3.8a) 3-, 4- and 5-WL are developed.
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The suppression of water layers due to an increpaeking density is also well illustrated
by considering the mean thickness of hydrated lmgers such as presented in table 4.3.4 for
the MX80 samples. Both the pre-dried more densabked MX80 (1.43g/cf) and the wet
MX80 sample (1.60g/cf) show similar final mean thicknesses with 18.2388whereas the
more loosely packed powder (1.35gRnaccommodates thicker structures with a mean
thickness of 19.4A. The other investigated benesniéxhibit as well features that can be
attributed to the confined volume. The stable agunfation of saturated Na-activated IBECO
was a mixture of 1- and 3-WLs; a structural arranget commonly described for the
interlayer hydration of Na cations under high hutgi¢onditions (Karaborni et al., 1996).
The absence of a 4-WL structure in the saturataig sif this experiment is attributed to the
buildup of swelling pressure within the sealed ,cethich inhibited further layer expansion
(Fig. 4.3.12).

Influence of the confined volume on a patrticle scal

Furthermore the volume of the system is seen ttuante particle and aggregate
processes (Fig. 4.4.1). Classical studies haveactaized smectite and bentonite hydration
in free swelling systems (Norrish, 1954; Norrish &i@®, 1954; Laird et al., 1995; Wilson et
al., 2004) in which Na-montmorillonite can by osmally swell and increase the interlayer
space until the particles lose their coherencefamd a amorphous gel (Lagaly 1993; 2006).
Accordingly, the external surface area can reaekraé hundreds of i{Schramm &Kwak,
1982; Lagaly, 2006; Michot &Villieras, 2006). Howay in confined volume conditions the
formation of gels is inhibited and probably occordy locally in restricted void space. In
theoretical calculations, based on the reducedcgathickness, the surface area yield the
highest values for MX80 at ~196fg, which corresponds to a mean number of 3 lagers
particle (table 4.3.6). However, under confineduwoé conditions such calculated values for
surface area are not directly applicable becauseadinticles cannot expand freely (Fig. 4.4.3
c+d). For example the area provided by externafasas of the less compacted MX80
bentonite could theoretically accommodate up tan0gt but only 0.22ml/g is contained as
external water because the volume is restricted.

For purified Na-exchanged SWy-2 montmorillonitewewer, the values of theoretically
adsorbed surface water and available external vaagéein good agreement (Fig. 4.3.7). In this
case the numbers of layers per stack do not decesastrong as for MX80 samples although
the packing densities are similar (between 1.35 &B@nf/g). This might indicate that the
relative strong decrease in particle thickness miese for MX80 is due to sample
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heterogeneities and non clay mineral impuritiesciwhprovide local voids that allow more
free expansion (Fig. 4.4.3e). The SWy-2 samplezantrast, is notably more homogenous
(grain size separated <1um, Na-exchanged, almagpletely dehydrated). Here is noted that
in a confined volume system the surface area inecessarily entirely available, for example
to adsorb toxins.

Generally it should be noted that the surface asdeulations are based on values for
number of layer per stack which were included im pleak fitting of the CALCMIX program
that should be considered as a best approximadithrer that absolute values. However the
results show that it is not applicable to considdues of several hundreds of square meters in
confined volume conditions but it is as well notammended to assume a constant surface

area for hydrating smectite.

Influence of the confined volume on aggregatesk(taxtural scale)

The effect of texture and micro porosity in contineolume can be seen in samples with
sufficiently low uptake rates (< 1E-04ml/g/h). Thesxperiments reveal relatively rapid pore
water intake which serves as a reservoir thathseguently redistributed to occupy interlayer
space (Fig. 4.3.4.c and 4.3.10a). It is considékedly that smectite particles adjacent to the
same pore space take up similar amounts of watkfoam clusters with the same water layer
abundance (Fig. 4.4.3e). The formation of such dyain clusters is indicated by the
increasing ordering of WL structures observed dphgdration. Water layer distributions in
the confined volume experiments show an enhancebapility that structures of the same
thickness lie adjacent to each other (Fig. 4.3168.9d). This contrasts the general assumption
of random ordering for swelling in relative humid{R=0) and as well the R=1 ordering that
was described to occur on a particle scale in ex@ats done by Moore and Hower (1986).
Here ordered arrangements of different thicknessee observed to be more stable.

The difference between Na- and Ca-smectites temdiedrease with increasing packing
density because the importance of micro textureommes increasingly negligible with
compaction as noted by Pusch (2001b; 2006a). Tlis @bserved concerning the final
amount of water uptake that was seen to be stramgbendent on interlayer cation at low
packing densities and almost independent at higkesities (Fig. 4.3.3). Although during
hydration the degree of homogenization increasdsexture changes play an important role
attaining a uniform hydration behaviour, the coafinvolume studies conducted by Pusch
(2001b) revealed that density variations persigt.sHowed that even at very high packing
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densities, softer and more pervious zones are fbioyepartly or completely interconnected
"external” voids that are filled with more or ledense clay gels. A schematic representation

of the hydration on the bulk texture scale for Mad Ca-smectite under confined volume

conditions is presented in Fig. 4.4.2.

Na-smectite Ca-smectite

Fig. 4.4.2. Schematic sketch of water uptake ambtatipn of smectite in confined volume
conditions (bulk textural scale). a+b) Initial steg of hydration dominated by pore water
intake. c+d) Pore water serves as a reservoir foerlayer expansion leading to the formation
of hydration aggregates. e+f) Interlayer hydratiand local particle separation leads to the
expansion of aggregates and pore closure. In tise odNa-smectite (e) the formation of gels
fill remaining pore spaces and voids associatedwiineral impurities (inserted image).

Differences between Na-smectite and Ca-smectitaitét! stages are the smaller number
of layers par stack in the case of Na-smetite ama@er connectivity of the porespaces,

whereas Ca-smectite is characterized by thickeckstaand a better connectivity (Fig.
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4.4.2a+b). Therefore pore water enters the Ca-$t@auoibre rapidly compared to the Na-

smectite. Where water came in contact with the mwwdydration aggregates are formed
(Fig. 4.4.2c+d). Because of the increased exparsidia-smectite aggregates, the access for
water is restricted and the rate of intake relatwehe Ca-smectite decreased. At saturated
state the formation of gels in voids seals the Madite, whereas in the case of Ca-smectite

some porosity remains (Fig. 4.4.2e+f).

4.4.3. The influence of initial conditions

Initial variations in sample conditions, namely kiag density, pore-size distributions and
particle orientation (texture) have been shownnftuence hydration behaviour to a large
extent (Wilson et al., 2004). The influence of kiag density is for example visible in the
case of MX80 where the more densely packed samplarporate less total water into the
powder compared to the dry and more loosely papkedier (Fig. 4.3.10a+b). Despite these
differences in total water uptake, the amount ofew#n the interlayer is almost the same,
indicating the higher porosity accommodates thetmal external water measured. It is also
evident that if the initial hydration is elevatdwtincreased wet packing density is higher and
the amount of available pore space for additionatew uptake becomes restricted (Fig.
4.3.10c).

The incorporation of water in the powder prior tnducting the hydration experiment
results in a similar behaviour compared to the vaant highly compacted dry sample.
However once the sample dries after the period xpeementation a significant macro
porosity is expected to be created. The initialestd pore structure and particle orientation
was not quantified as part of this study but thes@tions between samples are considered to
be relative low compared to those presented inrositedies (Wilson et al., 2004). A
consistent and reproducible method was used todate the powders into the reaction-cell
before hydration and therefore textural differeneesre minimized. Textural variations
present are more likely to represent the natuedé <if the clay powder rather than introduced
during loading of the cell. Such heterogeneities typical of bentonite powders, which
contain non-platy minerals (table 3.1) and a ramiggrain size distributions. In contrast, the
separated fine grained clay mineral fractions appeée more homogenous in nature due to

their close to monomineralic content and reducedeaf grain size.
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4.4.4. Implications of confined volume laboratonabbgue for understanding natural

systems

The varying amounts of external and interlayer wateorporated into saturated
bentonites is expected to have significant effectshe rate of elemental transfer, and can be
described by combining equations of free diffuseomd surface adsorption (Bourg et al.,
2003). Successful numerical modelling of elememtahsport, including the migration of
radionuclides (Bors et al., 1997) in the repositeeiting is reliant on the type of quantitative
data presented here. Loosely bound, external watanore likely to be lost at lower
temperatures during any subsequent heating anditfon event, which might occur in the
vicinity of radioactive waste containers. This gasts with the more strongly bound
interlayer water that is released at temperatufegenerally 100°C and higher (Farmer
&Russel, 1971; MacEwan &Wilson, 1980; Bray et 4098).

The separation of interlayer and true particle aef adsorption is also required to
improve knowledge of these potential reaction sitesorption and desorption processes. In
confined volume swelling of compacted bentonites ibbserved that the decrease in particle
thickness and the corresponding increase in sudee® is somewhat restricted compared to
the uninhibited particle swelling in solution. Théare transport calculations involving
reactive surface areas based on free swelling empets would lead to significant errors in
the estimations. On a qualitative level it is atssential to consider the scale of hydration
involved, particularly when evaluating reactionedtchange rates on the layer-, particle- or
bulk textural-scale.

Based on the result represented in table 4.4.2veiter uptake rates calculated for the
different experiments can be used to estimateithe tequired to saturate a bentonite barrier
of 1m thickness. As expected, materials that cantaostly Na-smectite (IBECO, MX80 and
SWy-2) have relatively low saturation velocitiegfilseen ~2 and 5E-09m/s) and therefore the
time required to attain the stable state variesvbéen 6.5 and 24 years. In the case of the
IBECO bentonite the increased ionic strength hamtably strong effect on the saturation
time with only 1.8 years required to reach thigestdhis is almost 5 years less time than
when hydrated with ground water. Using finer grdimaonomineralic smectite separates
appears to successfully slow down the rate of waflaw. Separates of the SWy-2 Wyoming
montmorillonite hydrated with 1M NaCl required 98ars to reach saturation compared to
11 years when hydrated with purified water. Theffier@nces highlight the influence of clay

microstructure on the solution infiltration rateaths seen to be more pronounced in the less
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compacted, bulk IBECO (the ~1.15 compared to ~¥@itpacked sample). The influence
of the initial packing density is as well visible the decreased hydration velocity of the more
strongly compacted MX80 sample (1.43gin inflow rate of 1E-09m/s yields the longest
time required to saturate the 1m barrier with 2drgeThis compares to the 14.9 years needed
for the less compacted equivalent (1.35g)cbased on an inflow rate of 2E-09m/s. Here, the
decreased degree of compaction (5.6%) leads tth.€hBmes increase in hydration time. The
hydration velocity for the Ca-smectite based beigsrvaried between 2 and 8E-08m/s and
therefore hydration of 1m material would need betw8months (0.67 years) and 1.4 years.
For these samples, the hydration behaviour is hotabs sensitive to the composition of the
infiltrating natural solution. The industrially aleble TIXOTON would require just 8-10

months to saturate the barrier irrespective of irehydrated in sea water or ground water.

IBECO TIXOTON MX80 SWy-2 Nau-1
Ground Sea Ground Sea dehydrated dehydrated Hydrated Purified NaCl Purified
water water water water 1.35 g/cm 1.43 g/cm 1.6 g/cni water water

Saturation velocity [m/g]

Interlayer 5E-09  9E-09  8E-08  5E-08 5E-09 2E-09 5E-09 6E-09 4E-09  2E-08
water (6.5y) (3.4y) (0.14y)  (0.69y) (6.9y) (17.7y) 7y (5.3y) (79y)  (1.38)
External 5E-09 1E-08 5E-08  4E-08 3E-09 2E-09 3E-09 3E-09 3E-09

water (65y) (26y) (0.67y) (0.8y) (95y) (17.7y) (95y) (11y) (11.7y)

Total 5E-09 2E-08 5E-08 4E-0 2E-09 1E-09 3E-09 3E-09 3E-9 2E-08
water

Time to saturate 1m of compacted smectite [years]

Total 6.5 1.8 0.67 0.8 14.9 24 9.5 11 9.5 1.4

Table 4.4.2. Calculated saturation velocities fioe different clays powders used in this study.
The time to saturate 1m of compacted smectiteltzileded based on the distance across the
reaction cell (24mm) and the time required to re#wh fully hydrated state.
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CHAPTER 5 BACTERIAL INFLUENCE ON SMECTITE HYDRATION

Abstract

This chapter presents experimental results onniegaction between smectite (NAu-1, SWy-
2 and MX80) and the facultative anaerobic, hetepidtic Shewanella putrefaciens two
types of model conditions: i) Low solid to liquidtio in agitated oxygenated conditions and
i) high solid to liquid ratio in anaerobic conditis. The former was chosen to study smectite-
bacteria interaction in a solution dominated envwment where the reaction rates are most
enhanced. The latter was designed to simulate thsusface case expected in planned
underground repository waste sites. Bacterial @alints in the low solid to liquid ratio batch
reactor experiments revealed the prolonged survofalS. putrefacienswith smectite
compared to growth in commonly used laboratory me@ompared to the sterile control, the
pH of the bacteria containing smectite-solution i@snd to be dependent on the growth
phase with lower pH values recorded during initséhges of the experiment (lag and
exponential phase) when protons are produced dwangbic respiration. The final death
phase showed a more alkaline pH due to reduceeruf of the cells in combination with
the release of lyses products. Variations in sotuthemistry detected by ICP-OES indicated
the consummation and/or partial binding of elemesdpecially in the case of nontronite were
the concentration of Ca and Fe was observed t@dser The final concentration of cations in
solution measured at the end of the experimentalshowed enhanced values compared to
initial measurements which is attributed to elerabn¢lease during lyses, however Ca was
assumed to remain in the exopolymeric substanceS)YEMlicroscopic investigations
(confocal microscopy, ESEM and TEM coupled to EBxXpwed the association of biofilm
and smectite-aggregates, the prolonged persisteinbefilm and the partial dissolution of
nontronite surrounded by Si-rich gels and EPS omrast, the MX80 bentonite was not seen
to be affected by bacterial activity. The presentebacteria in compacted Na-smectite
samples hydrated under confined volume conditioas 8een to enhance total water uptake
and to increase the number of water layers detantélde clay interlayer. Additional water

was seen to be stored as external water in nokgrafiereas, in the case of Na-smectite, both
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interlayer water and external water uptake wera sede enhanced. The characterization of
reaction products showed the presence of sulphadephosphate phases in the bacteria
containing nontronite sample which indicates chdngelox conditions. Intensity differences
in texture preparations indicate textural changbsreas differences in the response to heat
and chemical treatment suggest the presence ohiorgaatings and enhanced layer charge
properties. Bacteria containing MX80 (Na-smectgiedwed dissolution of accessory phases,
namely calcite and eventually pyrite, and the symicbus precipitation of lepidocrocite and
green rust. The different response to the bactextivity is attributed to variations in
composition and texture since nontronite contaigh Amounts of divalent Ca that facilitates
the attachment d&. putrefacienso the smectite surface by cationic “binding”. IR¢@ppears

to provoke the production of chelators trapping eeand increasing the overall degree of
mineral dissolution. The reduction of Fe also sgnaslditionally, as TEA (terminal electron
acceptor) under anaerobic conditions. Due to itapmmsition, montmorillonite is less affected
by chemical alteration but it is sensitive to matractural changes, including the aggregation
of clay particles in voids created by cells lyséberefore it can be concluded that the
influence of bacteria on smectite hydration in coed volume systems is highly dependent
on the precise crystal chemistry of the clay asdnicrostructure which results in a variety of
different alteration mechanisms. Even though thetdseaa are not considered to stay alive
over a significant period of time, detrimental eteinduced during initial activity have been
shown to remain for at least 1% years and shoultaken into account when considering

future applications.
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5.1. Introduction

Bacteria inhabit most environments of the Earthiface and upper crust and are well
known to interact with mineral surfaces where rmut$ often accumulate (Brown et al., 1977;
Ellwood et al., 1982; Bright &Fletcher, 1983; Vamwdsdrecht et al., 1990; Lehman et al.,
2001). Due to electrostatic interactions betweentdsal cells and positively charged
minerals, they are easily attached and often cdrated (Maurice &Warren, 2006). In soils,
bacteria tend to be specifically associated witty chinerals because they are, relative to the
bulk soil, enriched in ions, water, and organic terafTheng &Orchard, 1995; Tazaki, 2006).
At the same time, ion exchange reactions, espgciailh smectite clays, contribute to
buffering the pH and stimulate bacterial growtho(sty, 1966a; Stotzky &Rem, 1966;
Stotzky, 1967).

The attachment of the (normally negatively chardgealjteria to the negatively charged
clay minerals is often aided by the formation obgalymeric substances (EPS, Little et al.
(1997)) that are considered to change surface ehangperties of clays (Maurice &Warren,
2006). EPS are also known to induce particle agdiegy as well as to enhance mineral
dissolution associated with biofilm assemblages I(W&Vandevivere, 1994; Labille et al.,
2005; Jaisi et al., 2007). Moreover certain elesesiich as Si and Fe can accumulate in the
EPS and were reported to induce smectite crystiltiz as suggested for clays in deep sea
sediments (Ueshima &Tazaki, 2001).

Many important bacterial reactions in soils andisemts take place at the aerobic-
anaerobic interface (Roden et al.,, 2004) where rocganatter supports large biotic,O
demands that consume the supply faster than ibeamplaced (Megonigal et al., 2003). As
molecular oxygen diffuses more slowly through watkan through air, anaerobic
environments are often associated with water bogiegs wetlands, rivers, lakes, estuaries,
coastal marine sediments and water columns, aguifén the case of an underground
repository, after the system is closed, the comaktiwill rapidly switch from initially aerobic
to reducing conditions because oxygen will be rgpidnsumed (Montes-Hernandez et al.,
2005a). Therefore it is essential to study bacteziated reactions both in presence and
absence of oxygen.

The bactericEhewanella putrefaciens a facultative anaerobe and can respire undér bo
conditions. In the absence of oxygen, they useraleetron acceptors to gain energy, such as
Fe(lll). This species is insoluble in pure waternautral pH and, as a consequence, the

bacteria are forced to use the Fe(lll) that is gmés Fe-bearing minerals such as ferrihydrite,
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hematite, goethite and clay minerals (Stucki et1887; Roden &Zachara, 1996; Dong et al.,
2000; Zachara et al., 2002; Dong et al., 2003b;Rwille et al., 2004; Stucki, 2006)

The dissimilatory reduction of Fe(lll) in smectitesspecially in nontronite, has been
shown to drastically alter the properties of theeycKim et al. (2004) observed, for example,
that in batch experimeng&hewanella spgriggered the transformation of smectite toalliThe
reduction of the Fe(lll) in the octahedral sitestloé smectite lattice led to a greater charge
discrepancy and to a net increase in negative layamge. This charge subsequently collapsed
the interlayer space, reduced the thickness dfiydeated interlayer and increased catiof) (K
fixation (Kostka et al., 1999; Stucki et al., 20@003; Kim et al., 2004; Komadel et al., 2006;
Stucki, 2006).

Recent studies on Fe-smectites also showed thaertzcmodifications can include
partial dissolution of the clay particles (Kostka a., 1999; Dong et al., 2003a). It is
suggested that either Fe(lll) reduction causesaagehimbalance in smectite that can trigger
mineral dissolution or bacterially produced subsés, such as organic acids and chelators,
dissolve the mineral prior to Fe-reduction (O'Redtt al., 2006). In the latter case, Fe(lll)
would be released into solution and become acdesgibdissimilatory microbial reduction.
Here, the production of specific iron chelatorsiésophores) is a common process in order to
make iron more bioavailable (Neilands, 1989; Gra894; Hersman et al., 2000).

In aerobic conditions, bacteria do not need to cedumetals for it is energetically much
more efficient to reduce oxygen (Madigan et alQ3®0Based on investigations of polluted
aquifers, Bennett and coworkers (1996) proposedniierobes selectively dissolve minerals
based on their nutrient requirements. Laboratopedarments, showed that P- and Fe-bearing
silicates and glasses are colonized and dissolveshwhe contained elements act as limiting
nutrients (Rogers et al., 1998; Rogers &Bennet@420In the case of smectites, it is their
unique ability to adsorb or exchange cations thaterthem a potentially rich nutrient source
for bacteria (Stotzky, 1966a; , 1967).

A large proportion of clay-bacterial interactionskeé place under confined volume
conditions as is the case in soils or engineerateB)s like nuclear waste repositories. In
Chapter 4, it was shown that the hydration behavafusmectites under confined volume
conditions is notably different from the free swedl system. However, the effects that
bacteria have under such conditions have not beshstudied yet. Any consumption of
cations or changes in layer charge properties cbalkk strong effects on the hydration

capacity of swelling clays.
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In this study, the experiments where therefore gihesl to quantify the impact of the
bacteria Shewanella putrefaciensn the swelling behaviour of two types of smectites
nontronite and montmorillonite, (SWy-2 and MX80)tumo types of experiments: i) Agitated
batch experiments with low solid to liquid ratio mxygenated conditions and ii) the
subsurface environment with a high solid to liquadio, diffusion controlled transport, and
anaerobic conditions. The latter was again constduto serve as a laboratory analogue for
the underground storage of nuclear waste (Chaptein4situ X-ray diffraction monitoring
techniques of reaction processes combined with naliogical and geochemical investigation

of the reaction products reveal the importanceaatdria activity in swelling clay systems.

5.2. Analytical procedure

5.2.1. Agitated batch experiments

Batch experiments of smectites in solution werdgiesl to quantify the impact of the
bacteriaShewanella putrefacieran both pure clay separates (monomineralic) andobég
mixtures (polymineralic). Nontronite (NAu-1) and ntmorillonite were prepared as purified
separates (SWy-2) and a MX80-bentonite powder wkested from an industrial source. The
clay was first pre-sterilized in the oven at 1189€3h and then dispersed in sterilized water
(sterilized by autoclaving at 121°C for 15 min). gortion of sterilized clay (0.01 and
0.04g/ml) was then incubated with washed bacteduies prepared with varying cell
densities (see table 5.3.1). Simultaneously abictistrol experiments were conducted for
comparison. Clay-bacterial suspensions were cootisiy mixed with an agitator or magnetic
stirrer. At selected intervals samples were ex¢idor ICP-OES analysis using a sterile
syringe and filtered using a 0.2um polycarbonaterfi The extracted samples where then
acidified using concentrated HN@nd stored in a dark cool place prior to analybie pH
was controlled using a pH-meter on pre-sampleduats] of the suspensions in order to
prevent contamination. Bacterial density was deitegch by viable cell counts (Chapter 3) in
order to monitor their response to the smectiti¢emal. Bacterial solutions were examined
by ESEM, which allowed direct imaging of the maérn the hydrated state. Samples were
pipetted onto self-adhesive conductive carbon stikhat were placed on the aluminum
SEM sample holder. This procedure was done as lyap&l possible only minutes before

placing into the microscope. The chamber pressa® set between 5.9-6 torr (0.0078-0.008

102



Chapter 5 - Bacterial influence on smectite hydrati

bar) and temperatures between 8°C and 22°C reguiltia relative humidity between 55 and
75%.

In order to study the composition of the bactenid the nature of clay-bacteria interaction
at the small scale, transmission electron microgddzM) was undertaken coupled with
energy dispersive X-ray spectroscopy (EDX). Fordgtudried dispersed samples were
prepared by directly pipetting dilute suspension®a@opper grids and then left to dry under
room conditions. For investigation of the solid aan-cell samples, the material was first
dispersed in de-ionized water and then diluted gsdv10 fold dilutions). Suspended clay
samples extracted from the batch experiments wkred 10 to 100 times. Quantifications of
microchemical analysis were done without correctmncarbon introduced during coating of
the grid. Textural (oriented) clay samples wereo agepared from the batch control
experiments for XRD characterization of mineralagjichanges following clay-bacteria

interaction.

5.2.2. Confined volume experiments using reactieh>XRD

In situ reaction-cell XRD was applied to monitoe timfluence ofS. putrefaciensn clay
under confined volume conditions. Powdered materjal 5g) of nontronite and
montmorillonite containing MX80-bentonite was added0.6-0.8ml of bacteria containing
water or a culture medium (density®1@nd mixed with a sterile spatula. The clay-baater
mixture was then loaded into the reaction-cell anessed in order to control porosity (see
appendix for procedure). As an internal standardXfoay diffraction, delaminated kaolinite
was added to the upper surface and worked intsaheple powder using a razor blade. Once
sealed with a capton foil, the reaction-cells wereasured by XRD in order to obtain a
reference profile representing zero reaction tibeiring hydration the frequency of
measurements was adapted to the reaction ratedmpitt® a minimum to limit radiation
damage of bacteria. After each irradiation the dbensiwere resealed by the pressure cap and
the experimental solution reattached to allow platamn from the Teflon© bottle located at
the top of the chamber (Fig. 5.2.1). Anaerobic dooras were controlled applying the GEN-
bag anaerobic system provided by BioMerieux©, wtaonsists of generators that produce

CO,.
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Fig. 5.2.1. a) Schematic representation of the ti@accell device
(without upper sealing plate). b) Set up for fldweugh experiments
with solution bottles attached. At any stage ofrtyration experiment,
the reaction-cell in a) can be placed in the X-dhffractometer for
measurement.

5.2.3. Analyses of reaction products

After completion of the experiment runs, the hyeddateaction products were extracted
from the reaction-cell device and investigated éranges in composition and mineral
content. For solution chemistry measurements, kiw@2-0.5g of the clay paste were
removed from the freshly opened reaction-cellpetised and diluted 20 times in Millipore©
water (e.g. 0.2g of paste was diluted with 4mivater to give a concentration of 50mg clay
per ml solution). The samples were homogenizedguam ultra sonic bath (2 times for 15
minutes) and allowed to sediment for 24h. Afteresgped ultra sonic treatment, the samples
were centrifuged (3500 rpm for 15 minutes), fikdt(< 0.22um) and acidified using
concentrated HN® The same procedure was applied for HCI extracivbere, instead of
water, IN HCl was used as the leaching agent. Smmjgr Fe(ll) measurements were
dissolved in 0.5N HCI (0.5N HCI extraction methai)d incubated for 12 hours to extract
Fe(ll). Solutions were filtered and then analybgdCP-OES.

Viable cell counting (Chapter 3) was applied orydamples extracted from the reaction-
cell by suspending known amounts of solids in gpoading amounts of water (e.g. 0.3g and

3ml) prior to serial dilutions and plate testind=Ml in combination with EDX was applied on
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diluted, well dispersed samples that were direpijyetted onto copper grids. Qualitative
evaluation of changes in layer charge was veribie@ation-exchanged samples (Mg®Cl,

Chapter 3) and investigated using conventionaltexxRD.

5.3. Results

5.3.1. Bacterial growth in a clay suspension

Fig. 5.3.1a shows the change in abundance of colonming units (cfu) of S.
putrefaciendn the smectite suspensions over the period oémxgntation (ca. 50 days). For
the three samples of smectite studied (nontromiig tvo types of Na-montmorillonites:
MX80 and SWy-2), two densities of dispersed clagpamsions are presented with 0.01 and
0.04g clay per ml. For comparison, population carver two culture media were also
determined. LB (Luria Bertrani) is an undefinedtriant rich medium and MM (Minimal
Medium) represents a defined medium where onlynii@mums of nutrients are supplied
(Myers and Nealson, 1988, compositions in Chaptefi3e bacterial starting densities used at
the beginning of the experiment are given in t&bhB1. A more schematic representation of
the population curves is given in Fig. 5.3.1b, simpwthe recognizable classical phases of

development and their duration (numbers in italiédl) mixtures were continuously agitated.

Sample cfu/ml
Nontronite (Nau-1) 0.04g/ml 3.8*10
Nontronite (Nau-1) 0.01g/ml 5.8*10"
Na,Ca montmorillonite (MX80) 0.04 g/ml 5.7*40
Na,Ca montmorillonite (MX80) 0.01 g/ml 3.8*10*
Na montmorillonite (SWy-2) 0.04 g/ml 7.5*10
Na montmorillonite (SWy-2) 0.01 g/ml 3.7110
Luria Bertrani Medium (LB) 1.2*1d
Minimal Medium (MM) 2.3*1¢

Table 5.3.1. Starting densities of bacteria usedhim experiments expressed as colony
forming units per ml clay suspension (cfu/ml).
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Fig. 5.3.1. a) Growth curves of S. putrefaciensuiture media (solid black lines, LB indicates
Luria Bertrani medium and MM the minimal mediumimed by Myers & Nealson (1988)) and
smectite suspensions of two different mineral coinggons. The light grey background indicates
the population span for the nontronite (NAu-1) ardtand the dark grey background for the two
montmorillonite rich samples MX80 and SWy-2. Baatgropulations are measured as colony
forming units per ml of suspension (cfu/ml) ploteeinst reaction time (days). b) Schematic
representation of the growth curves showing thenndiferences in the duration of recognized
phases (numbers in italics).

The shape of the population curves is consideregettypical of bacterial growth in a
batch culture where nutrients are not replaced waste products are not removed. The
curves show four more or less distinct phases kntmacharacterize a typical growth cycle
(Madigan et al., 2003). An initial lag phase is relederized by a low growth rate and is
normally present if the bacteria have to adaptaw wonditions. During this time, enzymes

that are required to synthesize essential metaiodite produced. Following the initial lag,
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the culture actively grows and each cell divideptoduce an exponential rate (exponential
phase). As nutrients become limited and waste mtsdouilt up, the culture passes into a
stationary phase. During the stationary phasenthmber of cells generated is balanced by
mortality (cryptic growth). Finally, due to the ftical lack of nutrients and a high
concentration of toxic waste products, the bacteahs fail to reproduce and the culture
passes into the so called death phase (Madigdn 20a3).

No lag phase was observed for bacteria grown inLBieulture as this is an inoculum
medium in which the cells had already developedttal necessary enzymes. Exponential
growth started immediately followed by a presumaditprt stationary phase (too short to
detect in this experiment) and then a rapid dechnefu during a 4 day long death period. A
similar curve is produced during growth in the MMyt an initial 3 day lag (68h) is required
for adaptation. Similar gradients in the lag stage also observed in the. putrefaciens
cultures grown in all smectite suspensions. The ikadongest in the montmorillonite
suspensions (compared to the defined MM culture #@red nontronite suspension). This
indicates that the bacteria are successful in géingrthe enzymes, but that it is more difficult
for them to adjust to the montmorillonite suspensidghan to the culture medium or Fe-
smectite.

The exponential growth phase of most culturesedaafter 3 days but differences in the
gradient of the slope are observed. Steep sloprs éar growth in MM and nontronite media
and relatively flat ones for montmorillonite bassamples. These slopes can be used to
calculate the time required to double the poputaftable 5.3.2, for details see appendix). The
population doubling time in the nontronite suspenss with ~21.5h similar to that calculated
for the MM (~18.5h). In contrast, the value for rraorillonite cultures (e.g. MX80) is
significantly higher and with ~83h, is more tharides longer. These calculated doubling
times are, however, highly dependent on recognithegransition to the stationary phase and

should be treated as estimates.

Sample Initial cell number  Maximal cell Slope Generation time (g)
[cfu/ml] number [h]
[cfu/ml]
Nontronite 0.04 6.96E05 1.65E07 0.014 21.5
MX80 0.04 1.08E06 1.40E06 0.0036 83.3
Minimal Medium 3.96E05 1.42E07 0.016 18.5
Luria Bertrani 4.4E03 1.39E07 0.077 3.8

Table 5.3.2. Data used to calculate the time resphito double bacterial population during
the exponential growth phase here referred to asgieneration time (g) in hours. The initial
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and final cell numbers correspond to the beginni®@h) and end (164h, see Fig. 5.3.1.b) of
the exponential phase and were used to calcul&eldpe.

Compared to LB medium it takes 5 times longer fiar ¢ulture to double its population in
the MM culture or nontronite solution. Bacterialogith in the Na-montmorillonite
suspensions takes even more time, with generaimoestthat are around 20 times longer
compared to that observed in LB medium. As the itmmd of incubation were the same for
all samples, it is likely that the concentration raftrients is the major factor limiting the
growth rates. One possible reason for the slowaease in cfu in the case of montmorillonite
is the extensive osmotic swelling that occurs iesthgel-like suspensions (see Chapter 2).
Electrostatic repulsions within this gel structuestrict access to the montmorillonite and thus
to nutrients.

The major differences between the bacterial grawittves for smectite suspensions and
culture media are the character and duration dios&@y and death phases. The stationary
stage was estimated to begin after 164h (1 week #fe experiment started) for all clay
suspensions and to finish after ~300h (~13 daysgh®montmorillonite and after ~400h (~17
days) for the nontronite samples (Fig 5.3.1.b).hBstationary and death phases for clay
suspensions are significantly longer than obsemaethe culture media. The length of the
stationary phase observed within media cannot berately determined but the data indicates
that it must be short (maximum at 24h). The dediisp is accomplished within 6 days for
LB medium and within 10 days for MM. In contrastetdeath phase in smectite suspensions
is much longer in duration with over 500h for nonite and 600h for montmorillonite
suspensions. Compared to the MM, this is 20 toi@®d longer and could be due to two
major factors: i) a slower release of nutrientstliy clay due to gradual dissolution and ii)
simultaneous sorption of toxic waste products peceduby the bacteria, especially during the
death phase.

Generally, the numbers of cfu present in the varimineral cultures vary with suspension
density. In the case of monomineralic samples fooite and SWy-2 montmorillonite), the
number of cfu is enhanced when the suspension iis diluted. Based on maximal values for
cfu, the dilute nontronite sample supports twice tlamber of bacteria and the dilute SWy-2
sample three times the population. Most likelystis due to the enhanced viscosity of the
more concentrated suspensions that decreases dtezidlamobility. In contrast, the number
of cfu developed in the MX80 bentonite is enhanlcgdbout two times when the solution is
denser probanly because of the additional suppacoéssory minerals that serve as nutrients.
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The overall supply of nutrients that are deriveahfrthe smectite particles depends on the
mineral composition, the mechanism of dissolutiod ghe quantity released into solution.
Rapid exchange of interlayer cations, predomina@ty and Na, is expected and their
availability is dependent on solution chemistry aDEC. Stoichiometrical dissolution of
smectites has only been reported for very acidicvallies (Metz et al., 2005) but these
conditions do not apply to the experiments condlatethis study. However, in order to
compare the relative cation contents of the clay$h whe nutrient media, the dissolved
contents are displayed in table 5.3.3 assuming 103%olution. Major differences between
the clay solution and the media are the potentiblyher concentrations of virtually all
cations in the smectites (Si, Al, Fe, Mg, Ca and, Nxcept K, which is enhanced in the

medium.

Element [% Nontronite (NAu-  Montmorillonite Montmorillonite ~ Minimal Medium Luria Bertrani

oxide] 1) SWy-2 [g/l] MX80 [g/l] g/l Medium [g/]
[9/1

Si 2.49 2.94 2.69 0.0001 0.0019
Al 0.54 1.04 0.99 0 0.0001
Fe 2.39 0.25 0.42 0 0.0004
Mg 0 0.18 0.13 0.0045 0.002
Ca 0.24 0.12 0.10 0.0096 0.003
Na 0.01 0.11 0.16 0.0215 B
K 0 0.04 0.05 0.1940 0.30
P 0 0 0.01 0.3620 0.13

Table 5.3.3. The amount of cationic nutrients ald# in g/l for the different smectites if
particles were completely dissolved (100%).

During the death phase, the sorption capacity efcthys is of special importance and is
basically influenced by two important parametehe specific surface area and the cation
exchange capacity. The montmorillonites studiece Heave a specific surface area that is
almost 3 times lower (about 30y, see 3.1 Chapter 3) than the nontronite samaién(f/g)
and, thus, have notably lower sorption capacitizsvever, an increase in surface area does
occur during the osmotic swelling of Na-montmoniif@ particles as the layers loose their
coherence during layer expansion. The cation exgthanpacities of all samples are similar at
ca. 70 meqg/100g (Chapter 3).
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5.3.2. Effects of bacterial action on smectite 8otuchemistry

The solution chemistry of key growth experimentaswcontrolled at selected time
intervals and both Hactivity (pH) and the concentration of the mainiaas (A", C£" Fao,
K*, Mg ?"'Na', Si"") measured. Smectite suspensions (density of GcBgper ml distilled
water) were inoculated with washed bacteria (dgnsiEO7 cfu/ml) giving initial bacteria
densities in cfu/ml as follows: SWy-2 montmorilleai2.12E05, MX80 Montmorillonite
3.55E05, and NAu-1 nontronite: 1.78E05 cfu/ml. dit mdicated otherwise, all experiments

were conducted in the presence of oxygen.

5.3.2.1. pH variations
Fig. 5.3.2 provides an overview of the pH evolntmver the period of experimentation
for all unbuffered clay suspensions with and withimacteria. The initial smectite suspensions
have slightly alkaline pH values ranging from %83t12 that shift to a narrower range of 9.5
to 8.01 as they approach a stable state after 3. dde montmorillonite suspensions have
generally higher pH values than the nontronite Wwhitight be due to proton sorption and
increased buffering of the montmorillonite claya(®r et al., 2001; Hofmann et al., 2004). In
all samples, the bacteria containing suspensious, feom the beginning, lower pH values
than the sterile controls. This probably refled¢ts tntroduction of acids, together with the
bacteria present in the growth medium, which west removed during washings or were

released by the bacteria after the washings.

—— NAu-1 bacteria
weneee NAuU-1 sterile
—s— MX80 bacteria
---a--- MX80 sterile
SWy-2 bacteria
SWy-2 sterile

Montmorillonite

o -.
YL 1d

Nontronite

0O 5 10 15 20 25 30
time (days)
Fig. 5.3.2. Changes in pH over time for the differemectite suspensions
(density 0.01g/ml). Montmorillonite suspensionskighlighted with a dark

background, nontronite suspension with a light goey. Filled symbols
indicate the presence of bacteria, empty ones pitesierile controls.
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Fig 5.3.3.a-c shows the pH evolution separatelytiierindividual samples, each with the
corresponding bacterial growth curve. For both teteria-containing and the sterile
samples, the initial pH values are higher than fthal measurements. In this pH range
(pH>6), the edges are negatively charged and amdahle for cation exchange reactions
(Lagaly, 1993). The coupled deprotonation (releabed’) at the edges of the smectite
particles thus leads to a relative decrease in pH.
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Fig. 5.3.3. Changes in pH over time for a-b) montiiomite suspensions (aerobic), c)
the nontronite (NAu-1) suspension (aerobic) antheynontmorillonite (MX80) suspension
(anaerobic). Filled symbols with solid lines indieathe evolution of pH values for
samples containing bacteria; the empty symbolsdutted lines represent sterile controls.
The corresponding growth curves are presented abedlines, and the recognized
phases marked with vertical arrows: A-lag, B-expuie, C- stationary and D-death.

In case of the SWy-2 montmorillonite (Fig 5.3.3.tije sterile control already shows a
higher pH value at the initial stage than the b&teontaining sample (9.53 as opposed to
9.04). This is followed by a successive decreagdepH during the first 6 days. The pH of
the sterile control shows a further decrease dffedays, reaching the lowest value of 7.93,
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followed by an increase to 8.4 after 27 days. Seglge measurements (not shown) indicate
stable state conditions were reached with no futhanges in pH. In contrast, the pH of the
bacteria-containing samples shows a consisten¢aser after ~ 6 days and these are notably
higher values than the sterile control. This peramresponds to a large portion of the
exponential growth phase (B), the stationary ph@&eand the initial stages of the death
phase (D).

Both the bacteria-containing and the bacteria &80 montmorillonite suspensions
show the same trend of rapidly decreasing pH duhedirst 2 days. The pH decrease to 7.9
in the bacteria-containing sample is the lowesteolesd during experimentation with a
decrease of 19% as opposed to 13% change in tb&cabontrol. This corresponds to the
beginning of the exponential growth phase (indidads B in Fig. 5.3.3.b). This phase is
accomplished after ca. 7 days and the death phstaels almost immediately without a
recognizable stationary phase. At the end of treghdphase (after already 10 days), the pH
stabilizes. This rapid decrease of bacteria isbhiptdifferent from that observed in the system
shown in Fig 5.3.1a and can be attributed to difiees in the degree of agitation.

In the nontronite sample (Fig 5.3.3.c), the presaricbacteria results in a 5% lower pH
value compared to the sterile control (8.1 as oppd® 8.5 for the abiotic sample). The
lowest pH values were measured after 2 days with for the sterile and 7.68 for the biotic
sample. Unlike for the montmorillonite samples, € of the nontronite suspension does not
correspond with the exponential growth phase (B) @e abiotic control shows the same
trend. A difference between the sterile and bisimple is only visible after 17 days when a
relative pH increase occurring in the bacteria-aomhg sample is observed. During this time,
the culture is in the final stage of the death pH&y.

The influence of anaerobic conditions on the pHhswn in Fig 5.3.3d for the MX80
montmorillonite sample. The used anaerobic bagsiym® CQ and, according to the
equilibrium with the pC@ the pH is lowered producing more acidic susperssi@s low as
6.36 - 6.60). At the end of experimentation, neamtral conditions (6.95) are approached.
This corresponds to a relative decrease of 32% aogdpto the starting pH (pH 9.7) within
the first 2 days. The growth curve in the anaer@xample follows the same trend as in the
aerobic suspension but the influence of the bactarithe pH is masked by the g@oduced
by the bags.

The relative differences in pH (expressed in %een bacteria-containing experiments
and the sterile controls are presented in Fig45I8egative values indicate a relatively lower

pH and positive values reflect a higher pH compacethe sterile control. In this plot, the
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zero line reflects no difference between bacteaiatl abiotic experiments. All bacteria
containing samples were characterized by a relgtivere acidic pH at the beginning of
experiments (increase of Hand a more alkaline state during the intermediatinal stages
of experimentation (decrease of)HThe enhanced Hconcentration observed during initial
phases corresponds with the lag and exponentigitgrphase during which the bacteria are
actively adapting and the production of biomaskighest. Here, the production of carbonic
acid formed during respiration (or in case of theaexobic experiments the artificial

production of CQ) contributes to a Hproduction according to the reaction
CO; g+ H:O > HCOs +H"
Additionally, the production of organic acids (Buas oxalate, formate and propionate)

also leads to a decrease in pH as reported fog, sBdiments and aquifers (Barker et al.,
1997).

15, A B C D
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Fig. 5.3.4. Relative difference in the pH of bae@&ontaining smectite suspensions from
the abiotic control expressed as a %. The phasgsowith (A-D) are indicated as shown
in Fig 5.3.2. Abbreviations for the growth phasédag, B-exponential, C-stationary
and D-death.

Although the pH for all solutions follows the sartrend, being less alkaline at the
beginning and more alkaline during the final stageere are notable differences in the
magnitude of bacterially induced pH differenceswassn the different clays (Fig. 5.3.4). A

relatively low deviation from the sterile contrd visible for the nontronite that is quickly

113



Chapter 5 - Bacterial influence on smectite hydrati

approaching pH values of the sterile control (zkne). The bacterial density is already
relatively high at this stage (1.71E05 cfu/ml) a@hd production of acids is likely to be active,
suggesting that nontronite is quite successful uffebing the pH. After 17 days (peak in
positive deviation), the amount of cfu is alreadgmdasing (1.28E05 cfu/ml). In contrast, the
amount of bacteria in SWy-2 is with 1E05 cfu/mldekan in nontronite but the negative
deviation after 2 days is more pronounced (arouftl I8ss alkaline than the sterile control).
Additionally, after 17 days (positive deviation afnost 9%), the number of cfu is enhanced
with 3.84E06 per ml indicating that the pH changes not dependant on the amount of cfu.
Moreover, it seems that the pH deviations are binteethe presence of bacteria even when
they are not viable because a similar pattern sl for the MX80 although the culture

accomplished the death phase much earlier.

5.3.2.2. Nontronite cation release into solution
The cation release from nontronite clay into padfiwater monitored by ICP-OES is
presented in Fig. 5.3.5a. Concentrations of A8{"" Ce* and Faoy were measured in the
sterile nontronite suspension (0,01 g/ml) after(l&ght grey columns) and 264h (dark grey
columns) of solution agitation. The dotted colunpresent the theoretical stoichiometric
release of cations for comparison.
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Fig. 5.3.5. a) The concentration of cations relesgem nontronite into purified

water. Light grey columns indicate cation releaswithe solution after 2h of
dispersion, dark grey columns after 264h. Colunmdoaitted lines correspond
to 2% theoretical stoichiometrical cation releagg.Mineral formula and a

schematic representation of cation sites in layesetkectite structure (non-
stoichiometric). Abbreviations: IL- interlayer, fetrahedral sites and O- octahedral
sites.
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The cation concentrations after 2h show some reled#\l, Fe and Si that corresponds
well to the stoichiometrical values indicating thath the tetrahedral and octahedral layers of
some small nontronite grains dissolve (ca 2%) (Big.5b). In contrast, the concentration of
the interlayer Cd is ~3 times higher than the stoichiometric conegitn, which can be
attributed to rapid exchange with' I§r HsO" ions. The Ca concentration remained high after
264h (11 days) and corresponds to 8 % exchangeedtfotal of exchangeable Ca (assuming
this is the only interlayer cation). The concentrag of Al, Si and Fe in the suspension show
a general decrease after the 264h period with cesjoe the first measurement. These
decreases are (expressed in mg/ff28.5 to 1.1 (~8 times less),*8i48.5 to 16.8 (~3 times
less) and Fgy: 48.3 to 6.6 (~7 times less). The Si:Al raticswiution increases from around
5 (stoichiometric) to 15 as the relative amounsitita in solution increases with respect to
Al. Higher amounts of Si relative to Al would indie the preferred dissolution of tetrahedral
edges sites (Bosbach et al., 2000; Bickmore et2@D1) but could be, as well, due to Al
precipitation from solution (values correspondédssl than 1 % of nontronite dissolution). The
iron released from the octahedral sites is heretlynossalent (divalent is rapidly oxidized)
and therefore does not stay in solution at pH 8dakpected to precipitate as Fe(lll) oxides.

The release of cations into bacteria containingtrnooite-bearing solution (bacterial
density 1.78E05cfu/ml) is plotted in Fig. 5.3.6.lléd columns indicate the measured
concentrations and empty columns represent therdiftes (depletions) relative to the sterile
control (shown in Fig 5.3.5). The first measurersertfter 2h, show some“§i C&#* and
Feror dissolved in solution and virtually no Al(light grey columns). After 264h, also no Al
is detectable, whereas the concentration 8fiSslightly enhanced. Ca remains constant and
Feworn shows a slight decrease. During this experimdhtha measured cations in solution
have a lower concentration than the abiotic contrdicating bacterial induced depletions of
all measured elements. The largest differenceseer after just 2h of mixing: 12 times less
Al (-7.8mg/l), 5 times less Si (-38.8mg/l) and 12és less Fe (-44.4 mg/l) compared to the
abiotic control. Values for Ca are around 2 timesdr after 2h (-9.9mg/l) and around 2.5
times lower after 264h (-12.3mg/l). The concentradi of Al and Si after 264h approach that
of the sterile control whereas, in the case oftlredifferences are maintained with 4.6mg/l or

3 times less Fe in the bacteria containing samples.
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Fig. 5.3.6. The concentration of cations in solataerived from the
bacteria containing nontronite suspension after(fllited light grey

columns) and 264h (filled dark grey columns). Engptymns indicate
the amount of depletion compared to the cation eotration of the
sterile control.

The depletion of cations in the extracted solutbthe S. putrefaciensontronite mixture
may relate to: i) less dissolution and releaseatibos into solution, ii) cationic consumption
(including complexation and “binding”) by bacteoaiii) temporal storage as precipitates or
within biofilm. The most likely explanation for théower cation concentrations is
“consumption” by the bacteria, especially during thitial phases of growth, when nutrients
are required the most. This explains well the loe@ncentrations of Ca and Fe but does not
explain the decrease in Al, which is toxic to mbatteria and is therefore likely not to be
consumed. In contrast, precipitation reactionsha ¢ase of Si and Al are the most probable
explanation for the decrease in concentration @é¢helements.

The less pronounced difference in cation conceatra between sterile and bacteria
containing suspensions observed after 11 days eppede related to the death of bacterial
cells (see corresponding growth curves in Fig.3.3As the experimental system is closed,
cations that were consumed by bacteria can re-gheersolution during cell breakdown
(lyses). This is not the case expected for catsdaed in biofilm, as the polysaccharide often
persists when the cells are already dead and eggating. As described by Leon-Morales et
al. (2007) the storage of €ain biofilm at the same time aids to stabilize theracellular
structure. In this case, the relative lower amafnta might be associated to rapid biofilm

formation, as it is already after just 2h relatweépleted.

116



Chapter 5 - Bacterial influence on smectite hydrati

5.3.2.3. Montmorillonite cation release into sajati
The concentrations of the released cation, &&" Fey, Mg®" Na“ and St* measured
in sterile montmorillonite-bearing solutions (1®HMX80 and Swy-2 per ml, respectively)
is shown in Figs 5.3.7 - 5.3.8. The theoreticaloratrelease that would correspond to the
stoichiometry is also plotted as open dotted cokiniihe first measurement after 2h shows
the enhanced release of the interlayer cationsndaNa for both types of montmorillonites
(SWy-2 and MX80) into the solution (Fig. 5.3.7b &8.8b). Also relatively high amounts of
Fe are detected and in contrast to the nontroaitgpke, only small amounts of Al or Si are

released into solution.
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Fig. 5.3.7. The concentration of cations releagsedif\WWyoming montmorillonite
(SWy-2) into purified water after 2h (light greyl@mns) and 264h (dark grey
columns). Columns in dotted lines represent stoittetrical cation release. b)
Mineral formula and a schematic representation afi@n sites in the smectite

structure (non-stoichiometric). Abbreviation: ILnterlayer, T- tetrahedral sites
and O- octahedral sites.

After 264h (11 days) of reaction, most of the aagi@re present in higher concentrations
compared to the first measurement. Only Fe is ivelgt lower in concentration, which
suggests that some precipitation occurs. Changethefinterlayer cation concentration
expressed with respect to the first measurement 4486 more Ca and 37% more Na for the
MX80 sample. For SWy-2, even higher amounts of @@ Ida are released (22% and 47%,
respectively). Fe is present in lower concentrationthe SWy-2 suspension compared to the
MX80 and its content decreases by 41% after thdaylperiod. In the case of MX80, the
corresponding decrease is only 7%. This rapid seled interlayer cations is quite similar to

the behaviour of nontronite solution. The Fe detdh solution might be derived from the
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octahedral sites of the smectite clay but the otictthedral coordinated cations, such as Mg,
are not detected in the stoichiometrically equimtleoncentrations suggesting another Fe
source. Traces of chlorite in SWy-2 might be anlaxgtion as reported for the bulk material
(Chipera &Bish, 2001). However, as these are mdieparates, it is not likely and the Fe
source could be an artefact. In MX80, traces oit@yare known to occur in the bulk material
(0.5%, Sauzeat et al. (2001)). The relatively camsFe values for this industrial bentonite
powder in solution indicate relatively continuous rielease. In the case of the SWy-2 sample,

a portion of the Fe appears to be precipitatechdutie experiment.
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Fig. 5.3.8. @) The concentration of cations relebBem montmorillonite (contained
in MX80) into purified water after 2h and 264h. @oins in dotted lines correspond
to 3% theoretical stoichiometrical cation releabgMineral formula and a schematic
representation of cation sites in the smectite ciiree (non-stoichiometric).
Abbreviation: IL- interlayer, T- tetrahedral sitesnd O- octahedral sites.

The cations released in bacteria-containing suspemngbacterial populations of 3.5E05
and 2.12E05 cfu/ml for MX80 and SWy-2) are plottafter 2h and 264h for both
montmorillonites in Figs. 5.3.9 and 5.3.10. Comgate the abiotic control, the values
measured after 2h show roughly the same pattennaimolg the quick release of interlayer
cations and Fe with only a small release ofail Al. After 264h, the concentration of
interlayer cations is enhanced and the Fe redudeal cation difference for MX80 compared
to the sterile control (empty columns in Fig. 5)3&veal a decrease in Ca (13 and 17% after
2 and 264h) and Fe (13 and 24% after 2 and 264pectively). In contrast, a slight increase
is observed for Na (5% after 264h) and Si (36 ab&b Jafter 2 and 264h). In the SWy-2
bacterial experiment almost all cations show enbdnconcentrations in the presence of

bacteria. Ca is higher by 72 and 34% after 2 arth26spectively, whereas Fe is enhanced to

118



Chapter 5 - Bacterial influence on smectite hydrati

56 and 45%, Mg by 53 and 34% and Na by 31 and 48f & and Si show negative values
after the 2h time intervals with reductions of 4@l &0% for the two elements respectively.
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Fig. 5.3.9. The concentration of cations in solatiderived from bacteria
containing MX80 suspension. Empty columns inditeteamount of depletion
compared to the cation concentration of the sterdatrol. In the case of Ca,
Fe and K less cations are dissolved in solutionmibecteria are present. Na
and Siin contrast are slightly enhanced.
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Fig. 5.3.10. The concentration of cations in saaotderived from bacteria
containing SWy-2 suspension. Empty columns indibatamount of depletion
compared to the cation concentration of the stedletrol. Virtually all cations

in solution are present in higher concentrationsewlbacteria are present.

The lower concentrations of Ca and Fe in soluabiMX80 can be interpreted to reflect
“consumption” by bacteria. Na is a nutrient fr putrefaciendut is not depleted in any of
the samples and might indicate a continuous sufgpiy the interlayer sites. In the case of
SWy-2, virtually all cations are enhanced when &datare present; this is especially true for
Ca and Fe. The active growth of the culture (compaith Fig. 5.3.1) results in nutrient

requirements and no other nutrients than the ctaysapplied. With SWy-2, the rate of
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dissolution might exceed the rate of consumptieading to excess of cations. At least partly,
this can be attributed to the small particle sig8.Z um) of the purified sample where
relatively more edge sites for proton attack arailable (Nagy, 1995) and bacterially

mediated alteration is enhanced (Vandevivere et1&94; Welch &Vandevivere, 1994;

Barker et al., 1998).

5.3.3. Microscopic Analysis

5.3.3.1. The role of biofilm: Confocal microscopydaESEM
In order to evaluate the role of biofilm, both @pli and electron microscopy were
undertaken on selected samples. Fig. 5.3.11a shovemfocal microscope image of MX80
bentonite that was incubated 1 week with a frestuiof S. putrefaciens

Fig. 5.3.11. Confocal transmitted light microscopyage of smectite incubated with S. putrefacieh#1X80
and b) nontronite. Biofilm appears within aggregats diffuse structure.

The dark areas in the upper and lower left are montlonite aggregates, whereas single
montmorillonite particles are visible in the centEspecially in the darker regions, diffuse
structures visible are attributed to patches ofilbioas described in other studiésouad,
2006). Fig. 5.3.11b shows a confocal microscopegenaf nontronite incubated with the
bacteria under the same conditions. The graindh@fnontronite are much smaller and the
diffuse biofilm is concentrated around clay aggtegaln general, it is relatively difficult to
distinguish biofilm from viable bacterial colonidgcause the smectite sorbs the staining
products such as calcufluor and ethidium bromide dpifluorescence microscopy (see

example in appendix).
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Biofilm structures are well visible in the bactersuspensions studied by ESEM.
Examples of biofilms formed in a pu& putrefaciensulture in minimal medium are given
in Figs. 5.3.12a (fresh biofilm) and 5.3.12c (2 wetd biofilm).
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Fig. 5.3.12. a) ESEM image of atwo day old S gfatiens culture forming biofilm around precipitste
from the medium. b) Bacteria incorporated in biofdttached to a phosphate needle that precipitated
from the medium. ¢) ESEM image of a two week olnieubfter the majority of cells have died.
The biofilm is still visible. d) ESEM picture ofodfilm forming on mineral particles.

In the fresh biofilm, the net-like arrangement iss@ciated with the needle-shaped
precipitates from the medium and seems to be byittingle cells attached to each other (Fig
5.3.12b). Those single cells are generally diffical distinguish from each other because of
the thick biofilm surrounding them (see dotted likd=ig 5.3.12b). In the 2 weeks old biofilm
shown in Fig. 5.3.12c, no single cells are distislgable. The biofilm is either present as
fibrous, net-like structures (in the left part bétimage) or as a relative homogenous mass, as
shown in the right part. Fig. 5.3.12d shows twadamineral particles (supposedly quartz)
with traces of biofilm on the surface. It seemd th@ cells colonized the surface and at the

same time excreted substances that trace the famasence of the living cells.

121



Chapter 5 - Bacterial influence on smectite hydrati

5.3.3.2. Microscale interaction and microchemistmestigated by TEM

The TEM microphotograph of a pure culture $f putrefaciensn Fig. 5.3.13a shows
relatively large cells (average length 4um, widtbuad 0.5um) that are in close vicinity to
each other and arranged with end-to-end contagtsEBX microanalyse of the cell in the
center shows relatively high values for Na (3.4whN&20O), Mg (0.3wt.% MgO), P (3.4wt.%
Pot) S (1.2wt.% &), and Ca (4.7wt.% CaO) that are typical compowfdbe bacteria and
partly due to the consumption of the incubation mmed (table 3.4 in Chapter 3). The
exception is K, which is contained in the mediunhigh amounts (~0.2g/l) but was detected

only in small quantities in the bacteria cell (8% K0).

Fig. 5.3.13. a) TEM microphotograph of S. putreéeasi cultivated
in minimal medium. b) EDX microanalysis of parttod cell marked
byan arrow. The analysis shows high amounts offN&, and Ca,
as well as a Cu peak from the sample grid.

The measured composition of the cells is highlyetheling on the medium that was used
for incubation. Fig. 5.3.14 shows a TEM microphotgn of aS. putrefaciensell that was
incubated in Fe-rich medium prior to washing andlgses. Compared to the control analysis
of the grid (Fig. 5.3.14b), the cell shows typieafrichments in P (4.6 wt.%.P), S (1.2 wt.%
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So), Ca (1.5 wt.% CaO) and Fe (3.6wt.%fehat might be present as coatings. As for the
other examples, the cells incubated in this mediuarelatively large, here around 3um.

1pm

Fig. 5.3.14. a) TEM microphotograph of S. putretars
cultivated in Fe-rich minimal medium. b) EDX mianadysis
of the coated grid. ¢) EDX microanalysis of thd shbwing
the bacterium to containg elements of the mediuma.dirk
areas of the cell are Fe-rich (the Cu-peak is fritve sample

grid).

Si

Y

Fig. 5.3.15. TEM microphotograph and correspondE X
spectra of nontronite particles. Microanalysis slteotypically
high amounts of iron (12.1 wt% f8). Quantification was done
without correcting for C content derived from tlaerple coating.
The Cu-peak comes from the sample grid.

0,5 um

In order to evaluate possible effects of bactenate clay, pure samples of nontronite
were incubated with and without bacteria for a @eof 10 days. A TEM image of the sterile

nontronite sample is presented in Fig. 5.3.15 shgwan aggregate formed by small
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individual particles between 0.1 and 0.5um in silgkcrochemical quantification of the
particle shows the typically high values of Fe (1&t.% Fg,) and the relative low values of
Al (3.27 wt.% AbLQOs) for nontronite. Ca is as well abundant (with Wi%% CaO) and mostly
derived from the clay, whereas the small amouniNaf (0.4 wt.% NgO) is probably derived
from the experimental solution (Chapter 3).

The bacteria containing nontronite sample, afteddys of bacterial activity, is shown in
Fig. 5.3.16. Compared to the sterile one, the bactecubated sample shows particles with

only diffusely defined edges surrounded by a homogs, substance.

a) | S b)
amorphous nontronite
substance -
Cu
Al Fe
Ca .l
Si
c)
Cu
Cu Cu
s r“J T
; [ 1 E 1 i 1. QF

Fig. 5.3.16. a) TEM microphotograph of nontronite
incubated with bacteria for 10 days. b-c)

Corresponding EDX spectra showing typical

nontronite composition in darker regions and a Si-
rich gel-like structure surrounding the grains. The
Cu-peak comes from the sample grid. d) TEM
microphotograph of nontronite covering a bacterial

cell (position marked with arrow).

Dark field imaging (not shown) confirmed the amaps character. Corresponding
microchemical analysis show high values of Fe (.20 Fe&,) and low concentrations of Al
(2.8 wt.% ALOg3) in the electronically denser regions (Fig 5.3)16hdditionally, a small
amount of Ca was detected (1.3 wt.% CaO). In cehtthe analyses for the amorphous
material around the particles show only tracesenéird Ca (0.5 wt.% keand 0.6 wt.% CaO,
not indicated in spectra), no Al, and is mostly posed of Si (46.3 wt.% SpOFig. 5.3.16¢).
TheS. putrefaciensellsin the clay are difficult to distinguish due to ithewuch smaller size
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(length ~0.5um) compared to bacteria grown in pukures. The cells are mostly hidden
within clay aggregates. Fig. 5.3.16d shows a becwzll partly covered by the nontronite
particles as confirmed by the microchemical analy shows small amounts of P (0.4wt%
Po) and S (0.4 wt.% §) that are not present in the other analyses. Thetare and
composition of the amorphous substance surrourtie@lay grains implies it is more likely
a transitional gel material formed by partial dission of the nontronite as described in other
studies (O'Relilly et al., 2006; Furukawa &O'Reil&Q07). Additionally, the presence of EPS
associated to the partly dissolved grains was destr(Jaisi et al., 2007) but cannot be
clearly confirmed due to the lack of P and or $1manalyze.

No significant differences are visible between sherile samples and the ones incubated
with bacteria for 10 days with MX80 bentonite.
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montmorillonite
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Fig. 5.3.17. a) TEM microphotograph of montmorilten(MX80) showing relicts of a bacterial cell. Ttmre sponding
EXD spectrum shows typical values for montmorilenb) TEM microphotograph of bacteria cultivatedthe
presence of MX80 bentonite. The image shows a kalctai| with montmorillonite wrapped around it.) EDX
spectrum of the cell. d) EDX spectrum of the moritiorate.

The TEM image in Fig. 5.3.17a shows a typical exengd montmorillonite clay with a
diffuse mass marking the position of swelled pstic The darker objects in the center are
most likely relicts of bacterial cells. Microcheraicanalyses show the presence of Na (2.3
wt.% N&O), relatively high amounts of Ca (3.2 wt.% CaO) aoths Fe (0.5 wt.% Kg). In
some of the analyzed samples, bacteria are visibilside of the aggregates. Fig. 5.3.17b
shows a close association between a bacteriumwanousding montmorillonite grains. The
composition of the cell contains the elements Bn& Ca (P is 1 wt%& S is 1.6 wt.% &
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and Ca is 3.3 wt.% CaO; Fig. 5.3.17c). As seerhenrtontronite sample, the bacteria are
relatively small with lengths of around 0.5um. Tdralyses of the clay grains contain Al, Si

and Na, which are the major cations of montmorite{Fig 5.3.17d).

5.4. Bacteria - compacted clay interaction under ¢dined volume conditions

5.4.1. In situ monitoring of smectite hydrationdeaction-cell X-ray diffraction

The influence ofS. putrefacien®n the following aspects are reported in thisieact) the
smectites capacity for water uptake ii) the develept and organization of water layer (WL)
structures incorporated into the interlayers any the partitioning of solution into the
different storage sites (Chapter 4). Results irs theéction are given for nontronite and
montmorillonite (MX80). Additionally changes in naral assemblage of the bulk sample

were studied.

5.4.1.1. Bacterial effects on total water uptake

Compacted nontronite powder (1.34 gfgmshows a high rate of water uptake in the
absence of bacteria reaching a stable state after~@2h (Fig. 5.4.1a). During this period, a
total of 0.17ml/g entered the experimental reactielh The equivalent bacteria-containing
nontronite powder (packing density 1.37 glcimoculated with 2.8E06 cfu per g, table 5.4.1)
show a slightly higher and slower water intakechiag the steady state of 0.19ml/g after
840h. The uptake rates are accordingly higher far sterile sample (2.4E-03ml/g/h)
compared to 2.3E-04ml/g/h (table 5.4.2). At the ehthe experiment, the bacteria containing
sample shows a slightly higher amount of solutitake and contains 0.185ml/g compared to

the sterile sample with 0.182ml/g.
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Fig. 5.4.1. Total water uptake into smectite powdetermined by weight.

For montmorillonite (Fig 5.4.1b), the uptake isatady slower and less solution enters the
powder. The sterile powder shows 0.10ml/g of sohutintake after 1998h compared to
0.16m/g after 3100h with bacteria (initial densityfEO4 cfu/g), and water inflow rates of
5.0E-05ml/g/h and 5.2E-05ml/g/h, respectively. Asrsfor nontronite, the total water uptake
with bacteria is enhanced but this effect is mam@npunced in the montmorillonite, with
~37% more uptake than during sterile clay hydration

For nontronite, the bacteria appear mostly to srite the rate of total water uptake
(lowering uptake rate) whereas for montmorillortie amount of total uptake is the most

affected (enhancing uptake).

Solution lonic Bacterial density initial Bacterial density during
strength (cfu/g) experiment (cfu/g)
Nontronite MM 0.039 2.8E06 4.6 EO@fter 2000h)
Montmorillonite Salt Solution 0.011 5.7E04 4EQ&fter 600h)

Table 5.4.1. lonic strength of solutions and baelatensities.

5.4.1.2. Bacterial effect on interlayer water uptak
The water layer distribution was obtained from tkeay diffraction patterns using
CALCMIX as described in Chapter 3. Fig. 5.4.2 shdkes development of water layer (WL)
structures expressed in % against time (hoursydatronite (a+b) and montmorillonite (c+d)

with and without bacteria.
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Effect on nontronite interlayer water uptake

For sterile nontronite, the initial hydration staensisted of a mixture of the following
water-layer (WL) structures: 45% 3-WL, 44% 2-WL &tid% O0-WL (Fig. 5.4.2a). The curve
for normalized solution uptake (normalized to theximal uptake after 1 year, data not
shown) shows rapid intake corresponding to the #&bion of the 1 and 3-WLs. These
structures are formed at the expense of the 2-Wictsire and replace the initially non
hydrated structure (0-WL). During the experimehg abundance of WL structures reaches a
stable state after 2000h and, after 5000h (~ 3ksyeaf experimentation the water layers
have a final composition of 62% 3-WL, 29% 2-WL &nélo 1-WL. In the bacteria-containing
sample, the initial water layer structures shogtgly higher hydration states than the sterile
control, composed of 45% 3-WL, 35% 2-WL and 2 % 4-\Wig. 5.4.2b). These differences
most likely represent some initial hydration durthg addition of the water-bearing bacterial
preparation. During hydration and the initial stagferapid uptake into the experimental
reaction-cell, the 3 and 4- WL structures develgely at the expense of the 2-WLs. At the
end of the experimental run, the 3-WL dominate$h\85%, the 4-WL decreases slightly to
10% and the 2-WL has only 5% abundance at the wtetate. The addition and presence of
bacteria during nontronite hydration led to thesprece of thicker water layer structures, with
the dominance of 3- and 4-WLs and to more prolorgehges in the hydration state than the
sterile control. Compared to the 2000hours ned¢de@ach the steady state condition, the

bacteria containing nontronite had not stabilizier&000h of experiment time.

Effect on montmorillonite (MX80) interlayer watgstake

In the case of the montmorillonite (contained in 80, the development of the water
layer structures is slower and more complex. Ferdterile sample (Fig. 5.4.2.c), the initial
state comprises 45% 3-WL, 15% 2-WL and 40 % 1-Whe TI-WL structure decreases
continuously until disappearing completely after380, when the 4-WL structure (10%)
develops. The 2-WL remains stable as long as th&Llis present and, subsequently
decreases until stabilizing at 10% after 1038h. BH&L continuously increases from the
beginning of hydration and stabilizes after 1998Hhe most abundant structure (80 %). The
highest rates of total water uptake (normalizedre€ucorrespond to the initial increase in 2-
WLs during the first hours of hydration and the mgersistent increase in 3-WLs occurring
up to 1500h.

When bacteria are present, the 1 and 2-WLs (eath mitial 30% abundance, Fig.

5.4.2d) decrease more rapidly than observed instegle sample and both structures are
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replaced by thicker hydrated structures. Here, 1Ré&/L decreases to ~17 % and its
disappearance matches with the formation of 4-Warijeg with 18%) after 630h. In the case
of the 2-WL, it decreases down to 5% and disappafses 1279h. This corresponds with the
formation of a structure at ~22.4A (for reasonssiofiplicity referred to as 5-WL structure)

that remains constant at 5%. As seen for the steainple, the 3-WL structure dominates but
develops more quickly in the presence of bactditie stable state is reached in a third of the
time, after just ~630h, and stabilizes with 68% 8;\27% 4-WL and 5% 5-WL structures.

The total water intake also continues after stahiion of the interlayer structure (after

2500h), showing a similar behaviour to the abi(dterile) sample.

a) Nontronite without bacteria
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Fig. 5.4.2. a-b) Abundance of water layers for momte (NAu-1) and montmorillonite (MX80)

without and with S. putrefaciens, expressed inger¢%) vs. the reaction time (in hours).
Encircled symbols indicate the number of waterigyeéthin the hydrating interlayer. The dashed
lines show the normalized total water uptake deiteechby weight.

The thicker water structures formed in montmorillenn the presence of bacteria follow

the same trend observed in the nontronite clay.résging the WL distributions as mean
thicknesses (d-values) shows generally higheminitilues for nontronite (16.1 and 17.7A for
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the sterile and bacteria containing sample) thartffie montmorillonite (15.6 and 15.7A for

the sterile and bacteria containing sample, tahk2h Subtracting the initial mean

thicknesses from the values representing the Btege of swelling yields a mean d-value

difference Ad). TheAd values of the bacteria containing samples arkenigonfirming the

formation of more space consuming WL structuregneas the difference between the sterile

and bacteria containing samples notably is moragunced for montmorillonite.

Nontronite MX80
Sterile With bacteria Sterile With bacteria
Water layers d-value | Initial Final Initial Final | Initial Final Initial Final
0 9.6 0.11
1 12.2 0.09 0.35 0.05 0.4 0.30
2 15.2 0.44 0.29 0.45 0.80 0.15 0.10 0.30
3 18.5 0.45 0.62 0.20 0.15 0.45 0.80 0.40 0.68
4 20.2 0.10 0.27
5 22.8 0.05
Mean thickness 16.1 17 17.7 18.5 15.6 18.3 15.7 19.2
A)
Ad 0.9 1.05 2.7 3.5

Table 5.4.2. Water layer abundance (%) and corregpmy basal lattice d-values for
sterile and Shewanella-bearing nontronite and MX8@tonite clays.

Organization (ordering) of interlayer water in noahite

The organization of WL structures with and withdagcteria is shown in Fig. 5.4.3,
normalized to the random case. The deviation frer@ for the sterile and bacteria containing
nontronite is given in Fig. 5.4.3a and b. Withoatteria, the deviation from random stacking
is positive for the same WL structures indicatimgetevated probability for this arrangement.
Highest values are obtained for the probabilityt th&VL follows 1 (p11: 0.61-0.81) but, as
well, p22 is a probable combination (p22: 0.51-).66lues for p33 are lower (0.23-0.38)
but show, relative to the random case, a highebbghitity. Accordingly, other combinations
are less probable (e.g. p32 ranging between -@l-&30; p23 ranges between -0.45 and -
0.57). When bacteria are present, the deviatiom® fiRO are less systematic. Combinations
for the same WL structures are favoured as a tayd@ng. p22, but maximum is only 0.25).
The only combination that seems to have a systerhaher probability is that 4-WLs are
followed by 3 (p43 with highest values of 0.75). the system with bacteria is generally more
hydrated, a direct comparison is difficult. Howevewith increasing hydration a
systematically increase in ordering was observdthpter 4) indicating that the presence of

bacteria induces the observed fluctuations.
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Organization (ordering) of interlayer water in mombrillonite (MX80)

In case of the MX80, the deviations are generalbrersystematic (Fig. 5.4.3.c +d) and
values are lower compared to the nontronite inadigahe tendency towards random stacking.
Without bacteria, the probabilities for the same ¥ftuctures to be adjacent to each other is
however slightly lower than the random case (maxmualue for p22 is -0.2). In contrast,
slightly enhanced probabilities are visible for 3-bllowed by 2-WL (p32 ranging from
0.06 to 0.25), and for 2-WLs followed by 1-WL (pdnging between 0.12 and 0.47). The
probability of 1-WL is followed by 3-WL is also Higr that random (p13 ranging from 0.03
to 0.25).

a) Nontronite without bacteria b) Nontronite with bacteria
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Fig. 5.4.3. Ordering of mixed water layer structsirexpressed as a deviation from the RO
(random) stacking state for a) nontronite withoatteria, b) nontronite with bacteria, c)
montmorillonite (MX80) without bacteria, and d) ntmorillonite (MX80) with bacteria.

This pattern indicates a preferred stacking ord&-WL-1-WL-2-WL. When bacteria are
present, the deviations from random are, for mbsh@® combinations, less pronounced. The
probability that 2-WL is followed by the same 2-W& slightly enhanced (p22 ranges
between 0.1 and 0.23) as is the 2-WL followed Byyll{p21 maximally 0.34) and the 1-WL
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is followed by the 3-WL (p13 between 0.05 and 0.28) combination 2-WL followed by 3-
WL (maximum value for p23 is -0.57) is not very pable. Therefore the preferred stacking
order with bacteria in montmorillonite is as a tendy toward 2-WL-1-WL-3-WL structures,

having like in the abiotic sample, the 1-WL in ttenter.

5.4.1.3. Bacterial effects on the storage of water

Measured and calculated water contents for non&ofa+b) and montmorillonite
contained in MX80 (c+d) are plotted in Fig. 5.4he amount of interlayer water was
calculated from the relative abundances of watgerlatructures obtained by CALCMIX in
combination with published data (Bérend et al.,5t9Bases et al., 1997; Janchen et al., 2006;
Milliken &Mustard, 2007). For details, see Chap8rand the appendix. Subtracting this
values from the total water uptake (determined ligim; cp. Fig 5.4.1.) gives the non-
interlayer water (displayed as surface and poreruaBignificant amounts of solution were
introduced during the mixing process of clay andt&aa (each containing 0.25ml solution

with or without bacteria per g clay). Thereforeg thitial water is included in Fig 5.4.4.
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Fig. 5.4.4. a-d. Storage of water in interlayer arah-interlayer sites from nontronite
(NAu-1) and montmorillonite (MX80) without and wifh putrefaciens.
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Water storage in nontronite

The initial total water content in the sterile amacterial containing nontronite clay was
almost identical, with values of 0.39ml/g and O.4@mnrespectively (table 5.4.3). After
complete hydration of the two samples, the totadkweontent also reached comparable levels
with 0.58ml/g, representing ~67-69% of the watetiakp since the first measurements started.
A significant difference is visible between thetial values of interlayer water contained in
the sterile and bacteria-containing sample (0.23ml/contrast to 0.36ml/g). At initial states,
the proportion of interlayer water on total water60.2% for the sterile sample and 90% for
the bacteria-containing sample.

With the sterile sample, around 15% of the wat8iow is stored as structured interlayer
water and taken in at a rate of 4.6E-05ml/g/h du@®3h. The same period is needed to
complete non-interlayer water uptake resulting aate of 1.6E-04ml/g/h. The sample with
bacteria shows generally higher values of uptakg.(b.4.4 b), a larger proportion of
interlayer water and a reduced level of surface @ore water. However, no additional water
is taken into the interlayers but only into norentdyer sites. This non-interlayer uptake is
accomplished within 839h at a rate of 2E-04mli/ghwe addition of bacteria to the clay before
packing into the reaction-cell appears to have edumsore interlayer swelling in the initial
state, which inhibits further interlayer uptakeoirthe system. However, absolute values of

interlayer water are higher than those measurdueisterile sample.

Nontronite Nontronite with Montmorillonite Montmorillonite

bacteria with bacteria
Total water Initial / Final Initial / Final Initial/ Final Initial / Final
Content [ml/g] 0.39/0.58 0.40/0.58 0.23/0.32 0.23/0.39
Interlayer water
Content [ml/g] 0.27/0.31 0.36/0.38 0.19/0.27 0.19/0.30
Proportion [%] 69.2/53.4 90/65.5 82.6/ 84.4 68276.9
Saturation time [h] 863 - 1470 1615
Uptake rate [ml/g/h] 4.6E-05 - 1.8E-04 6.8E-05
Non-interlayer water
Content [ml/g] 0.12/0.26 0.04/0.20 0.05/0.05 0.04/0.09
Proportion [%] 30.8/46.6 10/34.5 17.4/15.6 A723.1
Saturation time [h] 863 839 - 3151
Uptake rate [ml/g/h] 1.6E-04 2E-04 - 3.2E-05

Table 5.4.3. Experimental results used to calcutbterates of water uptake into the various
storage sites of nontronite and MX80 montmorilleralays with and without bacteria.
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Water storage in montmorillonite (MX80)

The montmorillonite, in contrast to the nontroratay, takes the majority of water into the
interlayers (between 76.9 and 84.4%). In the stexid bacteria containing montmorillonite
samples, the proportions of total, interlayer and-mterlayer (surface and pore) water are
the same in the initial state prior to water infl¢lig 5.4.4c+d). The 0.23ml/g initial total
water content is distributed as 82.6% interlayedsl9dml/g) and 17.4% non-interlayer
(0.05g/ml). A significant difference in the totahter content between the sterile and bacteria
samples is observable after hydration is compiet, higher amount of water incorporated
in the presence of bacteria (0.39ml/g as oppose@ 3@ml/g). The additional 0.07ml/g is
distributed almost equally between the interlayed anon-interlayer sites (0.03ml/g and
0.04ml/g, respectively). Therefore the presendeacteria in montmorillonite sample leads to

a general enhancement of water content at all. sites

Changes in particle thickness

Because of the initially elevated hydration st#te,number of layers per particle is, in the
case of the nontronite sample, already low at #griming (N=7 with bacteria and 8 without).
For MX80, the number of layers per stack is 9 fathbinitial samples, which during
hydration decreases to 3 for the bacteria contgisemple and to 5 in the sterile sample
(table 5.4.4). Theoretically, this corresponds moeahanced surface area when bacteria are
present (190Rig as opposed to 114fg for the sterile sample) that could accommodate
larger volumes of water than actually observed.eBasn these values, a maximal of ~29%
surfaces participation is estimated in the stesitstem and, when bacteria are present, the

participation is 31%.

Maximal

Layers per Layers per External External surface Maximal
stack stack surface area  surface area adsorbed water participation of
initial final Initial [m?g] final [m%/g] mi/g] surface [%]

MXBO with 9 3 63.4 190 0.46%/0.29%  19.6%/31*
MX80 sterile 9 5 63.4 114.1 0.27*/0.17**  18.5*/29.4**

Table 5.4.4. Mean number of layers per stack amdesponding theoretical surface area for
MX80 montmorillonite with and without bacteria.*Assing 19 layers per stack for the “dry”
state and *4 and **2.5 mmol #/g for the amount of adsorbed surface water.
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5.4.2. Characterization of reaction products
5.4.2.1. Powder XRD

Powder XRD of nontronite
The whole rock XRD patterns of the nontronite dential and final measurements) for

bacteria containing and sterile samples are predentFig. 5.4.5 a and b.
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Fig. 5.4.5. a) XRD patterns of initial (black) afidal (grey) bacteria containing
nontronite powders extracted from the reaction-eglberiments. Basal reflections
of hydrated nontronite (Ntr) and the internal stardikaolinite (KIn) are indicated
with corresponding d-values in Additionally both samples contain goethite (Gt),
tridymite (Trd), biotite (Bt) and precipitations thfe Al-sulphate basaluminite (Bal).
Mirabilite (Mir) and vivianite (Viv) are only conteed in the final reaction products
(bold). b) XRD patterns of the initial sterile noonite (black) and the final
measurements made at the end of the experimen) (diee final reaction products

show enhanced basaluminite precipitation (bold).
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The kaolinite (indicated in grey) which was addedttie upper surface of the pressed
powder sample as an internal standard and shows shdtiple reflections at 7.1A (001) and
3.56A (002). The reflections of nontronite (presentor the hydrated state) correspond to a
predominantly 3-WL hydrate and are positioned a7A8001), 9.35A (002), 6.23A (003),
4.54A (004) 3.11A (006) and 2.33A (007). Additidgakridymite (reflections at 3.82A and
2.52R), biotite (1.94A) and goethite (4.15A and &3] are detected in the sample pattern.
The Al-hydroxo-sulfate basaluminite (&DH);0SQy) is present in both samples with
reflections at 3.84A and 1.89A. In the bacteriataoiing sample (Fig. 5.4.4.a), mirabilite
(Na:SO, *10H,0) is visible with a reflection at 3.24A which isost probably precipitated
from the medium. Additionally, some vivianite geQy), - 8(H.0)) is present with a peak at
2.96A.

Powder XRD of montmorillonite (MX80)
Selected whole rock XRD patterns of the hydratiteyile MX80 bentonite clay, are
presented in Fig. 5.4.6.
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Fig. 5.4.6. a) Selected XRD patterns of sterile BIX8asured
in situ during the reaction-cell experiment. Théahmeasurement
is shown in black and the last measurement (af6@0%h) in
b) | light grey. The d-values for montmorillonite (Mptsent mostly
green st a mixture of 2- and 3-WL hydrates. All samples aonillite
758 (1), quartz (Qtz) and feldspar (Fsp). Non-silieatare present
\ ' as bassanite (Bas), rhodochrosite (Rds), and in eom
A

measurements, calcite (Cal) is visible. b) The arhafi green
rust is observed to increase and decreases duhiageriod of
the experiment, suggestive of precipitation andsegoent
dissolution. All d-values are given in A.
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As the montmorillonite hydrates, the d-values &fe tbasal reflections change
continuously and are simplified to a 2 and 3 waddger structure end-member. Reflections
for predominantly 2-WL are present at 15.88A (0®L)L8A (003), 3.14A (005) whereas the
3-WL endmember occurs at 18.76A (001), 9.5A (0@&26A (003) and 4.72A (004) (for
details of the WL structures see Fig. 5.4.2 c+d).

An illite-type mica is visible in all measurementith strong reflections at 9.95A (001),
and 4.47A (002). The change in intensity of thigeil(001) reflection is due to superposition
with the montmorillonite (002) reflection at 9.5Gkd not due to an increase in illite content
(Fig. 5.4.6b). Other silicates that are presenboth the initial and final reaction states are
quartz (reflections at 4.26A and 3.34A) and feldsfalbite end-member) with several
reflections that are not all indicated (e.g. 4.08822A, 3.17A and 3.14A). Some of the
feldspar reflections are only visible in some measwents, as their intensity is highly
orientation dependent.

Non-silicate reflections are present in some messants but are not present in all
patterns, such as the calcite (CaC@sible reflection at 3.88A and 2.29A), rhododsite
(MnCQO;, visible reflection at 2.17A) and calcium sulfdtassanite (CaS00.5H,0, visible
reflection at 3.48A). These minerals are considexedepresent local precipitates from
solutions that are readily re-dissolved during latenges in the saturation level of dissolved
Ca, Mn and SQ The only non-silicate showing a clear sequencerystallization is an iron
carbonate hydroxide (E@H).:2(COs) referred to as “green rust” which is identifialidg a
strongest reflection at 7.58A (Fig. 5.4.6b). Thaflection is not present at initial (almost dry)
states, but occurs with fluctuating intensitietlghout experimentation indicating active Fe
dissolution and precipitation reactions. This reactproduct was also described in other
studies (Sauzeat et al., 2001) but it appears tanbst easily detected under hydrated
conditions.

Fig 5.4.7a shows selected XRD patterns for thedbi@ctontaining MX80 bentonite in the
reaction-cell over a time span of 3150h. As forstexile sample, the dominant reflections are
montmorillonite (reflections are indicated for 2da® water layers), an illite-type mica (10.0A
4.48A 2.56A), quartz (4.26A and 3.34A) and feldsfraostly albite). The reflection of an
iron carbonate hydroxide is present in all measerémexcept the first. The intensity of the
peak at 7.58A remains stable during the whole emymet (Fig. 5.4.7b). Unlike the sterile
sample, a reflection of lepidocrocitey{feOOH) visible at 2.46A) shows a sequential
increase in intensity that indicates continuousipiation (Fig. 5.4.7c). Another sequence is

visible for calcite (2.48A) with decreasing inteysiThis is even more visible for the
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reflection at 1.91A, showing the highest intensitythe beginning with a successive decrease
in intensity followed by a complete disappearancthiw the first 190h of experimentation
(Fig. 5.4.7d). The reflection of rhodochrosite {wie reflection at 2.17A) is, like the bassanite

reflection at 2.99A, not visible in all samples.
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Fig. 5.4.7. a) Selected XRD patterns of bacteriataming MX80 measured in situ
during the reaction-cell experiment. The initialasarement is shown in black and the
last measurement (after 3150 h) in light grey. @halues for montmorillonite (Mnt)
present mostly a mixture of 2- and 3-WL hydratdsainples contain illite (Ill), quartz
(Qtz) and feldspar (Fsp). Non-silicates are bastaBas), rhodochrosite (Rds) and
in some measurements calcite (Cal). Reflectiongaithg dissolution/precipitation
are shown in the magnified images: b) increase@d g rust c) increase of lepidocrocite
(Lpc) and d) decrease of calcite (Cal). The 2.4®AKk of pyrite (Py) is perhaps present
in ¢). All d-values are given in A.

5.4.2.2. XRD-texture characterization of samples

Sample powders extracted from the reaction-cellérsl after completion of the hydration

cycle were measured as laboratory texture prepasatio investigate changes in basal
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reflections. These samples were both measureckinritreated state and after saturation with
cations (KCl and MgG) and organic complexes, (ethylene glycol and ghigeused to

characterize the clay samples. For nontronitete¢ktire sample of the original material that

was not incubated in the reaction-cell chamber pvapared as a reference.

Texture characterization of nontronite
Fig. 5.4.8a shows the XRD patterns for the aiedirf{AD) and ethylene glycol (EG)

saturated samples prepared from the original nates well as from the sterile reaction-cell

and the bacteria containing reaction-cell.
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Fig. 5.4.8. a) XRD patterns of air dried (AD) arlgiaplated (EG) texture preparations
of the original nontronite sample (upper sketcghtigrey), of the sample extracted
from the sterile reaction-cell (middle dark grey)dathe sample extracted from the
S. putrefaciens containing reaction-cell (black).Bnlarged image of the (001)
reflection with d-values. The numbers in italicdigate the relative air humidity (RH)

for air dried samples at the time of measurement.
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The basal reflections of ethylene glycol treatedtramite are the most characteristic of
this mineral with an intense (001) basal reflecaonl relatively intense (002) refletions (005),
typical for the high amounts of Fe in the octahkdites (Moore &Reynolds, 1997). The
other basal reflections are those of Kaolinite déad. No precipitates or other mineral phases
are detectable either in the sterile or in the dr@astcontaining samples.

In Fig 5.4.8b, the (001) nontronite reflections ahe@wn for air dried and ethylene glycol
saturated samples. The air dried state of the sangblows only minor differences in d-values
with a range from 14.91 to 15.25A, which can beilaited to variations in relative humidity
that was elevated in case of the original and lb@act®ntaining samples (both with 48%) as
opposed to the sterile sample that was equilibrate27% RH. These d-values confirm that
after the 1% year experiment period, the interlaygion is still divalent (supposedly € In
contrast, the d-values of glycolated samples atepandent of the relative humidity and all
reflections show an expected shift towards highealdes due to the intercalation of the
molecule. Compared to the glycolated original sar(ske dotted line in Fig. 5.4.8b), the
sterile reaction-cell sample shows a d-value dighigher than the original, indicating an
increased accessibility for the EG-molecule (16v8616.83A). The value for the bacteria
containing sample shows a lower d-value (16.78Ad anreduced accessibility for the
molecule that might be due to coatings of orgaradten.

Measurements of the full-width-at-half-maximum (FWMH of the glycolated (001)
reflection show higher values for the bacteria aomhg sample compared to the sterile
control (0.744 vs. 0.705°, table 5.4.5) but bothfowed volume derived samples show lower
values than the original one (0.867°). Higher FWh#lues indicate a broader peak and, in
the case of the original sample, this might indidiie presence of very small grains that are
contributing to the peak broadening. In contrast riaction-cell samples, the sharper peaks
(lower values for FWHM) could indicate some dissioin of such grains. The bacteria
containing sample shows a peak broadening reldtvéne sterile control, suggestive of
decreased patrticle size. Values for the FWHM andldes do not correlate (plot not shown),
which indicates that differences in broadening srdependent of EG saturation state.
Generally, the XRD maximal peak intensity for thacteria-containing sample is lower
compared to the sterile reaction-cell. Most likehe bacteria cause textural changes by

producing lower basal intensities due to a poofepred orientation.
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Original sample Sterile reaction-cell sample Baateontaining
reaction-cell sample

d-value Intensity *FWHM° d-value Intensity FWHM°® d-value Intensity FWHM®
A (cps) A (cps) A (cps)
Air dried 15.21 9504 1.287 14.92 2098 0.957 15.19 1520 1.029

Ethylene glycol 16.83 1075 0.867 16.96 2389 0.705 16.78 1610 0.744
MgCl2+glycerol 14.83 2651 0.921 14.64 1520 0.888 14.25 1240 0.890

80°C 14.02 1551 1.289 1412 1649 1.258
120°C 11.08 3927 1.880 11.29 3909 2.033
160°C 9.90 4088 1.125 9.93 4295 1.189
200°C 9.81 4283 1.049 9.78 4590 1.021

Table 5.4.5. XRD peak characteristi(B01 reflection)of nontronite materials after
various chemical and physical treatments. *FWHM# Width at half maximum.

A qualitative evaluation of layer charge was unaleh by exchanging the samples with
Mg followed by glycerol saturation. If the chargepesoaches vermiculitic values, this
treatment leads to a shift of the (001) reflectiowards lower d-values (Brown &Brindley,
1984; Moore &Reynolds, 1997). Fig. 5.4.9 shows th#raction patterns of the Mg
exchanged and glycerol saturated sterile samplejeisas the bacteria-containing reaction-

cell samples and the original sample.
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Fig. 5.4.9. XRD patterns of Mg-exchanged and gtyeer
saturated texture preparations extracted from $g($)
and bacteria containing (B) reaction-cell experirten
The enlarged image shows the position of 001 tefies
and their corresponding d-values. The light greytgra
represents the Mg-exchanged and glycerol- saturated
original sample (O) that was taken as a reference.
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As the nontronite has in general a relatively Haegrer charge (~0.5 per half unit cell), the
original sample shows relatively low d-values (BA8as opposed to the 17A of typical
smectites). The d-value of the sterile reactioh-saimple shows a decrease to 14.64A,
whereas the d-value of the bacteria-containing $achgcreases relatively strongly to 14.25A.
The latter value is typically vermiculitic (14.2-BA, Brown & Brindley 1984) and indicates
an increased layer charge.

As both reaction-cell samples were anoxic overrglperiod (1% years), the changed
redox conditions already might have led to an iasegl layer charge. The bacteria containing
sample shows an additional increase that may besdinto additional dissimilatory Fe-
reduction due to bacterial respiration. Howevercation fixation (K) within smectite
interlayers or neo-formation of illite (Kim et aR004) was not observed in these samples
indicating that the layer charge did not exceedp@Bunit cell.

In order to test the presence of organics in therleyer space, the samples were
successively heated up to 200°C and the d-valuessumed at selected stages. As water
leaves the structure relatively easily, differenicethe response to the heat treatment can help
to identify organic contaminations that, dependimgthe compound, leaves the structure at
higher temperatures typically more than 105°C, K8liret al., 2002). Fig. 5.4.10 shows the
XRD patterns of the samples from sterile and bactntaining reaction-cells for 3 different
temperatures compared to the AD state (Fig. 5.4.18er heating to 80°C for 24h (Fig.
5.4.10b), the reflections show a strong decreasmarimal intensity and a shift towards
lower d-values (14.02A for the sterile and 14.12k the bacteria-containing sample). The
difference in d-value between the sterile and bectntaining sample is slightly enhanced
in the measurement after heating to 120°C (Fig.18¢) with lower d-values for the sterile
sample (11.08A vs. 11.29A). Heating to 160°C lealdsost to a complete loss of interlayer
water and both d-values shift to around 9.90A (Figt.10d). After heating to 200°C (not
shown in plot) the d-values change to 9.81A an@A for the sterile and bacteria containing

samples (table 5.4.5), and the complete loss eflayer water is accomplished.
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Fig. 5.4.10. XRD patterns of nontronite reactiailexperiments with and without
bacteria. a) Air dried, b) heated to 80°C, c¢) hehte 120°C and d) heated to 160°C.

Slight differences in d-values in the range of 0dr& observed at 80 and 120°C which,
although small, might indicate minor contaminatieith organic matter in the case of the
bacteria-containing sample. As organic molecules wmually relatively large, they are not
likely to be present in the interlayer space but@egings that restrict the dehydration, as seen
in the bacteria-containing sample. The identicalatites after heating to 200°C exclude
artefacts such as different sample thickness. Aaroplossibility is that the enhanced layer
charge leads to a more vermiculite-like behavioartley generally loose their water later
than smectites and have collapse at temperatures than 600°C (MacEwan &Wilson,
1980).

Texture characterization of montmorillonite (MX80)

The reaction-cell derived MX80 samples were preapags texture samples, without
separating the clay fraction. No differences amgble in the diffraction pattern of the sterile
and bacteria MX80 samples (Fig. 5.4.11). The deslare very similar for the (001)
reflections at 12.58A and 12.56A, respectively ($€g.4.11b). At a relative humidity
between 42 and 45%, these d-spacings still corresfmmontmorillonite with predominantly
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Na as the interlayer cation (MacEwan &Wilson, 198Dhe presence of bacteria in those

samples did not lead to significant exchange @rlayer cations.

10000 1 @) (001) b) (001)-reflection B
4—
12,6 12,56A

S —»
8000 12,58A

7 RH 42%
g RH 45%
— 6000 -
2
/]
@
.§ 4000 A
4 6 8
2000 4 (002) (003) (004)
~6,3 ~42 ~315
\g * '
0 T T T S — |
2 10 18 26 34 42 50

2 Theta

Fig. 5.4.11. a) XRD patterns of montmorillonite (BDXsample) measured
as air dried texture slides prepared from the deefgrey) and bacteria
containing (black) reaction-cells. The numbersiadiets indicate the order
of diffracting basal planes (00l series of montnfloniite) and their

corresponding d-values in A. b) Enlarged imagehef (001) reflection. The
numbers in italics indicate the relative air huntydiRH) during measurement.

The effect of heat treatment on the material issshm Fig. 5.4.12. Compared to the air
dried samples (Fig. 5.4.12a), the heat treatedapaipns show a strong decrease in intensity
and both peaks shift to lower d-values (9.74A ftoe sterile and 9.69A for the bacteria-
containing sample already after 80°C). Successeaitng up to 200°C showed no significant
changes (table 5.4.6.) The collapse of the stradimr~ 9,7A after heating lies between the
typical values for N& (9.6A) and C& (9.8A) in the interlayers, indicating the probable
presence of both cations. In case of MX80, thedsachad no effect on the properties of the

montmorillonite and no intercalation of any orgac@mpounds is visible.
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Fig. 5.4.12. a) XRD patterns of montmorillonite (BDY¥ measured as air dried
texture slides prepared from the sterile (S, gRty,45%) and bacteria containing
(B, black, RH 42%) reaction-cells. b) XRD patteofishe collapsed interlayer
structure after heat treatment (24h 80°C).

Sterile reaction-cell sample Bacteria containiegction-cell
sample
d-value Intensity FWHM® d-value (A) Intensity FWHM®
Gy (cps) (cps)

Air dried 12.58 6969 1.247 12.56 8016 1.190
Ethylene glycol 16.91 7195 0.520 16.87 7837 0.509
80°C 9.74 1397 0.808 9.69 1466 0.777
120°C 9.70 1409 0.764 9.69 1470 0.778
160°C 9.69 1447 0.751 9.63 1521 0.733
200°C 9.67 1505 0.762 9.67 1603 0.749

Table 5.4.6. XRD peak characteristics (001 reftactiof MX80 montmorillonitafter various chemical and phy
treatments.

5.4.2.3. Chemistry of solution extractions

The long-term effect of bacteria on the solutioreroistry was measured on solution
extractions. Therefore, aliquots of samples takemfthe reaction-cell experiments were
dispersed in a leaching solution (water and/or H@Y measured with ICP-OES. The relative
contribution of experimental solutions, infiltratedring the reaction-cell experiments, to the
leaching solution was calculated. Significant valaee only visible for K which contributes
with ~10mg/l (table 5.4.7). As well, cations contd in the Millipore© water used for
extraction contribute to the measured concentratisith 0.84mg/l Mg contained in the
purified water. All other cations in the solutioartve mainly from the clay and/or bacteria, if
present.
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lon nontronite (MM) montmorillonite (salt solutip Millipore
water
Composition contribution to Composition contribution to
[mg/1] leaching [mg/l] [mg/1] leaching [mg/1]
Na 46 1.01 0.25 5.5E-3 0.11
K 486 10.7 180 3.96 0.147
Mg 24 0.53 0.837
Ca 20 0.44 20 0.44 2.2

Table 5.4.7. Contribution of experimental solutignsnimal medium in the case of nontronite
and salt solution in the case of MX80) to catioznaitent of leaching solutions.

Nontronite

The absolute values for cation release into watershown in Fig. 5.4.13a for both the
bacteria containing and bacteria free nontroniteti§i experimental solution was MM).
Compared to the sterile control the cation contemésenhanced when bacteria are present
(e.g. 7.9% more Al with 329 vs. 303mg/l, 10.5% more Cavith 467 vs. 418mg/l and 6.7%
more Fe; with 675 vs. 630mg/l). The exception is the siliggjich is not present to a
significantly higher amount (285mg/l with bacteaad 284 mg/l in the sterile sample). In
order to estimate the cation release in terms ebadiltion, the values are displayed
normalized to a theoretical stoichiometric dissolutof 10% (Fig. 5.4.13b). Positive values
indicate a higher cation release, negative valudewer cation release and zero would
indicate 10% dissolution. Al, C&#* and total iron are released into solution to ahéig
amount than the reference. All three cations afeeced when bacteria are present. Si, in

contrast, is barely found in solution (value copasds to ~ 1.4% of mineral dissolution).
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Fig. 5.4.13. Concentration of cations leached gdtution of samples
taken from nontronite reaction-cell experimentsifvaind without

bacteria). a) Absolute concentrations, b) normalize 10% of

stoichiometric cation release (zero line).
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Metal cations were also measured in the acid exthat, due to the low pH, allows them
to stay in solution and not to precipitate as inbtd oxides. Fig 5.4.14 shows the cations
released into acid compared to water. Al is enhdrioe42-47% and Fe to 52-58% and, in
both cases, the amount of cations is higher whereba are present. Additionally, the
difference between the biotic and abiotic releasenore pronounced. In HCI, the bacteria
induced release is enhanced by a factor of ~1.29-far Al and Fe relative to the sterile
control, whereas in water, the difference is byaatdr of 1.08-1.07 for Al and Fe,
respectively. As the experiments were running avéong time period, the Al and the Fe
were, in all probability, precipitated at earliglages (the presence of Al-sulfate and Fe-
phosphate was detected in XRD patterns). The H@trment dissolved these precipitates and
therefore the amount of Al can be taken as an atdicof the amount of clay dissolution for
there are no other sources for this element inettsasnples (corresponding dissolution of
23.1% which is 3.7% more than for the sterile samyth 19.4%).
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Fig. 5.4.14. A comparison between the concentratmn
cations extracted from nontronite using water @dlhes)
and HCI (dashed lines). The results show higheiooat
content for HCI leaching especially for Fe. Gendyal
bacteria containing samples (grey columns) releasee
cations into solution than bacteria free (white woins).

In the nontronite structure, Al is situated in &bkedral sites and partially substitutes Si
(responsible for the layer charge deficiency). dtnot likely that only the Al sites are
dissolved, thus the Al should represent the trgsadution of the tetrahedral lattice even when

Si is detected to a lesser extent. Fe in solugogsensitive to redox state and it is described
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separately. Nevertheless, it is visible that thtaltbe concentration in acid is enhanced and
always present in higher amounts when bacterigrasent.

Montmorillonite (MX80)

Cation release of the long-term MX80-montmorillengample into Millipore© water is
shown in Fig. 5.4.15a for both the bacteria comgirand the sterile sample. Generally, the
difference between the biotic and abiotic sampkdess pronounced compared to the
nontronite. No difference is visible for Al, whiads generally not found in high amounts
(around 38mg/l in both cases). The interlayer catibla and Ca are typically released to a
higher extent in both cases and are slightly lasthé presence of bacteria with 2% less Na
(450 vs. 469mg/l) and Ca (393 vs. 401mg/l). They aaltion that is released into water to a

higher amount in the presence of bacteria is Fiy an enhanced concentration of about 8%
(71 vs. 65mgl/l).
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Fig. 5.4.15. Concentration of cations leached istiution of samples taken
from the MX80 montmorillonite reaction-cell expegmts (with and without
bacteria). a) Absolute values obtained from ICP-GiB8lyses. b) Normalized
to 3% stoichiometric cation release (zero line).

Fig. 5.4.15.b shows the relative amounts of catr@fsased into solution normalized to a
3% stoichiometrical release as a reference (repteddy the zero line). Positive values are
basically obtained for the interlayer cations Cag¢ &a. Fe is also shows positive values
(correspond to 5% dissolution). Low concentratians obtained for Al and Si indicating a
true dissolution of less than 1% with a stable Bif#io (~2.5 as opposed to initial 2.7).

Cation release into HCI (Fig. 5.4.16.) shows, hasvetigher values for Al when bacteria are
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present. The Si/Al ratio (Si not shown in plot)fghito 1.3, indicating a higher release of Al
into solution. Fe is enhanced as well in the aemching when bacteria are present. This
indicates that the bacterial effect on metal redeimso solution is masked by precipitation
(precipitation of green rust and lepidocrocite bigiin XRD patterns) and is only seen in high

pH extracts. Other cations show no significantetéghces with HCL.
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Fig. 5.4.16. Comparison between the concentratmfns
cations extracted from montmorillonite using wafsalid
lines) and HCI (dashed lines). The results shovi &ig
cationic content for HCI leaching analysis of bathe
containing montmorillonite samples. Without bacaeri
(white columns) the values are comparable to theewa
extracts.

Like in nontronite, the interlayer cations in mowotiionite are easily released in solution.
Even the enhanced amount of Al in the acid leacimdgates that maximal dissolution does
not exceed 1.4%. Fe is released to a higher amemohtimight be as well derived from the
traces of the pyrite contained in the samples,u#fate measurements suggest this to some
extent (data not shown). Generally, the MX80 strietseems to be less affected by the

experiments than the nontronite, especially visdylehe low amount of Si and Al dissolved.

5.4.2.4. The role of Fe-reduction under confineldirree conditions
Fig 5.4.17 shows the Fe(ll) production measuredH@l extractions of samples taken
from the reaction-cell experiments with and withbatteria. These are compared to values
taken from Andrade et al.(2002) and Kim et al. &0B004) for initial Fe(ll) values (empty
dotted column) and from Kim et al. (2004) for finzlues after clay bacteria interaction
(filled dotted column). Both confined volume sangpihow, relative to the initial content of
0.21mmol/g, enhanced Fe(ll) concentrations. Inbideteria containing sample, the amount of

Fe(ll) is enhanced with 0.57mmol vs. 0.47 in ttexile control. This value is relatively low
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compared to batch experiments conducted by Kim emavorkers (2004) that yielded
1.2mmol/g. Expressed in % of reduced iron relatovéne total iron content (4.3mmol/g, table
5.4.8), the bacteria containing sample indicatesdaction of 13.4%. However, already the

anaerobic conditions induced a partial reducti@t ik visible for the sterile control sample.

140 T O without bacteria
@ with bacteria

Kim et al. 2004:

o1 inaturalinitial Fe(ll) content
a1 Fe(ll) content after 2 weeks
0.70 -

mmolig

Fe(ll)

Fig. 5.4.17. Measured Fe(ll) values for reactiontce
extractions (solid lines) with and without bacteri2otted
columns represent values taken from the literatwach
show initial Fe(ll) concentration (empty column)datinat
after clay-bacteria interaction in batch experimen(Kim
et al. 2004, striped column).

Fe0Os+FeO [wt %] Fe(lll) +Fe(l1) Few/g clay [mmol] max. initial Fe (1) [mmol/g]
[wi%o]
34.2 23.9 4.3-4.5** 0.21*

Table 5.4.8. Theoretical iron content of the nonite sample (NAu-1) as described by
Keeling et al. (2000),*Andrade et al. (2002); Kitna¢( 2004) and **O’'Reilly et al.(2005).

In order to quantify the amount of Fe(ll) that dam attributed to bacterial activity, the
difference relative to the sterile controls is @adtin Fig. 5.4.18 for the bacteria containing
reaction-cell and two batch experiments. Positiadues indicate enhanced, and negative
values decreased Fe(ll), relative to the steriletrots. The reaction-cell sample (no viable
cells were present at the time of measurement) stevhanced Fe(ll) values with 21.2%,
which is more Fe(ll) than the sterile control irting enhanced iron reduction. This is
different from observations in experiments contagnviable cells as seen from the Fe(ll)
values of two batch experiments. Both examples shuith respect to the sterile control,
negative values due to Fe-consumption. This isc#se for the anaerobic experiment which
has 7.5% less Fe(ll) compared to the sterile coi@@7mmol with bacteria and 0.29mmol

without bacteria vs. an initial concentration maaird.21mmol/g). This trend is, as expected,
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enhanced for the aerobic sample where Fe(ll) iswored and due to oxygen respiration is
not produced by Fe-reduction.

reaction-cell experiment
30 ]
(0,2mmol/g)
20 1

10 A

produciion

0 4

-10 1 anaerobic

20 | (-0,02mmol/g)

conhzumotion

-30 1

aerobic
40 (-0,08mmol/g)

difference Fe(ll) content [%]

batch experiments

Fig. 5.4.18. Relative differences in Fe(ll) contémtthe bacteria-
containing reaction-cell experiments in % (darkygmolumn) when
normalized to the sterile control. Anaerobic batalitures (light
grey column) and aerobic batch cultures (e mptyroolu The numbers
in brackets represent the absolute differences imoig.

As discussed in Chapter 5.3, the bacteria consurserb cations during their growth and,
even if Fe-reduction occurs due to respiration,réteased Fe(ll) is partly stored by bacteria
or within biofilms. This iron is, therefore, nottdeted in the analyses as long as the cells are
intact. In the case of the reaction-cell experimemo viableS. putrefaciensells were
detected after the 1% years of experiment, ancdhnerFe(ll) that was eventually consumed

or attached to cells re-enters the system.

5.4.2.5. Microscopical observations of long-ternpesments

During the long-term confined volume experimenystesmatic monitoring by microscopy
was not possible however, some limited observatisese done after around 7 weeks. An
example is given in Fig 5.4.19a that shows a TEMraphotograph of bacteria containing
nontronite incubated under confined volume condgidor around 52 days. The kaolinite
standard is present as hexagonal platelets andondet is visible as a particle with a
relatively well defined shape in the upper righttioé image. The EDX microchemical data
shows the typically high values of Fe (44.4 wt.%J-and Si (57 wt.% SiO) and some Ca
(2.1 wt.% CaO; Fig. 5.4.19b). A bacterial cell slmgvbeginning lyses is present in the left

151



Chapter 5 - Bacterial influence on smectite hydrati

part where microchemical analysis shows the preseh& (0.9 wt.% &) and CI (5.3 wt.%),
that is typically associated with the bacteria. Wddally, elements derived from the smectite
such as Si (2.6 wt.% SiO), Ca (2.5 wt.% CaO) ane (E5 wt.% Fg; are present (Fig.
5.4.19c¢). Here, it is not clear to what extentdhalysis is influenced by the surrounding clay,
or clay that is attached to the cell. However, rilative high values for Ca in comparison to
low values of Si indicate an accumulation of eleteean or in the bacterial cell. A gel-like
structure, like previously observed in batch expernts (5.3), was not observed in this

sample.

. nonfronite

F.‘-I

Fig. 5.4.19. a) TEM microphotograph of nontroniteds5. putrefaciens taken
from reaction-cell experiment. The size of the &uain does not exceed
0.7um in length and is partly damaged. b) EDX naicadysis of the nontronite
grain shown in a) contains Si, Al, Fe, Ca and KEEX microanalysis fo
the bacterial cell showing the same cations alony additional S and CI
due to the presence of bacteria. The Cu is derix@uth the sample grid.

It should be noted that imaging bacteria in reaetiell experiments is difficult as they
are, compared to batch experiments, very smakgotan low numbers and normally covered
by clay. However, it can be seen that under thiiced volume conditionsS. putrefaciens
survived several weeks (1%2 month) and that theguwmed most likely cations derived from

the clay.
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5.5. Discussion

5.5.1. The influence of smectite on bacterial aigtiv

The influence of smectite on the bacteria growtbasically a function of the physico-
chemical properties of the clay and the requiremaitthe bacteria. The basic chemical
necessities for the growth of Butrefaciensare the supply of nutrients, energy and water in

an environment of moderate pH.

Nutrients & energy

It was shown that microorganisms selectively cadenmineral surfaces that contain
required nutrients indicating that the bacteriaadie profit from their proximity to the solid
surface (Bennett et al., 1996; Rogers et al., 18a8nett et al., 2001). This is visible in the
growth experiments where, independently of the tgbemectite,S. putrefaciensurvived
despite smectite been the only available substfite 5.3.1). Additionally, this species is
observed to quickly adapt its metabolism to usecsiteeas a substrate. This is visible in the
similar lag and exponential growth phase when iatedb with nontronite and minimal
medium (MM), where the latter is especially adaptedhe needs o8. putrefaciengFig.
5.3.1). The continuous supply of cations appeatsetparticularly beneficial for the culture,
especially those derived from nontronite that palowg high amounts of Fe and Ca.

Particluarly important is carbon, which was not@igul in the growth experiments but,
asS. putrefacienss heterotroph, it does need a source of pre-egisirganic materials. Raw
bentonite materials, such as MX80, often contaganic carbon (0.19% g Sauzeat et al.
2000) and, in this case, thg£values (0.02 and 0.08g/l for a suspension dewns$i/01 and
0.04g/ml, respectively) lie between the valueshef tarbon-rich culture media (> 2g/l) and
the carbon-poor sediments in natural environmeft80(Q-0.015g/l, Roszak & Colwell,
1987). The amount of carbon in the powdered MX8@tdr@te sample might explain why the
number of cfu/ml is enhanced with the increasingy atoncentration in solution, for this
enhances the amount of accessory minerals andiorg#rstances (table 3.1).

The purified smectite samples, in contrast, are exqtected to contain significant
amounts of Gy because they were (due to grain size separatiwashed several times.
Nevertheless, the bacteria were observed to steg #ir significant periods of time (> 4

weeks). One possibility is that during the statignghase, starved cells releasgy@nd aid
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the growth of surviving cells (Dean &Hinshelwood®6b; Postgate, 1976). To a certain
amount, this could recycle the carbon in the systempensating the relative lack in the
purified samples.

The fact that smectites generally have enormodaciareas per gram powder should be
beneficial in solutions because bacteria can stigcleed to surfaces that accumulate
nutrients. This is advantageous, especially whemmiemis become short in supply asd
putrefaciensgs -despite flagellum- not likely to be very motiteorder to economize energy.

Although smectites serve as a substrate Soputrefaciensthe exposure to the clay
induces stress. Bacteria incubated with smectitee wr example, seen to be drastically
reduced in cell size compared to cultures incubategtowth medium (Fig. 5.3.17). This has
been reported for bacteria in natural environmeits limited nutrients that attained larger
sizes when cultured in the laboratory and can kentaas a clear sign for nutrient stress
(Dawson et al.,, 1981; Roszak &Colwell, 1987). Thebable cause of this stress is that
smectite does not contain all the necessary coratemts of nutrients for fully developed
growth. This effect is even more enhanced in thepacted clay under confined volume
conditions although nutrients are present in higtmrcentrations. In this environment the

high solid liquid ratio clearly restricts the magl of bacteria.

The role of surfaces on nutrient supply

The increase in external surface area observedgltnie free swelling of smectite in
batch solution provides more opportunities for baatto attach to these mineral surfaces.
The osmotic swelling of Na-montmorillonite inducestensive particle delamination along
individual silicate interlayers (Schramm &Kwak, 98 agaly, 1993; , 2006) and therefore
presents additional and freshly exposed exterréheai area. Additional surface area can be
beneficial for bacterial growth as the reactivefate area is a fundamental factor enhancing
mineral dissolution leading to additional catiosigoply (Lasaga, 1995; Nagy, 1995). On the
other hand, the osmotic swelling of Na-montmoriitercan form a colloidal suspension that
is not favourable for bacteria movement becaugbheo§trong electrostatic repulsions between
the both negatively charged bacteria and clay sasféFig. 5.5.1). In the presence of divalent
cations, these repulsions can be overcome, as d@nntmtronite suspension containing

relatively higher concentrations of €4Lagaly, 1993; , 2006).
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a) influence of monovalent cations b) influence of divalent cations

Fig. 5.5.1. The behavior of smectite and bacteriagolutions. a) With monovalent cations the
electrostatic repulsion keeps clay and bacteriguspension. b) The presence of divalent
cations serve as bridges and allow the formatioagiregates.

The survival of bacteria is prolonged in all smiectolutions compared to growth in
standard culture media and shows especially loatgpstry and death phases. This indicates
that the smectite containing system respond batteequirements linked to cell death and
lyses than the smectite free system. Most likely i due to the high surface area providing
numerous sorption sites for lyses products thatraleased during the death phase (e.g.
organic molecules including complex acids (Lee &&000)).

The external surface area of smectite under comfirdume conditions also increases
during hydration as the mean number of lattice nayger stack (i.e. particle thickness)
decreases (Chapter 4). However, the fact that wedlisg creates new X-ray scattering
diffraction domains (detected by the broadeningX®D reflections) does not necessarily
imply that the newly formed surfaces participatereactive surfaces, as this would be the
case in the batch solution experiments. The pemgentf surface participation during the
hydration of sterile and bacteria-containing montitamite (MX80) in the confined volume
system was estimated from the theoretical amountatér that could be adsorbed and the
amount determined from the experimental resultbl€teb.4.4). These are very general
estimations, however a 100% contribution of all ikmde surfaces was never observed
because the smectites layers cannot expand frElely.implies that the advantageous effect
of high smectite surface areas occurring in batdhti®ons is not maintained for bacteria in

compacted clays that are hydrated under confin&dne conditions.
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Smectites and pH control
In experiments conducted under aerobic conditioastdia clearly produce Gy
respiring oxygen. According to the simplified raantbelow, the aerobic respiration leads to

the production of protons and a decrease in pH:

CO; g+ HO > HCOs +H"

The influence of aerobic respiration is visibleidgrthe initial stages of the batch solution
experiments when a rapid decrease in pH is seexdeed the normal pH drop caused by
deprotonation at smectite edge sites. The avaiialoif such edge sites buffers and stabilizes
the pH of the solution (Lagaly, 1993; Apelo &Posirhfi94). The closest match to the sterile
control with the quickest pH adaptation was obsgrwvethe nontronite solution, which is
probably due to a higher concentration of edgessitethis <0.5 micron grain size fraction
(Lagaly, 1993). In the case of the coarser polynaiine MX80 bentonite, the pH is buffered
to a lesser extent (Fig. 5.3.3.b). Here, the stqgdglecrease within the first two days can be
attributed to dissolution of traces of pyrite, whiwhen oxidized, releases protons (Lowson,
1982; Nordstrom, 1982). In contrast, the more atikkatondition reached once the stable state
was attained (pH ca. 8.6) can be attributed toiteattissolution leading to OHproduction

according to the reaction:

CaCQ + H,0 > C&™+ HCO; + OH

In addition to well documented interaction of claysd H ions, the bacterial cell walls
can also become protonated and, thus, influencenéreesured pH (Haas, 2004; Claessens,
2006). During respiration, cells pump protons itke wall matrix which, in turn, can
protonate surface functional groups and render takttrically neutral (Koch, 1986; Haas,
2004). In contrast, dead cells no longer induceadop gradient, so the cell wall tends to
become more anionic and capable of accommodatotgms (Urrutia et al., 1992). The effect
of these reactions is evident during the laterestanf the solution experiments where the pH
of all solutions increases with respect to theilstezontrol (Fig. 5.3.5). When lysis is
complete, however, the pH returns to the valudefsterile control.
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5.5.2. Physical and chemical influence of bactenamectite clay

The effects that bacteria can have on the propesfismectites are closely linked to their
activity and, therefore, their viability. Bacteriattivity can directly influence these clays by
consuming mineral derived compounds, aided by toeyction of organic substances like
chelators or EPS. Respiration has both indireacedf on smectite (solution Eh and pH is
changed) as well as direct effects in the casenaémbic metal respiration because the layer
charge is changed. Finally, a number of texturdot$ in smectite powders can be attributed
to bacterial activity, particularly those linked tmnding and the formation of particle
aggregates. Here, biofilm can persist long aftdrdmath and have long term textural effects

even after all bacterial activity has ceased.

5.5.2.1. Complexation and binding of potential raurtts and effects on smectite

Nontronite

Fe is the principle cation in the octahedral layefsthe mineral nontronite with an
abundance of ca. 34 wt.% (fe It was noted that a bacterial colonization o thineral
surfaces is a systematic process involving chaatespecially to complex Fe (Rogers
&Bennett, 2004). Fe is an important macronutriend,aas a key component in cytochromes,
it plays a major role in cellular respiration (Mgdn et al., 2003). In the batch solution
experiments containing both nontronite é&dputrefacienghe Fe was clearly depleted with
respect to the sterile control (Fig. 5.3.6). AsIFefas a low solubility in water at near
neutral pH and, it should be quickly lost from thgueous phase and precipitated as oxides
and/or hydroxides. However, when bacteria weregoiesn enhanced depletion of Fe in the
solution was observed that could be due to iroricgs formed at the bacteria cells surface
(Ehrlich, 1999; Coby &Picardal, 2005).

Additionally, the production of iron binding ligasd(siderophoreskould aid the
formation of Fe-complexes localized on the cell vehhey are available for transport into the
cell (Birkel et al., 2002; Faraldo-Gomez &Sanso®)32). Such binding ligands are reported
to be formed in abundance during active exponegtiath (Kalinowski et al., 2000) and
have been described for ti® putrefaciensstrain used in this study (Gram, 1994). As
siderophores are usually produced in Fe(lll)-lingticonditions, the high Fe content of

nontronite (Fg:~34 wt.%) might at first glance be considered utasle for the formation of
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Fe binding ligands. However, the metal in the oetlhl sites is only slowly released.
Moreover this “potentially” available iron mightdoce the production of chelating agents as
it was described fadPseudomonas mendocis&ains where only in presence of Fe-oxides the
production of iron chelators was enhanced (Hersetah, 1995; Hersman et al., 2000).

Independent of organic ligands is the depletio€afin nontronite suspensions. As water
hydrates the interlayer sites and interlayer catibecome highly reactive, undergo rapid
exchange with the infiltrating solution (BanfieldHamers, 1997; Barker et al., 1997) and
become available for bacterial adsorption (Stotdl966a). This effect is visible in nontronite
solution experiments where the presence of bacteas observed to rapidly deplete the
concentration of Ca in solution (Fig. 5.3.6). Invgstions with TEM coupled with EDX
microanalyses indicate that smectite derived Gaigentrated in or 08. putrefaciensells
(e.g. Fig. 5.3.17.). This was also observed for M80 montmorillonite, although the
amount of interlayer Ca was relatively low compati@dontronite.

The concentration of Ca at bacterial surfaces nraplg occur by electrostatic forces. As
a divalent cation, Ca has a relatively high affinib be strongly adsorbed on bacterial
surfaces and was described by Beveridge (198Bdoillus subtilisas “binding”. Since both
bacteria cells and smectite surfaces are (at nearal pH) negatively charged, the Ca can
help to bridge the equally charged surfaces, pdaily in solution of higher ionic strength
where the thickness of the diffuse ion layer ispgapsed (Ellwood et al., 1982; Banfield
&Hamers, 1997).

Because the electrostatic mechanism of Ca bindiraply active as long as the bacteria
cells are intact, cations should be reintroducdd the system when cells undergo lyses.
However, this is not observed and Ca stays contisiyalepleted in solution even when cells
are dead (Fig. 5.3.6). Precipitations associatékd @a (e.g. calcite) were not detected, which
could explain the depletion, but abundant EPS wesible both by confocal and electron
microscopy (Fig. 5.3.11, 5.3.12 and 5.3.16a). AsSHERS are seen to persist after cell death
(e.g. Fig. 5.3.12c), the prolonged storage of CiheénEPS is likely and helps at the same time
to stabilize the biofilm structure (Korstgens et aD01; Konhauser, 2007). However, longer
term experiments of 1 %2 years length showed enldavakies of virtually all cations (Fig.
5.4.13). This indicates that even the biofilm stuwe decomposes with time and the sorbed

elements are indeed eventually remobilized.
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5.5.2.2. Effects of bacterial respiration on sntecti
As discussed above, aerobic respiration can affifecproperties of smectites by leading
to a decrease in pH that is known to be the mactof concerning mineral dissolution rates
(Lasaga, 1995; Nagy, 1995; Barker et al., 1997)s phl decrease is visible in batch solution
experiments during the initial stages even thouglhes that would significantly contribute to
dissolution (e.g. a pH lower than 5 and higher tBaBlum & Lasaga (1988)) were only
temporally observed (e.g. MX80, Fig. 5.3.3.).

Effects of respiration on nontronite

Under anaerobic confined volume conditions oxygenat available and another terminal
electron acceptor (TEA) is requires. putrefacienss capable of reducing the Fe(lll) that is
contained in the nontronite structure and indudgsificant alteration of this mineral as
shown in the various studies using batch culturagitdted low solid to liquid ratio
experiments). Dissimilatory Fe(lll) reduction ihet octahedral sites modifies the charge
imbalance, resulting in higher layer charge andrgjer cation fixation (Stucki et al., 1987;
Stucki et al., 2003; Kim et al., 2004; Stucki &Kkat 2006). These factors are closely linked
to interlayer hydration characteristics and shdwédtaken into account. In other studies, the
bacterially-induced reduction of Fe was describedd¢cur both before and after mineral
dissolution (Dong et al., 2003a; O'Reilly et aD0B).

Indications of a layer charge increase due to Heaton in the confined volume
nontronite experiments are provided from XRD teatpreparations of Mg-exchanged and
glycerol saturated samples. The low (001) basapatiag (14.25A) of these samples
indicates higher layer charges equivalent to thtaiseermiculite swelling clays (Fig. 5.4.9).
The sterile control sample also showed lower basspacings (14.64A) indicative of an
increased layer charge that are caused by the admaearonditions, however, the degree of
alteration is less intensive. Fe-reduction is alsble in the chemical results where the
production of Fe(ll) is detected in both bacteaald sterile conditions (Fig. 5.4.17). The
relative increase of Fe(ll) due to bacterial resjpgn and Fe reduction is probably linked to
partial dissolution of the nontronite particles. vitver, the values for reduced iron are
relatively low for the confined volume experimemiscause i) the reaction rate is low (high
solid to liquid ratio without agitation) and ii) eéhclay restricts the movement of the bacteria.
Fe-reduction only takes place under anaerobic tiondiand most oxygen poor environments
are compacted, confined volume systems with higid 90 liquid ratios, such as sails,

aquifers and engineered systems like waste repesitolrhe constraints presented from the
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reaction-cell laboratory analogue are consideredptovide more useful estimates for
predicting the rates of Fe-reduction under repogitmnditions than those based on batch

solution experiments,

5.5.2.3. Bacterially induced dissolution of noniten

Both the described mechanisms of complexation/boa@ind bacterial respiration have
recognisable effects on the nontronite. Moreover gresence of specific organic ligands is
known to trigger the overall dissolution of minaraind could be an explanation of the partial
dissolution of nontronite (Banfield &Hamers, 19%arker et al., 1997; Kostka et al., 1999;
Banfield &Welch, 2000). Clear signs of this baa#y induced dissolution are visible by the
relative Si-depletion in nontronite when comparedhe sterile control (Fig. 5.3.7). The rapid
dissolution and the release of Si are most obvawrng the initial stages of the solution
experiments. Microscopic investigations reveal fimenation of a Si rich amorphous phase
surrounding nontronite particles (Fig. 5.3.16). sThelationship suggests partial mineral
dissolution followed by precipitation when the ®ystis supersaturated with respect to silicic
acid. These observations are in accordance witlentgc published observations on
nontroniteS. oneidensigmteraction by Furukawa & O’Reilly (2007). The rnimonite samples
may however contain a certain amount of quartz ewehe <0.5um fraction (Keeling et al.,
2000) and it is possible that these small grairssalve rapidly and precipitate as an
amorphous phase. In this case, the Si is not oalived from the tetrahedral sites of the
smectite.

In Fig. 5.5.2, a schematic representation illusgdhe overall effect that bacteria have
on nontronite. At unstable edge sites Fe(lll) isbitived and most likely trapped by orgainic
ligands that keep the iron in solution (5.5.2a).tA¢ same time Ca in released from the
interlayer sites and serves as bridges betweebabieria and the clay, and thus facilitating
the access (5.5.2b). The complexed Fe is transpddethe cells and might be either
transported into the cell or be present as coatimgthe surface. Increasing dissolution of the
nontronite leads to Si-release that is precipitatethe EPS associated with the smectite and

the bacteria.
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Fig. 5.5.2. Schematic sketch showing the interactibnontronite and S. putrefaciens at the lattice
layer scale. a) Octahedrally coordinated Fe(ll)nsobilized at unstable edge sites and the Ca from
interlayer sites is released into solution. Bacadlsi produced ligands (here catecholate) form
siderophore complexes with Fe(lll) as the centadlan (modified after Konhauser, 2007). b) Calcium
acts as a bridge between clay and bacteria. Theptexris transported to the cell, the Fe(lll) is
dismantled and reduced or is involved in the fororabf Fe(lll)-coatings at the cell surface. As the

complexation leads to continuous dissolution, Seisased and precipitated as amorphous silica,
which is presumably associated with EPS.

Tetrahedrally coordinated Al is also depleted freomtronite during initial stages of the
batch solution experiments but it re-enters thetsm during the final phase. Al is, like Fe,
known to form bridges between bacterial cells an@sSit was reported fd. subtilisby Fein
and co-workers (2002). It is therefore likely thia¢ metals are partly associated with active
cells and released when the cells die. The relate@etion of Si and Al observed at the

beginning of the experiment and the re-introductidn the system during the decline of the
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bacteria population confirms this as a possible apism. Analyses of the long term
confined volume experiments also show enhancedeldase in the (formerly) bacteria —
containing sample, which confirms that dissolutimachanisms are also dominant. Unlike Si,
no other source of Al exists in these samples. &k theS. putrefaciensells and associated

biofilm are not likely to persist the 1% year’s ipér of experimentation, any adsorbed or
bound cations are re-introduced into the system.

5.5.2.4. Textural alteration

Whereas chemical alteration was basically obsemebacteria containing nontronite,
textural alteration is observed for both nontroratel montmorillonite (MX80) sample. The
interaction of bacteria and smectite is known t@beaggregate forming process, particularly
when associated with EPS production (Jaisi et28Q7). Such mechanisms of aggregate
formation are confirmed by microscopic investigaio of the smectite-in-solution
experiments where EPS are seen to be closely agsavith the clustering and attachment
of both bacteria and clay particles (cp. Fig. 23ahd 5.3.13). Other indicators of particle
aggregation are seen in the confined volume exmatisnwhere the basal intensities of
smectite X-ray diffraction peaks are consistenthyér in the presence of bacteria indicating
poor particle orientation.

Both in compacted MX80 and nontronite clay, thespreee of bacteria appear to create
additional local porosity. In nontronite this adioliial pore space leads to a reduced ordering
of the water layer structures (Fig. 5.4.3). Sucalttilations in stacking probabilities might
represent unsystematic heterogeneities in wateplgugaused by bacterial water uptake. In
contrast, the sterile sample shows a more systerpatiern indicating hydration of layers in
clusters, as documented by the abiotic experim@ispter 4). For MX80, the effects are
even more pronounced with enhanced water intaketl@dormation of thicker water layer
structures that require more volume (Fig. 5.4.%.packing densities are the same in MX80
experiments, the additional space is attributedacterial activity that causes i) formation of
aggregates due to organic matter and clay intemacnd ii) new porosity due to lyses.
Additionally, the dissolution of accessory mineraisMX80 may contribute to additional
pore space. A schematic representation is giverrign 5.5.3. During initial stages of
hydration the bacteria are present in pore spamgatached to mineral surfaces via binding
cations (Fig. 5.5.3a). As the smectite hydratesthrdoores get closed the bacteria are likely

to produce EPS in order to protect themselves 2b)5.With increasing compaction the
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bacteria die and disintegrate providing additiopatespace, whereas the EPS remains, is
associated with aggregates and accumulates c&ligns(5.3c).

c) Fig. 5.5.3. Bacteria in confined volume

conditions. a) Directly after closing the
\ reaction cell the bacteria occupy open pores

/Tf\ between mineral grains and aggregates. b)

.~ A \—:m Pores are closed due to increased swelling

$ [INTTwoEF2 during smectite hydration. Exudates of
'_\"3—/ bacteria cause aggregation in their vicinity.
—'\_/ c) After lyses of bacteria, newly formed

— / porosity becomes available for additional
swelling. '

The amount of new pore space created by lyses dghbalvever, not be overestimated.
Simplifying the bacteria to be a water-filled prt@laspheroid with an average dimension of
2*0.5*0.5um (size of a femtoliter, fl) one bactermiican be estimated to have a volume of ca.
0.26uni. The resulting increase in porosity occurs in tii@ension of nanoliters and is,
therefore, not of a magnitude to be detected inntle¢hods applied. The breakdown of the
cells alone does not contribute significantly te tporosity and it is more likely that a
combination of aggregation, cell death and mindisdolution are the main factors enhancing

the available pore spaces (see biomineralizati@ppendix).
5.5.3. Concluding remarks

Generally, it is noted that the interaction betw&mutrefacienand smectite is very
complex and several mechanisms are observed tlp@ndeon a number of physical and
chemical variables. In the case of nontronite, rthieeral properties are altered whereas for
montmorillonite, the observed changes concern mtre spatial organization and

microstructure, but provoke no chemical alteration.
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Batch experiments containing larger volumes of tsmuand lower proportions of clay
clearly do show increased reaction rates and heamgere advanced state of reaction process.
This type of study enhances knowledge of bactemiaesite-solution interactions, allowing
recognition of specific mechanisms and the fate safectite derived cations. Basic
mechanisms, such as complexation and binding, ikeéy Ito operate in compacted clays
hydrated in confined volume conditions and the iseskinetics of these reactions under such
conditions are more applicable to underground waegiesitories. Therefore the reduced rates
of reactions derived from the confined volume ekpents are considered to be much more

useful for predictive modeling of compacted clagteyns.

164



CHAPTERG
IMPLICATIONS OF SMECTITE
HYDRATION IN BIOTIC AND

ABIOTIC ENVIRONMENTS




Chapter 6 - Implications of smectite hydration maic and biotic environments

CHAPTER 6 |MPLICATIONS OF SMECTITE HYDRATION IN ABIOTIC AND Bl OTIC

ENVIRONMENTS

6.1. Environmental processes and the importance tdboratory analogue experiments

The approach of studying environmental processeandtclose to the Earth’s surface
classically combines direct investigations of naftusystems, laboratory experiments and
numerical modelling. As experiments conducted im ldboratory can be closely monitored
and controlled, qualitative and quantitative data provided which help constrain selected
processes and aid our understanding of larger,soaeplex natural and engineered systems
(Wogelius &Vaughan, 2000). Laboratory experimeras therefore provide useful analogues
that simulate the key processes operating in neatyséems.

In this study, a flow-through reaction-cell (knovas a “wet-cell”) was successfully
applied to study the progressive hydration of cattgzhswelling clays during the infiltration
of aqueous solutions under confined volume conditid his experimental setup is suggested
to provide a useful analogue for predicting hydmatbehaviour in an underground waste
repository site, where bentonite (smectite-richaysl are likely to be used as a low
permeability seal. Many of the conditions expediedccur in the underground repository
were simulated in the experiments, including i)aage of high solid to liquid ratios, ii)
hydration under anaerobic conditions and iii) batkiotic and biotic (bacteria containing)
systems as well as both diffusive and advectivehamisms of transport. This approach was
combined with the more traditional batch experimmeapproach required to study low solid
to liquid ratios and agitated systems.

From the results of this thesis, it is evident ttie hydration mechanisms dominant in
batch experiments are not necessarily active irctiméined volume state. This aspect is often
ignored in many published studies (Komine, 2004mife &Ogata, 2004). For example, the
hydration of Na-montmorillonite is dominated by adtio swelling in solutions of low
electrolyte concentration (Lagaly, 1993; , 200®)eveas, under confined volume conditions,
the space for expansion is significantly limitedi aherefore the interlayer distance required
for tactoid formation (>20A) is difficult to achiev Based on the results obtained with the
reaction-cell experiments it can be stated thatpimenomenon of osmotic swelling is only

locally observable and the majority of Na-smectitelergo restricted expansion associated
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with the build up of swelling pressure. Local osimawelling in Na-smectite is likely to
occur by gel formation in open pores. This prodsssf importance because gels lead to
lower hydraulic conductivity and will also influem¢he rate and nature of elemental transport
(Pusch, 2001b; Pusch, 2006b). Here, an importaecass the connectivity of such gels that
might facilitate diffusive transport (Pusch &WestoR003) Additionally, in contrast to
smectite particles, gels are isotropic and, thasport is independent of the fabric. Such
gels also readily form aggregates when in contattt solutions of elevated ionic strength
(Fig. 4.3.2.) or in presence of bacterial exudadssdiscussed in Chapter 5 (e.g. Fig. 5.3.11
and Fig. 5.4.4.c+d). These kind of textural chargesclearly seen to enhance permeability
and the storage of external (non-interlayer) wattenany of the experiments conducted.

Another important point is that the activity of bea is notably different for compacted
smectite under confined volume conditions when caneqh to freely dispersed smectite in
batch solution. It was observed that smectitesatttb solutions have numerous beneficial
effects on bacterial growth and survival. Theseaf are linked to their composition and
exchange properties of key elements that are irapbifor bacteria (Fig. 5.3.1, table 6.1).
Some cations (e.g. Ca and Fe) act as nutrientseatdte(lll) additionally, serves as terminal
electron acceptor (TEA) for respiration. In theeca$ bentonites, the accessory minerals are
also dissolved and contribute to the nutrient sypglch as pyrite (in MX80) that serves as a
source for both Fe and S.

Other important properties of smectite aiding baategrowth are: their variable edge
charge, which can buffer the pH of the solutiond d@ime high specific surface area that is
available to adsorb toxic waste derived from méiakaxctivity (Dean &Hinshelwood, 1966;
Postgate, 1976; Roszak &Colwell, 1987). However,compacted clays, hydrated under
confined volume conditions, the effects of buffgriand/or adsorption are probably not the
most significant factors influencing bacterial gtbvon the local scale (table 6.1). The results
presented here indicate that the restricted trahgwoperties of the compacted clay are the
largest inhibiting factor. In the hydrating stathe available pore space becomes so
restricted, and probably disconnected, that theebacbecome immobile and cannot access
distant nutrients. In such a state, the bacteag-clontacts become the principle sites of
nutrient transfer, once the cations in the surrtmggore water have been depleted. Another
factor leading to a decrease in the rate of trarispithin hydrating clay is the decreasing rate
of water inflow when the sample reaches its satumastate. At the beginning of a clay

hydration, water is drawn in relatively rapidly byction (adhesive and cohesive properties of
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capillary surfaces) but as it approaches saturatiom rate of water inflow is significantly
reduced (Agus &Schanz, 2006; Pusch, 2006a; Erziro&2007).

In solution Effect on bacteria in solution  Effext bacteria in
confined volume

Bulk bentonite composition

Accessory minerals Dissolution possible Effect positive: Effect locally positive (see
depending on conditions Provide energy and nutrientseffect in solution)
(CorgsS and Fe(ll1))

Smectite composition

Cations in structure Partial release into solutionEffect positive: Effect locally positive (see
possible Serve as nutrients and TEA effect in solution)
(Fe(111)
Physical and chemical properties of smectite
Negative layer charge Hydration No Effect Effect negative:
Na-smectite: osmotic Water not limiting factor Competition for water;
swelling Effect negative Osmotic Creation of swelling
swelling of Na-smectite pressure

might induce electrostatic
interactions (repulsion)
CEC Exchange Effect positive: Effect locally positive (see
Provides cationic nutrients  effect in solution)
(Ca, Na); Ca aids binding

Variable edge charge Buffering Effect positive: Effect insignificant
Stabilizes pH (only local)
Specific surface area Sorption Effect positive: Effect insignificant
(increasing) Attachment site for bacteria, Due to limited expansion

accumulates nutrients and  surfaces not accessible
sorbs toxins

Table 6.1. A summary of the effects clay mineragehon bacterial growth in batch
experiments (solution dominated system) and coragacbnfined volume experiments
(mineral-dominated). TEA = Terminal electron acep

Moreover, the key property of smectites, namely abéity to expand upon hydration,
can be assumed to be highly detrimental for badtactivity because of the high swelling
pressures that are generated (100-1000kPa, PuS&). Zlthough the cell walls serve as a
protection and can withstand significant turgorsgrees (internal pressure Bf coli is
estimated to be ca 200kPa (Madigan et al., 20@3}) likely that the swelling pressure has a
detrimental effect during hydration (table 6.1).

The experimental results on smectite-bacteriaracteon clearly provide important
information concerning the effects of smectite aatbrial survival. In the following section,
the effects that bacteria have on modifying thegprties of smectites materials are addressed.
The results from progressive smectite hydrationaitonfined volume are discussed by
considering behaviour in abiotic and bioti8. (putrefaciensearing conditions and their

implications for underground nuclear waste dispasalexplored.
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6.2. Application of confined volume experiments: austraints for backfill hydration

The key requirement that an underground reposhasyto fulfil is to eliminate the risk
of radionuclide transport from nuclear waste to iesphere (OECD, 1999; ANDRA, 2005;
OECD, 2006; Pusch, 2006a; 2006b). A smectite bassdrial is considered to be suitable as
backfill, basically, because of its properties tha¢ dependent on the hydration capacity
namely the i) low hydraulic conductivity, ii) thels sealing capacity and iii) a low diffusion
and transport capacity for radionuclides (PuscH)6B). As discussed in Chapter 4, the
hydration of smectite and related characteristieslves water retention on a range different
scales and this should be taken into account wheluaing possible detrimental effects on a

bentonite backfill. Table 6.2 compiles the main hedsms of hydration as a function of

different scales and summarizes the observed aotdcabiotic effects.

Basic
mechanism Abiotic effects Biotic effects
upon hydration
A-scale: layers Na- = ca- Na- Ca-nontronite
montmorillonite | montmorillonite | montmorillonite
\‘— -.,-..;ﬁj_, Solvation of High ionic High ionic
VAL V4 ! strength led to strength
N interlayer formation of compresses Enhanced Partial
@‘\0@\’ cations thicker WL diffuse double mteﬂayer dissolution and
. T leads to expansion due tg -
" . structures layer around IL ) changes in layer
'? Cd = interlayer because of cations leading increased charge
B \737\-\7[/\9.77 hydration and increased to thinner WL porosity
S = expansion ;
S g porosity structures
° ,,:“; Number of
= G nm-scale: layers per
I particles particle Higher packing Decreased Decreased
S c| a9 . . number of layers : .
Z S decreases and| density restricts - : sorption capacity|
= P b No effect visible | per particle due ! h
H o external surfaces particle to increased if partially
- é - — might be formed separation orosit dissolved
S (less than in P Y
=
~| =7 pum/mm-scale: open systems) ——
£ clusters and _ High ionic Bacterial _
g bulk texture Expansion of strength causes| induced Bacterial
g ) particle-clusters| gels to aggregate f h f induced
2 and formation of| and to increase . ormation o formation of
? gels lead to the porosity Not determined agg:tgi;stes aggregates and
@ closure of pore Increased aung partial clay
= ) additional - .
) & space packing leads to . dissolution
porosity
closure of pores
- HC lower than | - HC higher than| - self sealing -HC enhanced
m-scale: barrier Ca-smectite Na-smectite capacity by chemical
-HC increased | - generally less | disturbed by alteration (layer
. by ionic strength | affected b formation of charge
Possible effects y 9 : Y ~ ge)
- solution aggregates transport
2] gn a bentonite chemistry -transport facilitated by
il arner facilitated by dissolution and
& enhanced formation of
porosity aggregates

Table 6.2. Compilation of bentonite clay backfitbperties and possible abiotic and biotic
effects as a function of scale. IL = Interlayer e@atVL = Water layer HC = Hydraulic

conductivity.
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6.2.1. Predicting the rates of clay barrier satonat

The low hydraulic conductivity is one of the keyoperties of bentonites and it is
essential that it is maintained when applied asaekbfill material (Hermann-Stengele
&Plotze, 2000; Karnland &Sandén, 2000; Pusch, 20@&isch et al., 2007). This property is
basically a consequence of the interlayer hydratiat leads to particle expansion, which
results in the closure of the available pore sp@be.pathways for solution transport are thus
restricted on all scales as indicated by the \arigcrow in table 6.2. The major control on
interlayer hydration appears to be the type ofctitgeused, and in particular the hydration
energy of interlayer cation present, which comtrible amount and rate of interlayer water
uptake (Norrish, 1954; MacEwan &Wilson, 1980; Mantdéernandez et al., 2003a). For
example, compared to Na-smectite the uptake fosr@eectite was observed to be more rapid
and thicker hydrated interlayers were formed (Eig. 4.3.3, Fig. 4.3.12). The slow hydration
rate in the case of Na-smectites revealed thatirttezlayer hydration is, in turn, highly
dependant on the initial porosity because watdrithantering the confined volume reaction-
cell is first accommodated in pores that then setwaeservoir to fill the interlayer space
(4.3.4. c+d, 4.3.10a). During the later stages yadrétion, interlayers were seen to be the
dominant storage site for water in all Na-smedtiteninated systems providing a constant
low hydraulic conductivity when infiltrated with wiexr of a low ionic concentration.

In contrast, despite the higher hydration energCa&, water in Ca-activated bentonite
was predominantly stored as external water (swfaoel pore water) and not within
interlayers. This behaviour is attributed to thdfedences in the microstructure on the
aggregate and bulk texture scale whereby the thipleeticles of Ca-smectite yield an
enhanced porosity. This porosity is reduced dunmerlayer swelling, but is not completely
sealed due to the absence of osmotically driverllisggeand local gel formation as in Na-
smectites (Chapter 4, fig. 4.4.3). Changes in éx¢éutal properties of Na-smectite clays are
intimately linked with the enhancement of satumatielocity during the infiltrations of
solutions with elevated ionic strength (Chaptefi@, 4.3.13). Such an enhancement can be
attributed to the aggregation of clay particlessnbmmed with the suppression of osmotic
swelling. Despite these effects, the total amodistructured interlayer water taken in during
hydration is still enhanced in the case of Na-siteecbmpared to Ca-smectite, whereas the
quantity of external water (surface- and pore wWaierrelatively reduced (Chapter 4, fig.
4.3.13 b+d). This is the main reason Na-smectiat shows lower rates of water saturation
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compared to Ca-smectite (e.g. 1.7E-08 for IBECOABE-08 m/s for TIXOTON) even in
solutions of high ionic strength.

Values for water inflow were used to calculate time that is required to saturate a
compacted bentonite (table 4.4.2). Accordingly, arier of 1m industrial Na-bentonite
(IBECO) infiltrated by sea water is saturated afted years, whereas the same thickness of
industrial Ca-bentonite (TIXOTON) is saturated &34 than 1 year (Fig. 6.1). The effect of
the packing density can also be seen when compdnagdifferent Na-bentonite MX80
samples: the lowest rates of water saturation dwimed for the dehydrated higher
compacted sample (1.43 gfnthat yields a saturation time of 24 years. Intwst, a pre-
hydrated sample would need 10 years to accommatiaiefiltrating solution (Fig. 6.1).
However, the velocities required to saturate theeidraare, due to suction forces, much higher
than the expected values for hydraulic conductigityhe saturated state (< 1E-10m/s) (Jo et

al., 2004) where transport through 1m of saturaseder takes hundreds of years.

3
MX80 dehydrated, 1.43g/cm 24years

dehydrated, 1.35g/cm3
S. putrefaciens, 1.6g/cm3 ~15years

hydrated, 1.6g/cm3
Y g 10years

IBECO ground water, 1.15g/cm3 g Syears

sea water, 1.15g/cm3

TIXOTON 1.8years

ground/
sea water, 0.94g/cm3
8 months

Fig. 6.1. Schematic sketch of the time requiredaturate a 1m thick bentonite barrier as a functan
initial packing density and the difference typesaltitions infiltrated.

The experiments presented in chapter 5 clearly sthai bacteria influence interlayer
hydration by effecting the texture of smectite ées, particularly on the aggregate/ bulk
texture scale (table 6.2). Their presence localfhamces the formation of aggregates
(associated with the formation of exopolymeric sabse (EPS)) and enhances additional
pore space available for interlayer expansion, @ajpg in the case of Na-smectite (Chapter
5, fig. 5.4.4 c+d). An additional mechanism wasearsbed in the case of the Fe-rich Ca-
smectite (nontronite) in the presence $f putrefaciens.This bacteria enhanced the

dissimilatory reduction of Fe(lll) in octahedralstture which leads to an increase in the
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layer charge (Chapter 5, fig. 5.4.9 and fig. 5.1.185 the layer charge is responsible for
interlayer hydration, Fe-reduction would be expddtebe highly detrimental for the sealing
capacity of the backfill clay and could lead to anted rates of water uptake and higher rates
of elemental transport. However, in the confinetlre experiments these effects were not
observed because the bacterially induced Fe-remuatas only locally active. Contrarily, the
rate of hydration was seen to be decreased wheerlzawere present (7.9E-09 vs. 9.3E-08
m/s), which could be caused by the clogging effe€EEPS or other organic substances.

A scenario that would be highly detrimental to #ealing capacity of the clay barrier
would be substantial smectite dissolution. Thignigst evident in the Fe-rich Ca-smectite
(nontronite) batch reactions (high solution contd@hapter 5, fig. 5.3.16) and to a lesser
extent in compacted material hydrated under codfirelume conditions (see section
5.5.2.4.) Such a material is, generally, not cagr&d to be used as backfill but it is likely to
form by solution alteration of bentonite in contaath the steel (Fe) containers (Wilson et al.,
2006). According to the obtained results, the phsditeration of smectite in the presence of
Fe-reducing bacteria could decrease the hydratapaaity of this material considerably if
bacterial action is sustained over significant @asi of time. However, the extent of of Fe-
reducing bacteria activity is likely to be lessrsfggant on a repository scale compared to
small-scaled laboratory experiments where relatiieigh populations of bacteria were
introduced. Less abundant bacterial populationar@inly expected to be characteristic of
the saturated underground backfill. Because theeliaare not mobile under such conditions,
they are not considered to survive or evolve owelglperiods of time (Pedersen, 2000;
Pedersen et al., 2000). Any detrimental effectsi@ed by the presence of bacteria would only
occur in permeable, open portions of a bentoniteidra such as along microcracks caused
during hydration-dehydration cycles (Montes-Herrendet al., 2003b). In such sites,
bacterially-induced dissolution could become anangnt contributing mechanism to the
breakage of the bentonite seal.

To summarize, the rate of water uptake is a functiba range of multi-scale hydration
mechanisms that are highly dependent on the typamafctite. Because of microstructural
characteristics, Ca-smectite exhibit higher ratesnaration but these types of clays are
notable less sensitive to changes in solution céteyni Bacterially induced textural and
chemical alteration has the potential of enhandheg rates of water uptake whereas EPS

production appears to aid the sealing of smectiszt material.
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6.2.2. Diffusion and transport capacity for radiolides

Because of the restricted hydraulic conductivitysitgenerally assumed that diffusion
controlled processes are dominant in compactedobgat(Bors et al., 1997; Molera et al.,
2003; Pusch, 2006b). As cations can be more etisdgd on the negatively charged clay
surfaces it is further assumed that anion diffusiolh be more operative (Oscarson et al.,
1994) including the transport of anionic forms ofd-lived radionuclides such a$9 and
9Tc (Molera et al., 2003). Both adsorption of catiord anion diffusion processes are largely
controlled by the availability of sorption sitesdaare present on the hydrated surfaces and
edges of smectite clays. Therefore, quantificatiohthe water budget, stored in interlayers
on surface and within pore spaces provide here sm®kil constraints. During hydration, it
was observed that the external surface area iresdasg to a lesser extent when the packing
density is increased. In the case of dehydrated camdpacted MX80 bentonite, surface
calculations based on the decrease of layers pek #d to a value of around 88 at a
packing density of 1.43g/cin this is half the surface area than the less eamtep sample
(1.35g/crd, Chapter 4). It is clear from these results timatmodeling requiring an estimation
of smectite surface area should consider thatvimigble is highly dependent on the state of

hydration.

6.3. Limitations of the study: challenges for furtter research

This study aimed to simulate the hydration of cootea smectite under confined volume
conditions and to characterize, by in situ XRD nueasients both biotic and abiotic effects.
Experiments were designed to constrain the impoetart a range of initial characteristics,
such as packing density and initial hydration stetevell as experimental conditions such as
different infiltrating solutions and the presence mot of bacteria. The packing densities
studied was restricted to the range of 0.94-1.69/@nd therefore the state of compressed
bentonite blocks (> 1.8g/chh that are especially developed to maximize sgalivere not
tested. This provides scope for further in situryidn experiments. In the same way, the
effects of hydration-dehydration cycles, occurrithgring solution inflow and subsequent

drying, could also be investigated using the reaetiell approach, as these effects are only
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well documented in conditions of varying humiditiMdntes-Hernandez et al., 2003a;
Montes-Hernandez et al., 2003b). Additionally fertstudy on the effects of varying solution
chemistry is possible as there are important camstrrequired on the rates of mineral
dissolution in compacted smectite when influenceHhwy percolation of more corrosive acid
and alkaline solutions (Bauer &Velde, 1999; Bauealg 2001).

The influence of bacteria was simplified by studyionly one “model” species
Shewanella putrefacien§hese are well studied bacteria capable of regpin both aerobic
and anaerobic conditions and have the importatityabf reducing Fe(lll) and modifying the
crystal-chemistry of Fe-smectite (Kostka et al.98;9Gates et al., 1998; Kim et al., 2004,
Stucki &Kostka, 2006). However in natural and eegired systems, it is clear that such
monocultures do not exist and bacteria coexistdnsortia that are better adapted. For
example, in the industrial available MX80-bentorstreral species arenaturally present and
can be cultivated from the dry powder. These ineladore-forming genera and species such
as Bacillus subtilis Bacillus cereusand Brevibacillus brevisas well as desiccation-resistant
species such a8seudomonas stutzdiPedersen, 2000). Additional bacteria species béll
introduced via the ground water (Meike &Stroes-@gse, 2000). As a result of this natural
diversity, it is an enormous challenge to study tbke of these indigenous consortia in
influencing the hydration behaviour and transpadpprties of the smectite-based bentonite
seal.

A general limitation in applying the results of tabtory experiments is the problem of
extrapolating over the long time period that undewugd waste repositories should remain
sealed (1Ma) which is determined by the long Iifegi of certain radionuclides (Madsen,
1998; OECD, 1999; , 2006; Pusch, 2006b). Taking axtcount that this is about the time
span between the first occurrence of fossil honsimidd today, gives an impression about the
“controllability” of a repository site (Asfaw et .al2002). Therefore, continuous and careful

research is essential and should not aim to prayusiek solutions to complex problems.
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The reaction-cell (“wet-cell” device) employed inig study, developed by Warr &
Hoffman (2004) provides an efficient laboratory lagae for monitoring in situ the
hydration of compacted smectite clays in percotpsinlution. The confined volume
nature of this reaction cell is considered to sateilmore closely the conditions
smectite clays will experience in an engineeredengidund waste repository site.
This experimental setup was successfully appliethtestigate smectite hydration in
both abiotic and biotic (bacteria containing) cdiwis by in situ X-ray diffraction
study, combined with gravimetric measurement witmimal disturbance of the
sample set up.

Combining XRD-peak calculations by using the CALCMkoftware (Plancon
&Drits, 1999) plus water vapour adsorption datas@aet al., 1992; Bérend et al.,
1995; Cases et al., 1997; Janchen et al., 2008)edl successful quantification of the
amount of water stored in both interlayer and naeflayer (surface and pore) sites
(Warr &Berger, 2007). Additionally, the changesiarticle thickness were calculated
and qualitatively used to estimate changes in Steesirface area during hydration.
As these analytical results are time dependentdas up to 25 measurements per
experiment, the dynamic changes in hydration stai#d be well defined.

The combination of classical microbiological andheralogical methods (viable cell
counts, XRD, SEM, TEM and ICP-OES) was successfalpplied to studys.
putrefaciensand smectite interaction under conditions of wagysolution to mineral
ratios (including variable agitated batch reactors.

In compacted Na-smectite powders, hydration proegdiast by saturating external
sites (surface- and pore water) and then by rdédiging this water into interlayer
sites. Knowledge of water storage as a functiosoddition chemistry and as packing
density is important for predicting smectite hydrat in underground bentonite
backfill and to assess barrier performance in tesfribe rate of water inflow, sealing
capacity and sorption and/or transport of radiodesl. Additional constraints for the

numerical modeling of material transport are predidbased on the experimentally
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determined mechanisms and on the rates of waigkearand dynamic changes in the
textural and surface properties of the clay mirseral

The process of bulk clay hydration occurs at ddferscales, ranging from the
Angstrom (lattice-layer) to the bulk (micron to mrsiructure, including particles,
clusters of particles and arrangements of clus{@ggregates). The hydration
mechanism on the lattice scale is mostly influenbgdhe type of interlayer cation
present, whereas the bulk texture of the matesalaigely affected by the ionic
strength of the infiltrating solution.

S. putrefaciengrown in smectite suspensions showed enhanced arsniio colony
forming units and prolonged survival compared towgh in standard culture medium
(LB and minimal media). This beneficial effect igributed to the sustainable supply
of cationic nutrients, organic carbon, the buffgrcapacity of clay minerals, and their
large surface areas that accumulate nutrientsesasvattachment sites and adsorb
toxic waste. In the biotic systems, the pH was deedepend on the growth phase,
with a lower pH observed during the initial stagleg and exponential phase). This is
attributed to proton production during anaerobispreation. In contrast, during the
final stages (the death phase) of growth, moreliatkkgH values are observed that is
related to the reduced buffering of the bacterdlsand the release of lyses products.
The rate of bacterially induced smectite alterdtisolution in batch solutions, as
monitored by ICP-OES, showed depletion of the meations in the nontronite
extracted solution. This is attributed to the alittonsumption and/or binding of
cations byS. putrefaciensConstant depletion of Ca occurs, most likely, tluehe
production of EPS. The release of other cationsnduthe later stages of the batch
experiments is attributed to cell lyses. When camgao the sterile control, the
compacted smectites within the confined volume treaeell showed enhanced
cation release in bacteria-containing nontronitetsms. This was especially evident
for Fe values after acid leaching and it correspdndo partial dissolution of
nontronite as confirmed by TEM coupled to EDX. Ttlissolution was observed to be
closely associated with the formation of Si-richsgend EPS. Characterization of the
reaction products from confined volume experimesitewed the presence of redox
sensitive phases and an enhanced layer chargeritronite due to Fe(lll) reduction.
Solutions extracted from the MX80 bentonite expents showed less difference
between bacteria containing and sterile samples.ifitreased release of Al by acid

leaching corresponds to a maximal of 1.4% partis@cite dissolution.
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* The presence 08. putrefaciencaused abundant textural changes, as observed by
microscopic investigations (confocal microscopy, BN associated with the
formation of smectite-aggregates and biofilm. Imfaeed volume conditions, the
presence of bacteria in Na-smectite clay was seeenhance both the uptake of
interlayer water and the amount of externally stosarface- and pore water. In this
type of compacted smectite, an increase in the tioicgkness of hydrated interlayers
occurs due to bacterial enhancement of sample pp(@RD and CALCMIX). In the
case of nontronite, additional water was store@xsrnal water indicating a similar
enhancement of porosity but, here, the rate of mistilow into the reaction cell
decreases in the presenceSofputrefaciensndicating the probable clogging of the
pores by biofilm. The presence of these bacterranguhontronite hydration also led
to a decrease in the ordering of water layers attig increased heterogeneities.

e The interaction betweeB. putrefaciensaand the different types of smectites tested
clearly encourages the growth of bacteria in clalytgons. Their role in providing a
cationic nutrient supply, energy sources and reactiineral surfaces are linked to the
key smectite properties that are most active ia geelling environments. However,
under confined volume conditions these effects sigmificantly limited by the
hindered mobility of bacteria and the buildup ofe#iimg pressures. The most
detrimental effects occurred in the nontronite dd@gause of chemical alteration most

likely triggered by chelators and other bacterigitgduced substances.

Concerning the possible application of bentonitebackfill material, it can be concluded
that the bacteria, present during the initial stagiewater inflow, will certainly influence the
hydration behaviour and modify the properties af thay barrier, especially by bacterially
produced substances that reside after the celth dezelators, EPS). Therefore, although it is
generally considered that bacteria might not serviva hydrating bentonite (except in the
form of spores), their presence should be takem @&gtount when predicting the hydration
and sealing properties of smectite-based matehal.order to study bacteria—mineral
interactions, in both natural and engineered systean interdisciplinary approach and the
understanding of multi-scale processes are eskeémtaesign and control safer clay barrier

systems.
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Appendix

Preparation of bacteria containing reaction-cellpeximents. a) Bacteria containing solution is
pipetted onto pre-dried smectite powder. b) Baatarid smectite are mixed close to the flame of a
Bunsen burner using a heat sterilized spatula. amyéer is introduced into the reaction-cell and
pressed down to enhance packing density. d) Aftding some delaminated kaolinite as internal
standard the reaction-cell is sealed by an X-ransparent capton foil and fixed with an o-ring.
e) In order to maintain constant reaction volume tkaction-cell is additionally closed by a pressur
cap that is fixed by screws. Solution is providedhfa Teflon© bottle situated on top of the reattio
cell. f) Only the bottle and the pressure cap amporarily removed for XRD-measurements.
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Procedure for biofilm and DNA colouration

In order to stain the cellulose in biofilms, abotul of the clay bacteria water
suspension was introduced into 100ul calcofluorutsmh (1pg calcofluor fluorescent
brightener 28n) and allowed to stand for 1 hour. During this tjrttee calcofluor was fixed
to the polysaccharides of the biofilm (Ramaswamyaletl997) and, under the fluorescent
light, the material appeared blue-green (wavelemmjtiemission of calcoflour 780 nm and
800nm) and could be distinguished from DNA (baebetihat was stained by ethidium
bromide (EtBr). It absorbes light at two wavelersgtB70 nm and 530nm and it emits light at
622 nm leading to a reddish colour. In advancesthidium bromide solution was prepared as
stock solution and diluted to a final concentratadr0.1pg/mg. 100ul of EtBr solution were

then added to the sample and allowed to stand h%ror to microscopy study.

Figure 7.1a shows an example of MX80 observed utrdasmitted light. The particle in
the upper right is presumably a montmorilloniteigr&longated structures in the center are
bacteria (size between 2 and 5um). Under fluoredag, the biofilms appear green due to
the adsorption of calcufluor (wavelength of emissiof calcoflour 780 nm and 800nm,
fig.7.1b). It can be distinguishable from bactel®\A stained by ethidium bromide (Fig.
7.1c) that emits light at 622 nm leading to a retddiolour. The bacteria cells that are visible
in Fig 7.1 are not stained by the ethidium bromhtmyever this product is adsorbed together
with calcofluor. Thus, it is likely that the smeetabsorbs, at least partly, the products and the

method is not fully adapted.

Fig. 7.1 a). Confocal microscope images of MX&ilrated with S. putrefaciens following the combined
treatment with calcofluor and ethidium bromideUs)der fluorescent light the calcofluor appearsee
(biofilms). c¢) Ethidium bromide appears red (DN8)de length of the images correspond to 20um.
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Estimating the generation times of exponentially gswing cultures

The generation time is a growth parameter thatcatds the time a population needs to
double in cfu. There is a direct relationship bewanitially present cells () and the
number present after exponential growth (N), simoe cell doubles to become two, those two
double to become 4 and so on. The generation 8meliuded in this relationship where n is
the number of generations:

N = Ng2"

From knowledge of the initial and final cell numbeit is possible to calculate the
number of generations and, from there, the t{th®). The generation time can be as well
calculated directly from the slope of the line aiéa in a semi-logarithmic plot of the
exponential growth (Fig. 7.2):

Slope = 0.301/g

156E07—————— ——— — Y2 slope for nontronite:
= (log 1.56E07- log 6.96 E05) /
(164 - 68)
=0,014
| Montmorillonite generation time:
6.96E0Sps < — — — — — dy1 Z0,301/0,014
" =215
|
|
x1 X2
68 h 164 h

Fig. 7.2. Calculation of generation time based e slope of
exponential growth in a semilogarithmic graph. et shows the
lines for nontronite (light grey), Minimal Mediu|1; black) and
montmorillonite (dark grey).The slope is calculatsddividingA y
by AX. It is then sufficient to divide the number 0,8§1the values
for the slope to obtain the generation time (dstsite Madigan et
al. 2003).The example calculation is done for nonite.
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Procedure for analyzing reaction-cell extracts

Between 0.2 -0.5 g of the sample where taken frioenfteshly opened reaction-cells.
Then, a 20 fold amount of Millipore water was add@dg corresponds to 4ml of water,
yielding a ratio of 50mg per ml for all samplesjeélse amounts of sample material were
determined by weighing previously weighed samplieesuafter adding the sample. The
samples were disaggregated in the ultra sonic thate for 15 minutes and allowed to stand
for 24h. After repeated ultrasonic treatment, thmpgles were centrifuged (3500rpm for 15
minutes), filtrated by using a filter (0.22um) aacidified by using concentrated HNO'he
same procedure was applied for the HCI extractiberer a 1N HCI was used as the leaching
agent instead of water. As the samples were alraadjfied, further treatment with HNOS3

was no Ionger necessary.

Calculating the amount of interlayer water

The relative abundance of water layers obtainech f@ALCMIX-calculations were used
to estimate the amount of interlayer water using d@m isotherm absorption experiments of
montmorillonites (Bérend et al., 1995; Cases et H97). The nontronite values were
estimated based on data of Jahnchen et al. (20@6)Milliken & Mustard (2007). An
example calculation on SWYy-2 is given for the follog abundances: 58% 0-WL, 34% 1-WL
and 8% 2-WL. The relative abundances of WL strustwere multiplied with corresponding
values for WL structures (see table 7.1):
(0.58* 0) + (0.34*0.12 ) + (0.08 * 0.24 ) = 0 #0@ + 0.02= 0.06ml/g.

IBECO seal 80 TIXOTON-TE MX80 SWy-2- Nontronite
(Na") (cah Montmorillonite (NAu-1)
(Na'/ca” (Na") (cah)
1-WL 0.12 0.11 0.09 0.12 0.12
2-WL 0.24 0.22 0.18 0.24 0.25
3-WL 0.36 0.33 0.27 0.36 0.37
4-WL 0.49 0.44 0.36 - 0.51

Table 7.1. Values used to calculate interlayerenginl/g) as taken from water vapour
adsorption isotherms (Bérend et al., 1995; Casesakt 1997) for the homoionic
montmorillonites and from (Sauzeat et al., 2001)M&X80. Values for nontronite were taken
from (Janchen et al., 2006; Milliken &Mustard, 2Q0As values for 3 and 4-WL structures
were not presented in the literature the data wasrpolated based on values for 1 and 2-
WLs.
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Calculation of surface areas based on number of pacles per stack

The number of layers per stack (N; the particlekhéss) changes during hydration and,
therefore, was adjusted in the CALCMIX-softwareccdtions. In each experiment, the N
value obtained for the initial and most dehydragtdes was taken as a reference. In most of
the samples, this was around 18 particles per shamck although higher numbers were
obtained in other studies, the lower values wekertao be consistent and, thus, assumed to
correspond to the N value during the outgassingditions of BET measurements. The
decrease in layers per stack can be expressecetaiae increase in surface. The increase of
the external surface was calculated based on tlosving relationships:

Change in number of surfacesN):
AN = Ninit [ N*2
Ninit = Number of layers per stack at dry state

N = Number of layers per stack (CALCMIX)

Calculation of theoretical corresponding surfacadQa):

St:alc =SSABET/ (AN * 2)

SSAser = measured BET surface area
AN = Change in number of layers

The limitations of this method were obtained whafcualating the maximal surface area
for monolayer particles (table 7.2.). Here, smestitwith divalent interlayer cations,
theoretically, yield higher values than possibliisTis basically due to the higher hydration
energy of Ca that induces interlayer hydrationllatetdative pressures and, consequently, the

BET surface area does include internal surfacesdjr at the “dry” state (Cases et al., 1997).

IBECO TIXOTON MX80 Nontronite SWy-2

Particles per stack initial 18 18 19 15 18
(corresponding to BET)

BET - surface area 55.33 103.01 30.03 83.98 27.64
[m?/g]

Calculated maximal surface area[gj* 995.94 (1854) 570.6 (1259.7) 498.1

Table 7.2. Theoretical surface area based on chamgéayers per stack. * Assuming 1 layer
per stack (monolayers). Values for materials witiatknt interlayer cations (TIXOTON and
nontronite) overestimate the theoretical surfaceaar
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CALCMIX

i

S [=] E3
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1
1
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i BA  [2teta=11)
¢ E7A  [Zteta=13.2¢
534 [Pleta=16.7:
4614 [Pteta=19.

F 3834 [teta= 23
. f. 2364 [Jeta= 26
"-. n Il 3014 [Zteta= 296
J . I
: !
d
- r |
Vo AL
] i } L
: BN AN E ' ) A
il | ]

Example of the user interface of the CALCMIX rsspage after fitting a whole rock profile
taken from the user manual (Plancon & Drits, 1999).
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Comparison between the measured and manually fitte@calculated) patterns using
CALCMIX:

measurement calculation
79007 pre._dried MX80 (1.43g/cm®) 7000
> 6000 -
.(7) | :.ﬁ
§ 5000 g
£ =
5 4000 - =
IS 8
@™ 3000 A =
£ E
S 2000 A S
1000
O W\
2 4 6 8 10 12 14
2 Theta 2 Theta
2500 Pre-dried MX80 (1.35g/cm?®) 2500 ]
2 2000 2 2000
[72] (2]
= =
2 2
= 15007 £ 1500
3 3
kS| N
£ 10007 £ 1000 T
S o
< / c
500 N 500 X
0. 0 . . - S e
2 4 6 8 10 12 14
2 Theta
Selected measured and calculated X-ray diffraction patters from the confined volume reaction-
cell experiments (Pre-dried MX80).
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normalized Intenslty

measurement calculation
35007 sterile, pre-hydrated MX80 (1.6g/cm?3) %0
30001 > 3000 ]
=
25001 S 2500 1
£
2000/ E 2000 1
1500 | 1500
E
(<]
10001 £ 1000
5001 500 T
0 0
2 4 6 8 10 2 14
2 Theta
1000, Dacteria containing MX80 (1.6g/cm3) 4000 -
2 3500
‘@
T 3000
s
o 25001
@
= 2000 |
a
§ 1500 {
=
1000 |
500 Jem
04
2 4 6 8 10 12 14
2 Theta

Selected measured and calculated X-ray diffragpatters from the confined volume
reaction-cell experiments (hydrated sterile andteeia containing MX80).
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narmallzed Intenslty

normalized inlensity

normallized Intenskty

measurement

pre-dried, sterile nontronite

160007 phacteria containing, hydrated
nontronite
120001
80004
4000
0 T T T
2 4 6 8 10 12
2 Theta
35007 sterile, hydrated nontronite
3000
2500
2000
1500
1000
500
0 T T T T —‘I
2 4 6 8 10 12
2 Theta

narmalized intensity

nermalized inlonsity

nermalized intensity

calculation
2500
2000
1500
1000

500

2 Theta

16000+

=
N
3
<

©
3
P

40001

10 12

2 Theta

35007

30001

2500+

20001

15001

10001

500

0 T T
2 4 6 8

2 Theta

10 12

Selected measured and calculated X-ray diffractiatters from the confined volume
reaction-cell experiments (Pre-dried and hydrateterile and bacteria containing

nontronite).
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Biomineralisation

Biologically induced mineralization often occursagassive way, as a byproduct of the
cells metabolic activity (Lowenstam, 1981) or doethe fact that they serve as nucleation
sites (Ehrlich, 1996; , 1999; Kronhauser, 2007)e Phecipitation of amorphous silica was,
for example, observed by TEM in biotic nontronitelusion experiments and could be
attributed to bacterially induced dissolution feWled by precipitations. Furukawa and
O'Reilly (2007) observed, in addition, the formatiof Si globules which was interpreted to
occur in combination with polymerization and stedaition by “biomolecules”.

Another precipitate that was observed only in b#teontaining nontronite samples
(XRD) was the hydrated iron phosphate vivianite eg(FQ,), * 8H,0) that formed as a
function of Fe(ll) concentration and dissolved pgiteste (Kronhauser, 2007). As this mineral
was only detected at later stages of the expergtient and because its formation was
described to be inhibited by viale putrefaciensells (Jorand et al., 2000), it is likely that it
precipitated after cell death by using phosphateickvwas released during cell lyses. A
similar process can be assumed for the precipitatiadhe sodium sulfate mirabilite (N&O,
*10H,0) which was, as well, only visible in bacteria taining samples.

In case of both, the sterile aBd putrefaciensontaining longterm MX80 experiments, the
presence of “green rust”, an iron carbonate withgbneralized formula E®H),2(COs), was
detected. Regarding its formation, the Fe mightvdefrom pyrite, which makes up about
0.5% of the whole rock samples (Chapter 3). Becafighis small amount, it could not be
clearly detected in XRD patterns (Fig. 5.4.7) butmight have contributed to Fe oxide
formation. Pyrite is oxidized in contact with theperimental solution pyrite according to the

(simplified) reaction:

FeS + 15/2 Q + 7/2 HO > Fe(OH) + 2SQ% + 4H"

This reaction leads, besides a decrease in pH ladormation of sulphate and the
precipitation of Fe(lll)-hydroxides, which are thamailable to form the iron carbonate. The
carbonate required for this formation might defrfireem the dissolved calcite according to the

reaction:

CaCQ + H,0 > C&™+ HCO; + OH
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This reaction buffers the pH to some degree andsleat the same time, to a release of
Cd" cations. It is possible that the calcium partitésatogether with the sulfate (released
from pyrite oxidation) to form the bassanite, freqtly found both in bacteria containing and

bacteria free samples:
c&' + 0.5 HO + SO% = CasQ *0.5 H,0

Precipitation of green rust is visible in both thecteria containing and the sterile sample.
In the latter, the X-ray diffraction reflection tfis mineral is constantly changing in intensity,
which indicates an alternating dissolution and pitation reactions. The same effect is
visible in the case of calcite, bassanite and rbomote (MNCQ). As rhodochrosite formation
requires iron reduction in combination with and e of HCQ@ its presence and
disappearance indicates fluctuations in both Ehpshdonditions (Kronhauser, 2007).

In the presence of bacteria, the system appeass dasceptible to mineralogical
fluctuations. This is visible with the continuousssblution of calcite, the synchronous
formation of lepidocrocitey(FeOOH) and in the stable reflection of green r@Loughlin
and co-workers (2007) stated that the formatiogreen rust occurs as a result of bacterially
reduced lepidocrocite. Nevertheless, this couldoeotonfirmed from the MX80 experiments,
since both phases co-exist and the anaerobic comslialone induce the formation of the rust
phase. In contrast, it seems that the presencaatéiia leads to a stabilization of the redox
conditions and a buffering of pH. However, directasurements of this parameters in the

reaction-cells are not possible yet.
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