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Résumé

Les approches macroscopiques (cinétique chimique) et microscopiques (spectroscopie EXAFS
polarisée) ont été couplées dans le but de caractériser les mécanismes moléculaires de fixation de
cations divalents (Co, Zn) sur I’ hectorite, une smectite magnésienne, et sur le quartz.

A pH = 6,5, haute force ionique, et pour un rapport Zn/hectorite de ~ 50 umol/g, une adsorption
spécifique de Co et Zn a lieu. Cette adsorption n’atteint pas I’équilibre avant plusieurs heures, et
coincide avec une libération initiale accrue de protons et de Mg en solution, puis une inhibition a long
terme (t > 48 h) de la cinétique de dissolution de I'hectorite. Co et Zn adsorbés forment des
complexes de surface mononucléaires en continuité structurale de la couche octaédrique des feuillets
d’hectorite. A basse force ionique, Co et Zn sont initialement adsorbés par échange cationique. Cette
réaction atteint I’équilibre en moins de 5 min. Ces cations forment initialement des complexes de
sphére externe sur les sites d’échange, puis ils migrent progressivement vers les sites de bordure des
feuillets, ot ils forment des complexes de surface similaires a ceux formés a haute force ionique.

Le mécanisme et I’amplitude de I’adsorption de Zn sur I’hectorite & pH 7,3, a haute force
ionique et pour un rapport Zn/hectorite de 1480 pmol/g, dépend de la concentration en silice dissoute,
[Si]. La quantité de Zn adsorbé est limitée pour [Si] = 30-60 pmol/L, et Zn forme des polymeres de
petite taille (2-3 octagédres) en continuité structurale de la couche octaédrique de ['hectorite. La
quantité de Zn adsorbé est beaucoup plus importante pour [Si] = 540 umol/L; cette adsorption est
corrélée a une adsorption de Si, et correspond 2 la nucléation de phyllosilicates TOT zinciferes en
épitaxie dans le plan ab des feuillets.

Une analyse approfondie de spectres EXAFS de Co adsorbé sur le quartz révele que cet €élément
polymérise sous forme de couches d’octaédres liées a des couches de tétracdres de Si, pour former des

phyllosilicates cobaltiferes. Le mécanisme de cette néoformation est discuté.

Mots clefs : hectorite, quartz, cobalt, zinc, EXAFS, cinétique, adsorption,

échange cationique, épitaxie, phyllosilicate




Abstract

The sorption mechanism and the crystallochemical environment of divalent Co and Zn on
hectorite, a magnesian smectite, and quartz are investigated by combined kinetics chemical studies
and polarized-EXAFS (P-EXAFS) spectroscopy. At high ionic strength (0.3 M NaNO3), pH 6.5, and a
sorba.tefhectorite ratio of ~50 pumol/g, Zn and Co adsorb via a pH-dependent mechanism. This
sorption process coincides with an initial excess release of protons and Mg in the supernatant, and
with a long term inhibition of hectorite dissolution. Sorbate cations form mononuclear surface
complexes in the continuity of the magnesian octahedral sheet of the clay structure. At low ionic
strength, Zn and Co initially sorb rapidly by cation exchange, and form outer-sphere surface

complexes. Following this fast sorption process, sorbed ions are progressively transferred from

interlayer exchange sites to layer edges sites, where they form inner-sphere surface complexes. Cation
exchange sites thus act as transient cationic buffer.

At pH 7.3, high ionic strength and sorbate/hectorite ratio (1480 pmol/g), the amplitude and
kinetics of Zn sorption depend on the concentration of dissolved Si, [Si]. At [Si] = 30-60 pmol/L, Zn
forms small polynuclear complexes of 2-3 atoms located in structural continuity of hectorite
octahedral sheets. At [Si] = 540 pmol/L, heteronucleation and growth of a Zn-rich phyllosilicate
occurs in structural continuity of hectorite layers.

EXAFS spectra of Co-sorbed quartz first indicate formation of large Co octahedral sheets.
However, close examination of atomic contributions revealed that these sheets are connected to Si
tetrahedral sheets, meaning that the sorption of Co on q.uartz leads to the neoformation of
phyllosilicate. The mechanism of this neoformation is discussed.
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Introduction générale

A partir du moment ol une forme s’est détachée des Eaux, tout lien organique
immédiat entre celles-ci et celle-1a est rompu ; entre le préformel et la forme ilyaun
hiatus. Cette rupture n’a pas lieu lorsqu’il s’agit de formes engendrées par la Terre et
de la Terre ; celles-ci restent solidaires de leur matrice, dont elles ne se sont
d’ailleurs détachées que provisoirement, a laquelle elles retourneront pour sc
reposer, se fortifier et, finalement, reparaitre au grand jour. C’est pour cela qu’il y a
entre la terre ct les formes organiques par elle engendrées un lien magique de
sympathie. Toutes ensembles, elles constituent un systéme. Les fils invisibles qui
relient la végétation, le régne animal et les hommes d’une certaine région, au sol qui
les a produits et qui les porte et les nourrit, ont été tissés par la vie qui palpite aussi
bien dans la Mére que dans ses créatures. La solidarité qui existe entre le tellurique
d’un c6té, le végétal, I’animal, I’humain de I’autre, est due & la vie qui est la méme
partout. Leur unité est d’ordre biologique. Et lorsque 'un quelconque des modes de
cetie vie est souillée ou stérilisée par un crime contre la vie, tous ses autres modes
sont atteints, en vertu de leur solidarité organique.

Mircea Eliade, 1949 « Traité d’histoire des religions », bibliotheque historique Payot
(édition de 1994), Paris.

Les quelques lignes placées en exergue de cette introduction permettent de mieux comprendre
le role fondamental des sols et des surfaces altérées vis-a-vis des &tre humains, des points de vue
religieux, sociologiques, biologiques, et économiques. La mise en culture de plantes utiles, le
développement de I"agriculture et la sédentarisation des cultivateurs ont influencé de manicre décisive
le développement des cités et des civilisations occidentales. Cette importance des ressources
alimentaires a conduit progressivement & I’optimisation des pratiques agricoles. Cette recherche
agronomique a eu pour objet les plantes, mais aussi les sols et leur capacité a retenir I’eau et les
nutriments essentiels [1]. On s’est ainsi intéressé aux propriétés texturales et structurales des sols,
ainsi qu’a leur composition chimique et minéralogique. Ces recherches ont permis de mettre en
évidence le role fondamental joué par les minéraux de la fraction argileuse, notamment les

phyllosilicates [2].

Les phyllosilicates sont abondants dans les sols et les profils d’altération [3-6]. Ces minéraux
présentent une grande réactivité dans les milieux naturels, notamment vis-a-vis des €éléments
métalliques présents en solution. En effet, certains phyllosilicates comme les smectites et vermiculites
présentent une morphologie lamellaire, une surface spécifique élevée et une charge structurale
permanente [3, 7, 8]. Ces propriétés conferent aux smectites et vermiculites la capacité de retenir les
cations métalliques a proximité de leur surface par interaction électrostatique [9]. En milieu hydraté,
ces cations peuvent étre échangés facilement et rapidement avec d’autres cations présents en solution.
Les cations métalliques peuvent aussi perdre tout ou partie de leur sphére d’hydratation, et former

avec la surface des phyllosilicates des liaisons iono-covalentes fortes. Ils peuvent également diffuser

dans le réseau cristallin des phyllosilicates, et occuper des lacunes dans ce réseau. Enfin, les cations




métalliques peuvent étre intégrés dans la structure des phyllosilicates lors de processus de
néoformation argileuse et de croissance cristalline [10]. L’ensemble de ces mécanismes d’adsorption
sur les solides minéraux a pour effet de réduire la concentration et la mobilité des especes chimiques
cationiques dans le milieu naturel. Identifier le mécanisme d’adsorption pour un couple cation-argile
donné est alors un préalable nécessaire 4 I'étude de la mobilité et de la biodisponibilité des cations
métalliques [11]. A cet effet, les techniques de spectroscopie d’absorption des rayons X, et
notamment la spectroscopie de structure fine étendue d’absorption des rayons X (acronyme anglais :
EXAFS) ont donné de précieuses informations sur les états physico-chimiques de polluants dans des
milieux contaminés [12, 13]. La spectroscopie EXAFS notamment permet de déterminer
I'environnement chimique et structural sur quelques angstroms autour d’un élément cible, et ce a de
faibles teneurs en cet €lément. De plus, I'interprétation de cette information structurale en termes de

mécanismes d’adsorption est facilitée par I’étude de ces mécanismes au laboratoire.
p

Cette €tude a pour objet la caractérisation des mécanismes d’adsorption des cations divalents
Co et Zn par les phyllosilicates, et de néoformation de phyllosilicates zincifere et cobaltiféres. Les
expériences d’adsorption ont été menées principalement sur 1’hectorite, une smectite magnésienne de
taille analogue a celle des smectites présentes dans les sols [14]. Pour bien caractériser les différents
mécanismes de fixation des cations, des techniques macroscopiques et spectroscopiques ont été
employées simultanément. La spectroscopie EXAFS utilisée dans le cadre de cette étude permet
d’identifier la nature du complexe cation-solide, et donc de reconstituer le mécanisme moléculaire de
fixation des cations. De plus, I’application de ’EXAFS polarisé (P-EXAFS) a I'étude de films auto-
supportés de smectites permet de reconstituer 1’environnement cristallochimique des cations cibles
avec tres peu d’ambiguité [15, 16]. Cette étude spectroscopique fournit en outre des spectres de
référence utiles pour I’analyse ultérieure d’échantillons naturels. 1.’étude chimique macroscopique
permet (1) d’estimer la cinétique et ’amplitude de I'adsorption en fonction de paramétres de la
solution tels que son pH, sa force ionique, sa composition chimique, et (2) de mesurer I'impact de
cette fixation sur la stabilité¢ de la phase solide. A partic de ces informations, il est possible de
déterminer la stabilité chimique des complexes formés entre le cation et la phase solide, et de prédire

plus précisément le devenir des cations dans ces milicux dynamiques que sont les systémes naturels
[17].

Ce mémoire est divisé en neuf chapitres, regroupés en cinq parties. La premicre partie
(chapitres 1 et 2) consiste en des rappels généraux sur la structure des smectites, et leurs propriétés
chimiques en solution. La deuxiéme partie (chapitre 3) détaille les opérations de purification de
I"hectorite, ainsi que les protocoles chimiques mis en ceuvre pour les expériences en solution. Les
résultats de I’étude d’adsorption des cations Co et Zn sur ’hectorite i pH modéré et faible rapport
cation/solide sont présentés dans la troisigme partie (chapitres 4 et 5). La quatriéme partie présente les
résultats de nucléation et cristallisation de phyllosilicates zinciferes sur I"hectorite (chapitre 6) et

cobaltiferes sur le quartz (chapitre 7) a température ambiante. Les résultats obtenus permettent

finalement de discuter dans la cinquieme partie la notion d’échange cationique dans les sols (chapitre
8).

note : dans la suite du texte frangais, le mot « adsorption » (et tous les termes qui s'y ratta-ichent)
désigne I’ensemble des mécanismes de fixation d’un cation a la surface d’une phase solide. Ce

. . ) : ; i a été
mot est donc pris comme un équivalent frangais du terme anglais « sorption », tel qu’il a

employé par Scheidegger & al [18].




Premiére partie :
les smectites

Introduction

Les phyllosilicates sont des composés hydratés de silice et de cations métalliques di- ou
trivalents. Ils ont pour dénominateur commun une organisation élémentaire bidimensionnelle, qui
résulte de I’agencement de leurs constituants chimiques au niveau atomique. Cette anisotropie
structurale a pour conséquences une forte anisotropie des propriétés physico-chimiques, en particulier
des différences notables de réactivité de faces cristallographiques distinctes des feuillets élémentaires.
Pour bien comprendre ces différences de propriétés chimiques, il est important de connaitre la

structure cristallochimique des phyllosilicates.

Les phyllosilicates contenus dans les sols et les profils d’altérations présentent une grande
variété de compositions chimiques, notamment en termes de nature des cations (Al, Fe, Mg...) et de
proportions cation/silice. Ces différences chimiques ont un impact sur la structure des phyllosilicates,
mais aussi sur leur réactivité en solution, notamment en termes de stabilité, de solubilité, de rétention
et d’échange de cations interfoliaires. Ces relations entre composition élémentaire, organisation
structurale et réactivité de surface des phyllosilicates sont illustrées dans le cas des smectites,

| phyllosilicates ubiquistes dans les milieux naturels.

Cette partie est divisée en deux sections. La premiere section (chapitre 1) décrit la structure |
‘ élémentaire des particules de smectites, et |’organisation structurale de I’espace interfoliaire et des |
bordures des feuillets. La seconde section (chapitre 2) présente les différents mécanismes de fixation

des cations a la surface des smectites, ainsi que les modéles macroscopiques utilisés jusqu’a présent

pour décrire cette adsorption.
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1. Propriétés structurales des smectites

1.1. Structure et propriétés du feuillet élémentaire

1.1.1. Structure cristalline idéale

Les smectites sont des silicates hydratés d’aluminium, de magnésium, ou de fer. Elles
possédent une structure lamellaire ou phyllitique, formée par I’assemblage de deux couches
tétraédriques (notées T) autour d’une couche octaédrique (notée O; fig. 1.1.a). Les octagédres sont
assemblés entre eux exclusivement par les arétes. Les tétraédres sont reliés entre eux exclusivement
par les sommets, et partagent chacun un sommet avec la couche octaédrique. Les oxygeénes basaux
partagés seulement par les tétraédres forment des réseaux bidimensionnels plus ou moins plans (fig.
1.1b). Ces oxygenes délimitent des cavités dites siloxanes, dont le rayon est légérement inférieur a 1.4
A [2]. Les oxygenes de la couche d’octagdres non partagés avec des tétracdres sont protonés, et
forment des groupes hydroxyles. Ces groupes hydroxyles de constitution sont situés a I’aplomb des

cavités siloxanes.

510 /Couche )= 5
X tétraédrique r

T ':: Couch ’?‘ T
MO B g rooe “"%’%@ A
v\'ﬁ,‘é{&!ﬁ

,,,,,,,,,,,,,,,,,,,,,,, ﬁ\

o

il ¥ W
| foliaire s R"

n.-’égz:

O Oxygeéne des plans basaux

© Groupement hydroxyle du
feuillet octaedrique

00 O©OOH e(Si,Al .(AI, Fe, Mg)

Figure 1.1. Structure tridimensionnelle d’un feuillet de smectite [16]. a) Visualisation des poly&dres de co-
ordination des cations structuraux, avec nomenclature des sites octaédriques trans (M1) et cis (M2). b)
Vue de la structure dans la direction normale au feuillet, permettant de voir I'arrangement des
oxygeénes de la cavité siloxane et la position des groupements hydroxyles.

Les sites tétraédriques d’une smectite sont tous occupés par des cations, généralement des ions

4 . 1 i . Y 3 3 . S &
Si*, mais qui peuvent &tre substitués par des ions Fe'* ou Al Les sites octaédriques peuvent étre
occupés par des cations, mais selon leur charge formelle certains sites octaédriques peuvent &tre

vacanfts.
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® Si les cations de la couche octaédrique sont principalement trivalents, alors seuls deux sites
octaédriques sur trois sont occupés. Les smectites sont dites dioctaédriques. Leur com osi‘-t'
chimique par demi-maille egt Me3*si,0,, (OH), (Me™ = AP*, Fe* p) [IJOn
groupements hydroxyles de la couche octaédrique sont alors inclinds e dirc;ction des eit:

vacants 5 8 ' sont di
cants [19, 20]. Les smectites sont dites « trans-vacantes » s; les groupes hydroxyles sont

J Cal s g & & < 3 O A O Y -

Vr vt ™ .
acantes » si les groupes hydroxyles sont localisés Ie long d’une aréte partagée par deux
octaedres (sites M2 : fig. 1.1.a).

e Si les cati aédri S i
ations octaédriques sont divalents, alors tous les sites octaédriques sont occupés. Les

smectites sont dites trioctaédriques. Leur composition chimj
24 a- 24
Me;"Si,0,0(OH), (Me?* = Mg™, Fe*, Ni?*, Zn™, .). Les groupements hydroxyles du
feuillet pointent alors vers I’extér: i L |
§ Lexterieur du feuillet, selon une directi 3
ek ) ction normale 3 I
octaédrique [19, 21]. oo

que par demi-maille est

a, b), est fonction de |
nature d 1 ; ¢ iff 2 couc o
u cation. Ces paramétres (a, b) sont souvent différents de ceux de la couche tétraédrique

isolée. L’ajust i i 5 Sdri
justement des dimensions des couches octaédriques et tétraédriques se fait par le biais de

ypes de couches, modifications qui ont : ;
: ) 2 une amplitude diffé
selon la nature du cation octaédrique. p fférente

® Les catio Sdri i s (AP ? i
ons octaédriques trivalents (AI"", Fe *...) des smectites dioctaédriques ont des rayons

loniques relativement petits (Ru=0.53 A; Ri = 0.55 A). Par conséquent, les paramétres (a
b) de la couche octaédrique isolée sont nettement plus petits que ceux de Ia couchc;

tétraédrique isolée. L’ajust es
q - L’ajustement de ces deux couches se fait en partie grice i upe

augmentati &
g ation des paramétres (a, b) de la couche octaédrique par un aplatissement des
octae ati i i k
aedres avec conservation des distances cation-oxygene (fig. 1.2). Cet aplatissement est
: : : 12). s
mesu y i
re par I'angle v, entre la normale au feuillet et le vecteur Joignant deux OXygenes

diameé .
lameétralement opposés. La valeur de cet angle est de 54.7° pour des octaddres non

déformés (symétrie Oh), et d’environ 57° dans le cas de smectites dioctaédriques [3, 16, 23
l?e ;?lus les parameires (a, b) de la couche tétraédrique sont réduits par d’uneLrotz’ttior; de]s'
[,etraedres auFour d’axes parallgles 3 ¢* (fig. 1.3.a). La rotation des tétraédres est mesurée par
I"angle o, qui peut valoir Jusqu'a 15° [3, 24]. Cette rotation est corrélée a un basculenlgnt
des oxygenes des plans de base vers Jes sites octaédriques vacants (fig. 1.3.b). La symétri
hexagonale de la cavitg siloxane est alors perdue au profit d’une symétrie ; N

ditrigonale, et le rayon de la cavité diminue légerement.

seudo-
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Figure 1.2. Mllustration de I’aplatissement de la couche octaédrique d’une smectite et de son impact
sur les distances entre cations. Les sphéres sombres représentent les cations et les blanches les

oxygenes de I’octagdre de coordination.

Figure 1.3. (a) Mécanisme de raccourcissement
de la couche tétraédrique des smectites par
rotation conjugée des tétraédres autour d’axes
paralleles a c¢*. Le sens de rotation est indiqué
par les petites fleches. En raison de la symétrie
pseudo-ditrigonale de la  couche, Ie
raccourcissement a lieu dans toutes les
directions du plan. (b) Basculement des
oxygenes des plans de base vers les sites octaé-
driques vacants.

e Dans les phyllosilicates trioctaédriques, les cations de la couche octaédrique ont des rayons
ioniques plus élevés, entre 0.6 et 0.75 A. L’angle y peut atteindre des valeurs élevées,
jusqu’a 60° [3]. La déformation de la couche tétraédrique est alors nettement moins

importante, avec des valeurs de o inférieures 4 7°, et méme parfois nulles [3, 24, 25]. Enfin,

il n’y pas de basculement des oxygénes des plans de base.

1.1.2. Charge structurale des smectites

Les smectites présentent toutes un déficit de charge électrique du feuillet, de 1’ordre de 0.2 a

0.6 charge par demi-maille [3, 7, 26, 27]. Dans la plupart des cas, ce déficit résulte de la substitution
et

partielle de cations structuraux par des cations de valence inférieure. Par exemple, les ions Si
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_ . " illets successifs sont décalés par des translations
peuvent étre remplacés par des ions AI**. Dans les smectites dioctaédriques, les cations Al™et Fe** des g Dansun eoiplement ?CH’H"OTdD“nC’ lesdf:il;lzurs + n 21/3, ou £ n.b/3). Ces empilements ne
sites octaédriques peuvent étre remplacés par des ions Mg®* et Fe™ ... Ce déficit peut aussi provenir de et des rotations « seml—defn‘ues »- (e'g(i;ﬂt le déficit de charge est d’origine tétraédrique.
la présence de lacunes dans la couche octaédrique (cas des stévensites). La nature et la localisation du sont observés que pour les smectites | |
déficit de charge du feuillet, ainsi que la nature du cation octaédrique dominant, sont utilisées pour e Dans un empilement turbostratique, les feuillets sont déca-lés par d.es-r((;t:atlzzztzil;); :zz
classifier les smectites (tableau 11y ! translations quelconques. Les axes a et b de feuillets suzces:fs (;;on: T;H(S]:rei:; - 'Ce pe |
: et la particule ne présente pas d’ordre dans . |
Tableau 1.1. Classification et formule structurale des principales smectites, basée sur la par ra[?port o dllme? C; : Eent chez 1espsmectites. |
localisation de la charge et la nature des cations octaédriques. Le déficit de charge PompilamEntest e Pls s
structural

est équilibré par un cation E* retenu aupres du feuillet.

Localisation de la charge Smectites dioctaédriques Smectites trioctaédriques

Montmorillonite Hectorite
E; (Al2xMg,)Si40,0(0OH), E] (Mg3,Li,)Si40,0(OH), |
Cragdrique Stévensite
EJ, (Mgs, x)5140,0(OH), . , N, —
( = site vacant) Empilement turbostratique Empilement semi-ordonné  Empile
Beidellite Saponite , . illets argileux.
Tétraédrique E:A]2(8i4-xAIx)OID(OH)2 E:Mg3(SEiAlx)Olo(OH)z Figure 1.4, Les différents modes d’empilement des feuillets arg
Nontromite L.a morphologie des feuillets peut avoir un impact sur I'importance c-lu dés_;ordre dans' les
5 AN, em 'ler:errl?s lfl)rboqtratiques. Par exemple, les feuillets allongé selon une direction SHElogmphuE
P ‘

Le déficit de charge est compensé par des cations

~

» hydratés ou non, retenus 2 proximité des

3 el 3 (1 p

insi d’ ilement
ible d’augmenter I'ordre au sein des empilements, et de passst il Lo e At ‘!
. . . . . ossible d au s oy ication (HD) répétés |
empilements d’ordre et d’amplitude variable, comme cela est illustré dans la partie suivante. B bostratique 4 un empilement semi-ordonné, par des cycles d’humectation dessigation. | Kz RI; of 1
furbos ~ati i ’
[32-34]. Cette augmentation de 1’ordre est facilitée avec les gros cations alcalins comme
L . (=
1.2. Empilement des feuillets

> (V.A. Drits, communication
i alcalino-terreux comme Ca™ (V.A. ;
Cs" [34], et nettement moins avec les alcal

Des particules tridimensionnelles de smectites

ul etS.

peuvent étre obtenues par empilement de
Le nombre de fenillets empilés varie selon la nature d
d’hydratation de I"espace interfoliaire [28-30]. 11 peut varier de

smectites calciques) 4 un feuillet isolé (cas

A s = : d A I A
le||(} T - f HC S. p I)I)

i izai : dans la section suivante.
plusieurs dizaines d’unités (cas des

de certaines smectites sodiques ;

[2]). La cohésion entre
les feuillets d’une méme particule est assurée par la couche interfoliaire (¢

__ j jaire
ations et éventuellement 1.3. Organisation de I'espace in terfoliair
eau d’hydratation). Trois modes d’empilement sont observés pour les phyllosilicates (fig. 1.4) [31].

® Dans un empilement ordonné, Jes feuillets ont les mémes directions cristallographiques (aux
I

1.3.1. Interactions entre cations interfoliaires et feuillets

propri€tés de symétrie de la maille prés). Ils sont positionnés les uns par rapport aux autres
de sorte que les centres des cavités siloxanes se font face et son
dans la direction ¢*

. c (l l 2 L . e h 5 | - . . p p ¢ S Or§ |
(/t(,... " I)a] S CE cas 1]; |l€ll\«’Ell[ IéS]dCI SOlt dﬂ]]S ld. (,OIlChC (IIHIHB SO i au v [S]Ilage mmmediat ‘leS
) 2 3

o I l‘ d b. f d 0 h h (; t [_[-
0 y 2
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euvent aussi 51 ¢ ! : i
p aussi perdre plusieurs molécules d’eau d hydratation, et leur polyédre de coordination est
s

alors Eté par .
rs complété par des oxygeénes des plans de base. Ces cations forment alors des com

interne (CSI)". plexes de sphére

o

¥
}_ ) Double couche
2

diffuse

Le mode de fixation d’un cation dépend essentiellement de sa char

d’hydratation de I’esp ge, de sa taille, de I'état

en I,Origiu:i; r[:étZ:'ohau'e, dg /fac.teur d’ordre dans I’empilement des feuillets de la
pariente e que ou oclae.drlque du déficit de charge [2]. Si le déficit de charge a
e igine OCtilE:dl‘ltu, alors une grande partie de ce déficit est délocalisée par le biais des tétraddres
liés ej cet octaédre sur environ 10 oxygenes des plans de base. Le déficit de char;ge os't'(e "
op’(ygenfz est faible (de I'ordre de 0.12-0.15 unit€), ce qui favorise des inte:ractionP f'l';e ’
délocalisées (interactions €lectrostatiques, pont H..). Par contre, si la substitution a ]isaud(]iar:asS

tétragdre s le défici
/ ragdre, alors le déficit de charge est localisé principalement sur les 3 ox
tétracdre.

ar
et
un
ygenes basaux de ce

La fraction de & & i
char g€ par oxygene est phlS importante et les iﬂfCl'&CtiOﬂS fortes comme
bl

af1 raA I
formation de CSI, sont favorisées. D’autre part, la déshydratation X

partielle ou totale de I’espace

feuillets et a favoriser la formatj
' . 1on d
dans lesquels les cations sont liés aux deux feuillets [21, 34] oo

interfoliaire tend A rapprocher les plans de base des

1.3.2. Environnements structuraux des cations interfoliaires

Les cations et les g ‘et isé
s molécules d’eau localisés dans un espace interfoliaire hydraté sont mobiles

I QU u p b

superieurs a ceux des cations du feuillet. Tls peuvent par consé

| quent €tre remplacés par des cations de

a solution dans de brefs délais (moins de 24 h), et sont donc échan

< s - geables. La mobilité
conscquent I"échangeabilité) de certains cations \s1 par

interfoliaires peut étre restreinte par des cycles HD
2 R

ou par dés atation a he :
par déshydratation a haute température ou sous vide [43, 44]. Cependant, cette déshydratati
J , ratation

|
Les termes « complexes hors sphere

S » el « complexes de sphere i ici
. oI Int
définitions purement structurales. ’ THersontierdes

16

!

modifie I’environnement structural du cation interfoliaire par rapport aux conditions hydratées. Ceci
souligne I’intérét des techniques permettant une caractérisation structurale des cations interfoliaires
en présence d’eau : spectroscopie infrarouge, spectroscopie de résonance magnétique nucléaire,
diffraction des rayons X, spectroscopie EXAFS. Les modes possible d’organisation de I'espace
interfoliaire peuvent aussi étre abordés de facon théorique, notamment par dynamique moléculaire
[45-48]. Cependant, ces études théoriques posent probleme, cas elles ne prennent pas en compte de
maniére explicite I'impact de I’empilement des feuillets (turbostratiques ou semi-ordonnés) sur la
nature des complexes interfoliaires. De fait, elles demeurent sujettes a caution. Les résultats des
études expérimentales et théoriques pour des smectites ne contenant qu’un seul type de cation

interfoliaire (systémes dit homoioniques) peuvent étre résumés comme suit.

e Les cations alcalins K*, Rb" et Cs™ ont des enthalpies d’hydratation relativement faibles en
valeur absolue (tableau 1.2), et des rayons ioniques égaux (K*) ou supérieures (Rb", Cs") a
celui de la cavité siloxane (r < 1.4 A: [2]). Ces cations peuvent donc perdre facilement une
partie de leurs molécules d’eau d’hydratation au profit des oxygenes des plans de base. A
pression partielle de vapeur d’eau Py inférieure a la pression saturante, Py, des CSI sont
observés par RMN [41]. Les simulations par dynamique moléculaires suggérent que de ces
CSI se forment par liaison des cations avec les oxygénes basaux d’un tétracdre (fig. 1.6.a)
[45]. La quantité d’eau localisée dans I’espace interfoliaire est faible, de 1’ordre d’une couche
d’eau [29]. En conditions anhydres, les cations forment des CSI stables [21, 34] par
interaction avec deux feuillets successifs. Le Cs est alors localisé dans les cavités siloxanes
d’un feuillet (fig. 1.6.b). Le mode d’interaction de ce CSI avec I'autre feuillet dépend du
mode d’empilement des feuillets. Dans un empilement turbostratique, les cavités siloxanes
peuvent éventuellement faire face a d’autres cavités siloxanes, mais plus généralement aux
plans basaux des tétraédres du second feuillet [34]. Aprés plusieurs cycles HD, I’empilement
des feuillets tend i s’ordonner, et le nombre de cations formant des CSI par interaction avec
deux cavités siloxanes augmente [34]. Cette formation de tactoides, avec départ de toute I’eau
interfoliaire, s’accompagne d’une réduction significative de la mobilité et de I’échangeabilité

des cations [33, 49].

e [ es cations Ba2+, Na', et Li*, ont une enthalpie d’hydratation plus forte (en valeur absolue)
que celle de K*, Rb* et Cs”, et leur rayon ionique est égale ou inférieur a celui de la cavité
siloxane. En conditions « déshydratées », on a pu montrer que le Li localisé dans I’espace
interfoliaire est en fait piégé avec une molécule d’cau au voisinage des cavités siloxanes (fig.
1.6.c) [20, 21]. Pour des états d”hydratation intermédiaires, & une ou deux couches d’eau, les
études par diffraction des rayons X [44] et spectroscopie infrarouge [50] suggerent que Na et
Li sont partiellement engagés dans les cavités siloxanes des feuillets (fig. 1.6.b). Ces résultats
m;: semblent pas coincider avec ceux de modélisations par dynamique moléculaire, qui
suggerent que Na et Li forment alors des CHS dans I'espace interfoliaire (fig. 1.6.d), ou des
CSI au-dessus des plans de base des tétracdres substitués par A" (fig. 1.5.b) [45, 47].

L’espace interfoliaire peut contenir une ou plusieurs couches d’cau selon la Prao [29].

£




e [ es cati ive oY i
lons divalents Mg™, Ca™ et St** ont des rayons ioniques faibles et des enthalpies

& C
hydratation élevées (en valeur absolue) (tableau 1.2). Tls sont donc fortement liés a leu
s r

ey , CHS [36-38, 51-57] jusqu’a des Py,o faibles (10 % de
sat 3 1g. 1.6.d). Les molécules d’eau de la sphere d’hydratation peuvent établir des

ts P A v
ponts H avec les oxygénes des plans basaux [51]. L’espace interfoliaire est hydraté a
couche d’eau a faible Py ( < 10 % de P o

sphere d’hydratation, et forment des

at) €t pré
sa) et présente entre une et deux couches d’eau pour

des conditi Sré i e '
1tions de Puyp modérément insaturées [29]. La mobilité des cations dans cet espace

h . ; : ) . s
ydraté est toujours importante, bien que réduite par rapport 4 une solution [36]

Tabl e 5 iEté i i
eau 1.2. Quelques propriétés physiques des cations [58]. Les rayons ioniques sont donné
pour une coordinance octaédrique [22]. k o

o . : T
n  Enthalpie d hytliratatlon Rayon ionique | ion Enthalpie d’hydratation Rayon ionique
(kJ mol ™) (A) (kJ mol™") (A)
Cations alcali
i~ ns alcalins Cations alcalino-terreux
i 515 0.76 Be* -2487 0.45
+ :
Na -405 1.02 Mg™* -1922 0.72
: ;
K -321 1.38 Ca* -1592 1.00
+ .
Rb -296 1.52 Sr’t -1445 1.18
+ .
Cs -263 1.67 Ba** -1304 1.35
Divers -
. i -2100 0.73
g -476 115 cd* -1806 0.95
Molécule (d) <z Molécule
= d'eau i d'eau

Flgure. 16 Modes possibles d’interaction des cations avec le pl
fac1.11ter la visualisation, les oxygénes du feuillet sonlt re réseitléJ
le:s interactions avec I’un des deux feuillets sont illustrélsj a) Fo
d’un plan basal de tétraddre. b) Formation de CSI dans le-s cavi
avec une Partie des oxygeénes d’une cavité siloxane. Une molé
fﬂf mte;_‘aglt avec des oxygenes de la cavité par ie biais d
Interagissant avec le plan de base par des liaisons H )

an de base des smectites. Pour
§ avec une taille réduite, et seules
rmation de CSI avec les oxygenes
tés siloxanes. ¢) Formation de CS]
cule d’eau reste attachée au cation

ponts H. d) Formation de CHS

s ]) ]a d D

les 0Xyge avité i
ygenes de deux ca 1tes SllOXElI]GS se faiSEll’lI fﬂCC et former des
k]

impact
ns avec
CSI stables en I’absence de
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molécules d’eau. Il est possible d’augmenter la quantité de ces CSI par des cycles HD, au cours
desquels les directions cristallographiques des feuillets s’alignent progressaient, pour aboutir a un
empilement semi-ordonné dans lequel tous les cations interfoliaires forment des complexes stables. Il
y a alors occlusion de I’espace interfoliaire, et la cinétique de réhydratation peut étre trés lente
(irréversible sur une durée de I’ordre du jour). Na" et Li" ne peuvent former de tels CSI stables en
I’absence de molécules d’eau. Ceci explique la cinétique de réhydratation toujours tres rapide des

smectites-Na déshydratées [28, 44].

Quelques études structurales ont porté sur des systémes contenant deux types de cations
interfoliaires [33, 59, 60]. L’étude d’une montmorillonite calco-sodique a montré que cette
montmorillonite a un comportement typique d’une montmorillonite sodique pour des rapports Ca/(Ca
+ Na) inférieures a une valeur critique f ( = 0,3 pour la montmorillonite de Camp-Berteaux); alors que
pour Ca/(Ca + Na) > f, il y a ségrégation d’espaces interfoliaires sodiques et calciques [59, 60]. Tl est
possible d’interpréter ces résultats en supposant que les cations Ca peuvent migrer dans les cavités
siloxanes comme les Na, pour neutraliser localement le déficit de charge du feuillet 1ié a deux
substitutions au voisinage immédiat de cette cavité. f est alors la fraction du déficit de charge du
feuillet pouvant étre neutralisé de cette maniére par les cations Ca.. Par contre, les cations Ca ne
peuvent pas neutraliser localement les déficits de charge liés a une seule substitution par cavité ; ils

restent alors localisés dans I’espace interfoliaire pour assurer une neutralisation globale du déficit de

charge du feuillet.

Dans le cas d’une montmorillonite calco-potassique, les cations K et Ca’™ se répartissent
aléatoirement dans I’espace interfoliaire de la smectite hydratée [33]. Aprés quelques cycles HD, K*
est de moins en moins échangeable. Des domaines homoioniques apparaissent, et certains espaces

interfoliaires sont probablement occupés uniquement par des K"

1.4. Les bordures des feuillets

La rupture du réseau cristallin en bordure des feuillets argileux est a origine d’un déficit de
liaisons cristallines pour les oxygénes de bordure [8, 61]. Ce déficit peut étre quantifié a partir du
modzle dit de force de liaison introduit par Pauling [62]. Dans ce modele, chaque cation de valence
Vy forme avec chacun des anions X de son polyédre de coordination une liaison électrostatique de
force fy.x = Vw/n, ol n est le nombre d’anions du polyédre de coordination. Dans une structure stable,

la valence Vx d’un anion est compensée par la somme des forces de liaisons établies avec ses m

cations voisins,

f X :V "
g‘ - | - (L.1)

On peut illustrer le modele de force de liaison pour les oxygenes structuraux d’une smectite
alumincuse (fig. 1.7). Dans cette smectite, un Si de la couche tétraédrique forme des liaisons de force
fo.o = 4/4 = 1, et chaque Al de la couche octaédrique forme des liaisons de force fao =3/6 =0,5. La
somme des forces de liaison recues par un oxygéne du plan basal 1ié a deux tétraddres de Si vaut donc
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; ; i 0 o = A [65], donne Varo = 0,5 par
\ ¢ i ui, pour une valeur R, _o = 1,651 ,
2, et compense exactement la charge de cet oxygene. De méme, la somme des forces de liaison recues est d’environs 1,91 A, ce qui, p - A st st 1 b, Tt
' : Sdri 1€ 3 i , icati e I’équation (1.2). Pour obtenir Vao = 1, Raro C , :
parun oxygene de la couche octaédrique 1ié 2 un Si et deux Al vaut €galement 2. Enfin, la somme des application de I"équation (1.2) ol sne de surface, on augmente par la méme Ia
) o N . a Vi e de liaison de I’oxygene de surface,
forces de liaison regues par un groupe hydroxyle lié a deux Al de la couche octaédrique vaut 1, et partsenaugimeniantls ¥alens :

augmentation peut 4 étre limitée par un allongement des distances entre ce cation et les

F 1.7 ;: oxygenes du volume structural, qui, a leurs tours, deviennent insaturés, etc... Cette relaxation
‘igure 1.7. Illustration du modele de L Tt d ser
o i i ; forcément limitée et ne permet pas de compen \
valence de liaison pour une smec- de la structure de surface du solide est donc force |
tite dioctaédrique alumineuse. I.a la totalité de I’insaturation des oxygénes de bordure [72].
valence d’un atome d’oxygene est ’
égale a 2, celle d’un groupement o Les oxygenes de surface peuvent réaliser des ponts hydrogéne avec les molécules d’eau [2].
hydroxyle égale a 1. N ; N ités [69, 73]. Le
PO f La valence de liaison de ces ponts hydrogéne est de I'ordre de 0,1-0,2 unités [69, 73]
sio~ 1 . X ; limité a 2-3, du fait de
faes~ nombre possible de liaisons par oxygene de surface est limi )

. ) R : d
I’encombrement stérique des molécules d’eau au voisinage de la surface. Ce mode de

i suffi as i i ati xygénes de bordure.
compensation ne suffit donc pas a neutraliser I’insaturation des oxyg

o Les oxygénes de surface peuvent se protoner [74-77]. La valence de la liaison O-H vaut |

typiquement 0,8. Une double protonation peut avoir lieu dans le cas de déficit trés important

ifi ¢ d’i i ati i st alors partiellement hydraté.
Pour quantifier le degré d’insaturation d’un oxygene de bordure de feuillet, il suffit alors de [72] Lescaiion suitagique o3 P

e somme des forees de fuison “ablies par cet oxygene avec les cations proches voisins. Ce e Les oxygénes de surface peuvent éventuellement se lier & des cations présent en solution, |
A différenc‘?s mportantes selon a localsaton des R GO e, pOI;r lesquels ils peuvent avoir une forte affinité [2, 8]. La valence de liaison est alors
RS @ s PXyBche. IS bn sl Al gttt €levé, de I'ordre de -1,5 ; fonction de la nature du cation, selon 1’équation (1.2). cependant, le cation adsorbé peut étre
— le degré d’insaturation d’un oxygene d’un groupe silanol reste €levé, de I’ordre de -1 : considéré comme faisant partic du solide, et sa sphére d’hydratation peut alors &tre percue

' ’ i i mpensation a pour
8 Fr 2 5 s : , e certaine maniére, ce mode de comp
— le degré d’insaturation d’un oxygene li€ & un Al et un Si, ou d’un groupe hydroxyle 1ié 4 un comme une nouvelle interface. D'un

Al est plus faible de I’ordre de 0,5 résultat de créer de nouveaux oxygénes de surface.

— les groupes hydroxyles liés 2 deux Al ne sont pas insaturés. La compensation des oxygénes de surface qui sont sous-saturés du fait de la rupture du réseau 1
PIRTIO fees 3 & ins d’entre eux peuvent aboutir a la |
i 1rati a < ; . s tall % isée par différents phénomeénes. Certains
Cette insaturation peut &tre compensée de différentes maniéres, cristallin peut donc Etre réal p P

fixation de molécules d’eau, de protons et de cations en bordure des argiles. Ces réactions de fixation
® [ es distances entre les oxygenes de surface et les cations structuraux deviennent plus courtes.

font de I’interface eau-particule un lieu privilégié d’échange de matiére entre le solide et la solution.
) Cette compensation de charge peut étre décrite a ’aide du modéle de valence de liais

on, qui Du fait de la surface spécifique (rapport surface/masse) €levée des particules d’argiles, qui peut
Snéralisati 5 . ' . 5 2% ; Sacti a I'interface peuvent étre
‘ est une generalisation du modéle de Pauling [63-71]. Dans ce modgle, les atomes M et X d’un atteindre plusieurs centaines de métre carrés par gramme, ces réactions a I'in 1;' 3
i stabli . 2 ; P o i a I’établissement de
"' cristal établissent entre eux des liaisons dont la valence vmx est fonction de la distance facilement étudiées a 1’aide de méthodes chimiques. Ces études ont servi de base a
|

i Interatomique Ryp.x: modeles chimiques de réactivité des smectites.
0
| R _ R
— M-X M-X
Vmx = eKP(———J ;

0,37 (1.2)

N 0 . - »
ol Ry, . est une constante qui dépend uniquement de la nature de X et de M.

Par analogie
avec le modele de Pauling,

la structure est stable quand la somme des valences de liaison pour
un atome donné compense sa valence formelle Vi. Cependant,

seule une réduction
significative d’une distance inter

atomique peut résulter en une augmentation appréciable de la

valence de liaison correspondante. Par exemple, la distance moyenne Al-O dans un ocfaddre
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2. Réactiviteé de surface des smectites

La réactivité de surface des smectites comprend les réactions de protonation-déprotonation,
précipitation-dissolution, fixation ou libération de cations organiques et inorganiques. Ces réactions
peuvent étre couplées ou non a des réactions d’oxydoréduction. La réactivité des smectites dépend
donc du pH et de la composition chimique de la solution, ainsi que de la stabilit¢ des espéces
chimiques de surface qui se forment durant les réactions. Pour mieux comprendre et quantifier cette |
réactivité, on a recours i des modéles macroscopiques et, notamment, & une décomposition de la

surface en sites réactifs.

2.1. Les sites a la surface des smectites

On appelle site une entité chimique de la surface susceptible de réagir avec des espéces
chimiques de la solution (protons, cations, anions, molécules neutres...). Dans le cas des smectites, on

distingue de maniére classique deux types de sites [2, 8].

e Les oxygenes des cavités siloxanes constituent le premier type de site de surface. La charge '
structurale des feuillets est délocalisée sur ces oxygenes. Cette charge est dite permanente car
elle est indépendante du pH, et de la concentration en €lectrolytes (ou force ionique) de la
suspension. En revanche, elle peut varier avec le potentiel redox de la solution, suite a des
réactions d’oxydo-réduction impliquant des cations structuraux, notamment le couple

Fe*/Fe’" [78]. Du fait de cette charge, les sites interfoliaires sont susceptibles d’attirer et de

retenir des cations de la solution.

e Les oxygeénes insaturés présents en bordure des feuillets constituent le deuxi¢me type de sites

de surface. L’insaturation des oxygénes est compensée par des interactions de différents |
, types, soit avec les molécules du solvant, soit avec des cations (ou anions) présents en
| solution. Les réactions ayant lieu sur ces sites de bordure des feuillets dépendent fortement du

pH de la composition chimique de la solution.

Les sites des plans de base et les sites de bordure présentent donc des propriétés réactives

” contrastées. Cependant, certaines réactions chimiques sont susceptibles de se produire sur chacun des

deux types de site (fig. 2.1). Par exemple, les cations retenus sous forme de CHS sur les sites de plan
ﬂ de base peuvent étre échangés, mais c’est aussi le cas pour les cations retenus sur les sites de bordure
.|' sous forme de CHS (un CHS de bordure peut aussi étre décrit comme une paire ionique entre un site
de bordure charge négative, et un cation hydraté; [79-81]). De méme, des réactions difficilement
réversibles de fixation de cations sous forme de CSI peuvent se produire sur les sites de bordure et

dans les cavités siloxanes.
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sitfei debplanI {Adsorption et échange de cations hydratés
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Fixation de cations non hydratés dans certains cas
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Figure 2.1. Les différents types de sites de surface d’une smectite.

2.2. Propriétés acido-basiques et stabilité des smectites

2.2.1. Réactions acido-basiques a la surface des smectites

Figure 2.2. Exemple de titration
d’une suspension de
montmorillonite  [82]. La
quantité de protons fixée
(adsorbée) a la surface de la
montmorillonite augmente
avec la diminution du pH.
Montmorillonite 10 g/L., KCI
0.1 M, 25°C.
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La titration d’une suspension de montmorillonite (fig. 2.2) montre que les smectites posseédent
des propriétés acido-basiques. Différents modéles ont &1é développés

P e pour décrire ces propriétés de
manicre quantitative [80, 81, 83-87]. Ces modgles sont généralement d

1 érivés des modéles développés
pour les oxydes et les hydroxydes [88]. Le modéle le plus simple rend compte de ces réactions par le
biais de deux étapes de déprotonation d’un groupe amphotere unique. Le gain ou la perte d’un proton
S'accompagne d’une modification de la charge électrostatique portée par le groupe ampho

gne tere SOH,
selon les réactions

SOH} < SOH+H' (K1)
SOH & SO~ +H* (K,u,im) o

(2.2)

avec un rati Sites ? ; :
¢ concentration de sites de surface SOH de I’ordre de 10°° mol g de smectite [82]. Dans des

Hiodile: ) ‘ bt 3 . .
deles un peu plus complexes, on fait mtervenir au moins deux types de sites amphotéres afin de
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bien décrire les résultats de titration, SOH et TOH, ayant des constantes acido-basiques distinctes [85,
87]. Ces sites ne sont pas identifiés aux différents groupes fonctionnels (e.g. aluminols, silanols...)
présents en bordure des smectites. Le lien entre propriétés chimiques et propriétés structurales est fait
dans un troisieme type de modele, qui décrit explicitement les réactions acido-basiques sur les
oxygenes de surface des octaddres et des tétracdres [80, 81, 84]. Par exemple, les propriéiés acido-
basiques de la montmorillonite du Wyoming SWy-1 ont ét¢ décrites a I’aide de réactions faisant

intervenir explicitement des sites aluminols

AIOH] < AIOH+H"  (K{\%) (2.3)
AIOH & AIO™ +H*  (Kiph)
(2.4)
et silanols,
SiOH} < SiOH+H"  (K30h) (2.5)
SiOH ¢ Si0™ +H* (K591
(2.6)

Ies constantes acido-basiques utilisées dans ce cas sont dérivées de la titration de phases alumineuses
(gibbsite AI(OH);) et siliceuses (quartz) [80, 81]. De plus, ces groupes fonctionnels chargés
positivement ou négativement peuvent également former des paires ioniques (CHS) avec les ions

présents en solution,

Si0O”+B* & Si0-BY  (KiTh) @2.7)
SiOH} + X~ & SiOH; X~ (K395)

(2.8)
Les sites acido-basiques localisés sur une particule étant relativement proches les uns des autres, une
réaction acido-basique sur I’un des sites influence la réactivité des sites voisins [89]. Par exemple, la
fixation ou le départ de protons ou d’autres ions conduit & des exces ou des déficits de charge
électrique en bordure du feuillet. Cette charge a pour effet d’attirer (charge négative) ou de repousser
(charge positive) les protons. Par conséquent, I’activité des protons au voisinage de cette surface
chargée, {H"}, est différente de celle des protons en solution, (H"). Cet impact d’une densité de
charge de surface G, non nulle sur I'activité (H"} peut étre décrit a I’aide du potentiel €lectrostatique
moyen a la surface crée par oo, Wo. La différence entre (H'} et (H") a I’équilibre est alors donnée par

la loi de répartition de Boltzmann [90],

{H*'} _ (H*) . exp[_ l;wT“] (2.9)

La constante intrinséque de déprotonation Kaj in 8’ écrit

_ 1 HEOH} (210

Alint — {SOH;}
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ot {SOH} et { SOH] } sont les activités des groupes de surface SOH et SOH3 . Or, Pactivité des
protons est généralement mesurée dans la solution, par le biais du pH, et non A la surface. La

constante acido-basique de surface apparente pour un potentiel de surface donné, Ku,, s’écrit alors

_ (H"){sOH} Fy, ) Fy,
Karim = —{mem[ﬁ) ~Rarexp [_ RT )

(2.11)

Pour une adsorption de quantité croissante de protons avec la diminution du pH, o croit, et la

constante apparente de protonation 1/K,; devient de plus en plus faible par rapport 3

a Kayine.
Autrement dit, tout se passe comme si la charge positive croissante i la surface liée a I’adsorption
p gep p

d’une quantité croissante de protons, rendait I’adsorption d’une quantité plus importante de protons de
plus en plus difficile.

La charge de surface peut &tre compensée par une accumulation d’ions au voisinage de la
surface, de maniére analogue a la compensation des charges permanentes du feuillet. Cette
accumulation peut se faire soit dans la double couche diffuse, soit sous
surface. Plusieurs modéles de neutralisation des charges de surface ont été
résultats de titration [91].

forme de complexes de

proposés pour décrire les

T ‘l’o'r---r: Yd A Yo
| a)NEM \ poor YN ¢ cem
| | N
|
wﬁﬁ—wm : Vd
| - vo 2
T x 04 Px o T 7x

Figure 2.3, Tllustration de la décroissance du
dans le cas d’un €lectrolyte ne formant pas
non €lectrostatique. b) Modele a double ¢
Modele a triple couche.

potentiel électrique avec I’éloignement de la surface,
de complexes de surface de sphére interne. a) Modgle
ouche diffuse. ¢) Modgle 2 capacitance constante. d)

® Dans le modéles non électrostatique (« non electrostatic model » ; acronyme NEM), les

réactions acido-basiques sont décrites de maniére purement thermochimique [92-96]. Aucune

correction électrostatique n’est introduite pour les concentrations d’espéces chimiques

chargés a la surface (fig. 2.3a).

® Dans le modéle 4 double couche diffuse (« diffuse double layer » ; acronyme DDL), on

suppose que la densité de charge de surface Oy est répartie selon une couche plane et qu’elle
est compensée par I’accumulation de cations en solution dans une double couche diffuse de

type Gouy-Chapman [90, 97]. La décroissance du potentiel en solution jusqu’a une valeur Y,

= 0 loin de la surface est alors décrite par la loi de Gouy-Chapman, qui donne la valeur dy

potentiel W, a une distance donnée x de la surface en fonction de Ia quantité de charges
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accumulées dans la double couche diffuse (fig. 2.3b). Dans le cas d’un €lectrolyte symétrique

a1 3 1 C :
(i.e., cations et anions ont la méme charge absolue z) de concentration en solution Cgq, Wi

s’écrit [2, 90] :

2C.
#__LlRT—,avec a =tanh[Z;¥I?Jet K=ZP 1 — (2.12)

- zF tanh(ae™™") eg,RT
oll € est la permittivité diélectrique du vide, € est la permittivité du milieu considéré (};:1 l’z:a:u
a la surface), F est la constante de Faraday, R est la constante des glaz parfaits, etsi na
température. La charge de surface est limitée par le nombre de b:lteSf-df.: ];()irc;toir;isoen
déprotonation en surface [98]. Le modéle DDL tient compte lde la taille mleh e -
définissant une distance de moindre approche, d. Les relations de (?ouy-C ilvpman. st X
appliquées a partir de ce point d, en postulant Wy = \.|:7(}. [99]. En prathue,- ce :; re';lzr:) )
translater I’ensemble de la double couche diffuse d’une distance d vers la solution (fig. 2.3b).

I 3 me CCM),
e Dans le modéle a capacitance constante (« constant capacitance model » ; acrony )
L é pe ion d’ions en
on considére que le potentiel créé par Gy est compensé par une accumulation
iffé t Y. est
i 5 : le que la différence entre Yy €
solution & une distance constante de la surface, tel q. fere kg
directement liée 4 la valeur de o par le biais d’une capacitance spécifique « (e :
O¢

13
WU_W'”:? (2-13)

ec K ne dépendant que de la force ionique de la solution [88]. Ce modele est en fait une
av : e modele "
roximation du modéle DDL dans le cas de hautes forces ioniques, et donc de
app

concentrations en électrolytes élevées (fig. 2.3¢).

1001, la
e Dans le modéle de triple couche (« triple layer model », acronyme TLM) [80, 81, - QO]
harge de surface est compensée par I’accumulation d’ions selon deux couches distinctes
c s
(fig. 2.3d) : A + \ .
une premiére couche plane B correspondant aux ions X et B” retenus a proximit¢ de
_ ioni . BT (8 ions 2.7
surface lors de la formation des paires ioniques SOH;---X~ et SO™---B" (équations

5 191 ? 1 ~ a1 Fi e
et 2.8). La différence entre y, et g est liée a o, par le biais d’une capacitance spécifiqu

constante

WU'WBZ# (214)
- une deuxidme couche diffuse, de type Gouy-Chapman, a partir d’une dlistance d de l?
surface. La différence entre yp et g, le potentiel a la limite de la couche diffuse, est liée a

iffé ité lan 3,
la densité de charge G4 (obtenue par différence entre Gp et la densité de charges au plan B

op) par le biais d’une capacitance spécifique constante i%

o,
W, -%=K—l (2.15)
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2.2.2. Dissolution des smectites

- Lorsqu’une smectite est mise dans une solution d’eau pure, elle libere des especes chimiques en
solution. Par exemple, la dissolution de I’hectorite Nao 40(Mgz.65Li0.35)(Si3.05A10.05)0100H,) a pH 6
résulte en I’augmentation des éléments Si, Mg et Li en solution en proportions proches de la
composition stoechiométrique du minéral (fig. 2.4). Ce rapport stoechiométrique n’est pas compatible
avec une dissolution localisée sur les faces basales des feuillets : on s’attendrait alors plutdt a un large
exces de silice en solution. Les sites de dissolution aux pH modérés sont donc localisés en bordure de
feuillet, 12 ou la rupture du feuillet facilite I’hydrolyse des cations de la surface [101-106]. Cette

localisati Sté irmée ré 5 i
alisation a été confirmée récemment par une étude de dissolution in situ par microscopie a force
atomique [107].

Figure 2.4. Cinétique de dissolution de T Bk
I'hectorite & pH 6.0 et 25°C dans un 5200 Osi |
fond ionique NaNO; 03 M; = "
[hectorite] = 0.65 g L. Voir Ia .S N
deuxieme partic de ce mémoire pour 3 = ]
les détails expérimentaux. ? i O - M|

S 100 - O 0O
) I
s O
= O
Obste o dir . . N S _J_.jf;l'.l_-l
0 24 48 72 96
temps (h)

_d[si]_ .
v="==k{SOH}) (2.16)

avec k = (9.3 = 0.5))(10‘4 h pour les données présentées ici [82]. Cette corrélation entre le taux
cinétique de dissolution et la quantité de sites protonés suggére que la protonation des oxygenes de
surface active le détachement de la surface des cations qui leur sont liés [82, 104]. Pour expliquer
cette activation, on a proposé que' la protonation de groupes fonctionnels de surface polarisait et ainsi
fragilisait les liaisons chimiques entre les atomes de surface et le solide cristallin [104, 108, 109]. Le
taux cinétique de dissolution dépend également de la composition chimique des smectites. Par
exemple, le taux de dissolution en milieu acide de smectites dioctaédriques alumineuses augmente

avec la teneur en Fe et Mg de la couche octaédrique [110].

2.3. Fixation de cations a la surface des smectites

2.3.1. Mécanismes macroscopiques de fixation

La fixation macroscopique ou adsorption de cations est influencée par la composition et la

concentration de I’électrolyte, et par le pH de la solution [2, 8, 79-81, 84-87, 93, 111-119].
‘ L’importance de ces deux facteurs est illustrée ici par I’adsorption de Al dans une suspension de

' montmorillonite en présence de KCl (fig. 2.6) [86].

e A bas pH, 'adsorption de cations augmente quand la force ionique diminue. Cette
observation indique que I’adsorption est fonction des concentrations relatives en Al et K.

Cette dépendance est caractéristique de I’adsorption par échange cationique.
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Figure 2.5. a) Cinétique de dissolution d’

2 3 4 5
pH

pH

une montmorillonite alumineuse (mesurée par le taux de

llber,at’lon de silice en SOII:ItiOH) en fonction du pH [82]. Ce taux de dissolution est trés nettement
corrélé avec la concentration de sites de surface protonés (b).

a mesure du taux cinétique de dissolution pour une montmorillonite (fig. 2.5.a) montre que ce

i ] ) - .
aux augmente fortement quand le pH diminue. Cet accroissement de la cinétique aux faibles pH est

corrélé a I’augmentation du nombre de sites protonés a la surface (fig. 2.5.b)

libération de Si en solution et la quantité de sites SOH
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. Le taux cinétique v de

+ " 5 .2
2 protones peuvent étre reliés par

e A haute force ionique, I’adsorption par échange cationique est inhibée. On observe alors que
I’adsorption d’Al augmente quand le pH augmente. De plus, cette adsorption s’accompagne
de libération de protons en solution [86]. Cette dépendance en pH est caractéristique d’une
adsorption spécifique de cations a la surface d’oxydes et d’hydroxydes [2, 8, 88, 114, 120-
123]. Elle est interprétée dans le case des argiles par la formation de complexes de surface du

cation sur les sites acido-basiques situés en bordure des feuillets.

L A I L A ‘
Figure 2.6. Adsorption d’Al sur la 100 OB ()@ <><> A A O B
montmorillonite en présence de KCl a I Ki ]
différentes concentrations (d’aprés § 80 Cl0,03M
[861). @ b O
_e 60 C A ]
Conditions expérimentales : [Al] = @ i AN
34.8 uM ; montmorillonite 1,86 g L' @ 40 - —
uM ; montmoriflonite 1.86 gL g "5 ooy A O
(KC11,M),2,03 gL (KC10,1 M), ou i /_\A@
1,95 g L' (KC10,03 M) ; 25°C. 20 & 1M
0F ! QO I [ ]
2 3 4 5 6
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2.3.2. Fixation de cations en fonction du pH

L’adsorption de cations métalliques (Co, Cd, Zn, Cu) par les smectites (montmorillonite,
hectorite) est un phénomeéne fréquemment observé [79-81, 84. 80, 87, 94, 111, 116, 124-127].
Plusieurs descriptions thermochimiques de cette adsorption ont été proposées. Les modeles les plus
anciens suggerent que cette adsorption correspond 2 la formation de paires ioniques entre le cation et
un site de surface déprotoné de charge négative [79]. Par exemple, dans le cas de Co™

Si0” +Co™ & Si0™-Co™  (K)
(2.17)

oli le cation Co™ retenu 2 la surface reste hydraté et n'interagit avec la surface que par le biais de
liaisons faibles (forces ¢lectrostatiques et ponts hydrogénes). Cette description a été reprise

ultérieurement pour rendre compte d’une partie de I’adsorption de Cd** sur la montmorillonite [80,
81].

Des modeles plus récents décrivent I’adsorption de cations comme une réaction entre un site de
sites de surface et un cation pour former un complexe de surface. Ces réactions peuvent étre couplées
a des départs de protons, afin de rendre compte des libérations de protons observées lors de

I"adsorption de cations. Par exemple, I’adsorption de Cu™ sur la montmorillonite a été décrite par les
réactions suivantes [87]

SOH + Cu*" < SOHCu?*

2 (2.18)

SOH + Cu** & SOCu* +H*
SOH +Cu*" +H,0 < SOCu(OH) + 2H* (2.19)
(2.20)

La formation de complexes de surface est i Iorigine d’un apport de charge susceptible
d’influencer toute adsorption ultérieure, de maniére analogue a ce qui se passe lors de la protonation
des sites de surface. Cet apport de charge est pris en compte de diverses maniéres dans les modéles
d’adsorption. Dans le cadre des modeles DDL et CCM, toutes les charges liées i la formation de CSI
sont supposces étre localisées dans le plan de la surface [85-87], et sont prises en compte dans le
calcul de 6o. Dans le TLM, une partie des charges dans le plan B du fait de la modélisation de paires
ioniques entre les sites déprotonés et les cations [80, 81, 84]. Enfin, dans certains modeles, ces effets
électrostatiques sont purement ignorés [94-96]. Ces modéles ont tous permis de reproduire les
résultats expérimentaux. Cependant, I'utilisation de modiles thermochimiques implique que toutes les
réactions chimiques sont a 1’équilibre, y compris celles de dissolution des smectites. Or, cet équilibre
n’est en général pas atteint avant des durées de I’ordre du mois [82, 104, 128], voire de I’année [129].
D’autre part, ces modeles supposent que les cations sont fixés 3 la surface de la smectite par le biais
de la formation de complexes de surface en bordure des feuillets, ce qui n’a pas été démontré i
I"échelle atomique jusqu’i présent. Enfin, ces modéles ne prennent pas en compte la possible
précipitation des cations métalliques avec des especes dissoutes comme Si et Al. Pourtant, des études
récentes [18, 125, 130-132] ont montré que ce mécanisme d’immobilisation peut étre prépondérant
pour des pH supérieurs a 7 (fig. 2.7). En conclusion, les modeles macroscopiques présentés sont basés

sur une description structurale de I"adsorption, mais ils ne semblent pas toujours en mesure de
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ccani i fectif ; nécessaire de caractériser d’abord le
discriminer le mécanisme d’adsorption effectif. Il est donc

i & - Scri xactitude
mécanisme d’adsorption a I’échelle atomique pour &tre en mesure de décrire avec e

I’adsorption des cations sur les phyllosilicates en fonction du pH.

Figure 2.7. Immobilisation de cations métalliques par précipitation avgc d@:skelspeces ?h;nm};lugz
ibiries 1 i i tites comme dans le cas du nickel en presenc
libérées lors de la dissolution des smec . ne dat 1 ' ! ‘
montmorillonite [18, 131]. Le lieu de formation du précipité (dans le surnageant ou a la surface de

la smectite) n’est pas encore connue,
2.3.3. Echange cationique a la surface des smectites

2.3.3.1. Le phénomene d’échange

Les propriétés d’échange cationique des sols et des minéraux argileux ont été identifiées des le
milien du 19° siécle (voir [133]). Dans le cas de smectites, cet échange est dominé par le
. + +
: s . s
remplacement des cations interfoliaires. Par exemple, I’interaction de cations Na™ et K" avec

surface d’une smectite peut étre décrit de la fagon suivante :

: 2
Smc — Naa} * K(t‘q) & Sme — Kzraq) * Na(:“l) L

i i le dﬁ‘,

nommée capacité d’échange cationique (CEC). Dans ’exemple donné ci-dessus, la CEC est égale a :

Q= [Smc—Naz's,]+[Smc—KZ's)] (2.22)

ol [ Sme —Na,] et [ Smc— K{, ] désignent les nombres de mole de cat‘ions Nai et K' échangeables
par unité de masse de smectite. Bien que la charge structurale des smectites ne' dependeApas du PH, }a
CEC globale augmente légérement avec le pH (tableau 2.1). Cette+aug.mentat10n peut &tre exphqzee
par l’imp;)rtance croissante des paires ioniques de type SO--A" qui se formejlt en bo.rdure es
f‘euillcts (équation 2.7). La plupart des méthodes de mesure de la CEC tentent de s’affranchir de cette

dépendance en excluant de la quantité mesurée la contribution des cations retenus sur les bordure

[35, 134].
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Tableau 2.1. Variation de la CEC de quelques montmorillonites avec le pH [79]. La CEC a été
mesurée par la méthode de dilution isotopique de “’Na, un cation qui ne s’adsorbe pas
a la surface de maniére spécifique.

Origine CEC a « bas » pH CEC a « haut » pH
(meq / 100g) (meq / 100g)

pH CEC pH CEC

Camp Berteau (Maroc) 4,30 91,5 6,16 105
Wyoming 4,26 77,1 6,00 91,1

Marnia (Algérie) 4,05 92.7 591 103,9
Greéce (non précisée) 3,72 89,0 5,71 97,5
Moosburg (Allemagne) 3,93 84,6 5,92 96,5

2.3.3.2. Approche thermochimique de I'échange cationique

Du fait de la conservation de la CEC a pH donné, on peut décrire I’échange cationique comme

une réaction chimique, avec une loi d’action de masse associée. Par exemple, une réaction d’échange
. - - 2.
entre un cation monovalent A* et un cation divalent BZ

A + 2+ . 2+ +
2Sme—Aj + Bg < Smc— By +2 Ay

(2.23)
admet comme loi d’action de masse
i %2
g (Sme - B J(Atg) Gan
= 5 .
(Sme— AG) (B?«;))

oll (Smc—B(‘;)), (SmcﬁA'(;q)), (B » et (AGg) désignent les activités des espéces chimiques

considérées. Cette description purement thermochimique ne nécessite a priori aucune donnée sur la

nature structurale des sites d’échange cationique [133, 135]. L’équilibre chimique (2.24) peut étre

traité selon différentes conventions (tableau 2.2). Dans toutes ces conventions, I’échangeur est décrit

comme une espece chimique hypothétique X', symbolisant une mole de charge de surface. On suppose
de plus que I'activité des cations adsorbés par échange cationique (ou cations échangeables) peut étre
calculée a I'aide d’un modgle simple. Dans la convention de Vanselow, par exemple, on traite la

fraction échangeable comme une solution solide idéale et homogene. 1. activité des cations

€changeables est alors €gale a la fraction molaire N de ces cations au sein de I’échangeur, multiplié
par un coefficient d’activité égale a 1, soit [123, 136-138] :

n n
Ny=—2— et Np=— B (2.25)
N, +ng Ny +ng
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by 5 5 . Ddﬂb lEl
A
C 2

" s aetivité éeale 4 1. soit [1391 :
compensée par les cations adsorbés, multiplié par un coefficient d’activité égale a 1, soit [139]

N, Ny (2.26)
=—°— et Ep=—"—""T—.
Ea =N 2N, N, +2Ng

€ ioni a ' ites.
Tableau 2.2. Différents modeles chimiques d’échange cationique a la surface des s’melcn\ )
pour tous ces modeles, le coefficient d’activité des especes échangeables est égale a 1.

Convention Equilibre chimique Expression de K Références
Vanselow 2 XA +BCl, & X,B + 2 ACI _ M [136, 137]
Y N;(BCL)
2 139
Gaines et Thomas 2 XA +BCl, & X;B +2 ACI C - E,(ACI) [139]
T E;(BCL,)
2 135]
Gapon 2 XA +BCl, & 2 XBy +2 ACI 2 _ Eﬁ (ACI) [
¢ EX(BCL)
i ; 140]
Rothmund et KornFeld' XA +BCl, & 2 XBy, +2 ACI _Ef(acy [140]

RK

- Ef(BCL,)

1+ le coefTicient B est choisi arbitrairement

1 [T T t l T&
Figure 2.8. Exemple d’isotherme d’échange ca- _ e
tionique pour un échange Na-K. On COPState L K.=7 ‘ ]
d’une part que I’échange est préférentiel, et 0.8 |- P <
) , : ’échange ne |
d’autre part que les clonnees d e .~ o MK =3 B
peuvent &tre modélisées a ’aide d’un coe,ffl- _g 06 | <> K 37"..5?KV=1 :
cient de sélectivité K, unique. .Ces données, e SO
ainsi que le protocole expérimental, sont = é ¢
o i |
exposées dans [141]. = 0.4
i g
02 i/ ]
| échange Na-K{
. fond ionique (KCI+NaCl) 0.01 M
O 9. B Pops G g g aryon TR

0 02 04 06 0.8_ 1
[KCI)/(IKCI + NaCl) (solution)

Les différentes conventions (tableau 2.2) different essentiellement par la C-léi.:iljiﬁon de’ l’acthé d;:z
cations dz;ns la fraction échangeable, ainsi que par le poids relatif de ces actlr\utes dans 1 exzressu:i t
K. Elles sont toutes identiquement valides d’un point de vue thermodynamique [2, 123]. Cepen c;n ,
les valeurs de K calculées avec ces conventions ne sont valables que pour des rapports constants des

. - N
I < b e ec . S OI d i1l [I'ﬂti ns O b p
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chimiques dans la phase échangeuse et dans la solution (fig. 2.8). Les valeurs

représentent en fait des coefficients de sélectivité de I’échan
données [123, 141, 142].

de K calculées

ge pour des conditions chimiques

En dépit de leur domaine de validité restreint, les coefficients de

sélectivité permettent d’avoir
une idée de la dépendance de I’échange avec

les compositions de la fraction €changeable et de Ia
ordres croissants
cationique [115, 143]. On a ainsi pu montrer que I’affinité des

solution. Ils permettent aussi de quantifier les d’affinité de cations pour I’échange

cations monovalents pour les sites
halpie d’hydratation (fig. 2.9). Ceci

et la charge de surface délocalisée
stabilise le complexe de surface de maniére accrue.

d’échange croit avec la décroissance (en valeur absolue) de I’ent

peut s’expliquer par une réduction de la distance entre le cation

lors de la déshydratation, ce qui

T T T T T T
Figure 2.9. Dépendance entre Ie coefficient de sé- 30 X
lectivité K, pour I’échange entre Na et un autre Cs*
cation monovalent M (M = Li, K, Rb, ou Cs) =
avec 'enthalpie d’hydratation du cation M. Les O 20
concentrations de en solution Na et de M (Cna "m
et Cu) sont prises égales entre elles. Les condi- 5
tions expérimentales sont détaillées dans [115, ~< 10 3,
> Rb
143]. M _ X
Li* Na* XK*
0p X =

. S O VI A W1 by

-100 0 100
AhycirHNa"' - AhydrHM*‘

Pour obtenir une vraie constante thermodynamique vraie 3 partir d’un coefficient de sélectivité,

il faut tenir compte des coefficients d’activité d

es especes de surface. Par exemple, dans la convention
de Vanselow,

(XA) = faN, et (X;B) = f3Nj, (2.27)

et constante d’équilibre thermodynamique non conditionnelle s’écrit :

_fNg(AC)®

K, = =B
fANL(BCL,)  £2 Y

ex

(2.28)

Les coefficients d’activité sont calculés par rapport & un état

cationique, correspond a un échangeur homoionique 2 I'équili
du cation €change

standard qui, dans le cas de I’échange
bre avec une solution infiniment diluée

able [2, 123]. Le coefficient d’activité du cation dans I’échangeur homoionique est
alors égale a 1.
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2.3.3.3. Approche électrochimique de I'échange cationique

Le développement de modeles électrostatiques de l’éc(}llar;ge Ca:?l?:::zn[gj; 19(;; }Ilj:; eré;l;i ci:
: . i a modélis .

5 V()\lonté - .f‘el‘)_]acelf l[’;'51;erl‘?‘;:l‘:zn‘;f::rs;[a;;r:; izr:ui:rune nzl?;u homogéne constitué de charges
mOde']e § fp ;l:;s :tm :orenpen;ées par des cations mobiles et échangeables. Pour un déficit de charges
praaee 7 \ s 3 : s négatives, la concentration
oo o do ot il 1 il S 04 i b
jrackes - k l A e 1 iai t dit de phase de
P oy b e
Donnan [145, 1

a I’activité de M™" en solution, (M™), par

e, A )
(M) PATRT

:Ette desc l[:r'l:n Sll“[:lE ne FIE“d en CDI“FI:E EILE ]El :h"nge da‘ :EI'ICIL;’ et non lil‘ El[.l“f. El]e
. e . : A e
Y , * , . ik . . l P ] ge
T
eSt de 1 OIdIe de 0'6 a 2 Chalge“; e]eCtrD“]queb nm (1 3 ]neq m )5 B[ ESt dEID:dll‘i sur &'Elll?‘l“e“t
7 (
]

invalide I’hypothése d’un potentiel uniforme.

2.3.3.4. Approche physico-chimique

o b v S
Eré dC&. S rp 1

i " 5 si arge permanente,
d’adsorption de cations M*" sur des sites S, de charge p

! S, +M™ & SpM(m_l)+ (Ksp,int) (Z-30)

’introduction d’un terme correcteur dépendant de Wy [144] :

K

{smim exp((m —1)Fy, J (2.31)

Sp.int — {S;}(M"H) RT
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La densité de charge a I’ origine de \y est calculée partir de la somme des ch

charge permanente et des sites acido-basiques. Enfin, les cations accumulés dans
diffuse

arges des sites de

la double couche
sont considérés comme étant également retenus 2 la surface des particules, et donc constituent

aussi des especes cationiques €changeables. Cette description chimique des réactions d’échan ge est en

accord avec la réalité physique de la localisation des cations échangeables dans la double couche
diffuse et sous forme de complexes de surface, CHS ou CSI.

]
' X
+ Mm+
Solution X M X-
X \jm+
Double e e e X- -------- e e e R T e m e eom m e raae e
couche . H+ me+
dnoos L e x "o
Surface 9 Ho MET o HHs MO e ppmeye
@) . O O O O ? . O O
’s —Tp-—s,, §—S—8—S—8§,— 85— S5—8§

T TP

Figure 2.10. Illustration du modéle physico-chimique d’échange cationique. Les cations peuvent étre
retenus a la surface soit par formation de complexes de surface avec des sites acido-basique, soit
par fixation sur des sites de charge permanente, soit dans la double couche diffuse.
L’¢électroneutralité globale de la particule est assurée par la somme des cations présents sous
forme de complexes de surface et dans la double couche diffuse.

Conclusion

Les smectites présentent une réelle diversité de mécanismes de fixation des call(\)ns‘nle;?lhf]uesi
des points de vue thermodynamiques, cinétiques, et structuraux. Les m(\)deles\ j: m?i(.l;es
macroscopiques ont été développés afin de prédire I'état macrotqcopique de ces syisten'mf:s al ::rql(l:lt :r ;lee.
Cependant, ces modéles ne permettent pas de remonter dlrectenient z-lu r?ecanlsjrrclle :; l:mi e
d’adsorption des cations [17]. La détermination de ce mécanisme nécessite 1 Zir;plme ere(:;en:qpaq
cinétiques, microscopiques et spectroscopiques [17, 147]. D’autre part, f:le‘s .mo : esd?ss fluﬁon o
en compte les réactions du substrat avec la solution, notamment .les redc,t.lons e ouon © ¢
précipitation. Or, ces réactions sont susceptibles d’affecter de maniere sensible ]'a clluzmtlte;i e CE-I. 1328
fixée sur la surface du substrat [148]. Enfin, ces modeles n’offrent pas de .de.scnptlon dl,.l’ e:ﬁ-‘,;ll‘ t
cations en fonction de leur temps de résidence dans un systeme géoch1m1que-. Or, I’équilibre es
rarement atteint dans les systémes naturels a température ambiante: HB.SGI"dlt—CC qu: pa(r;z nq;z
certaines réactions, comme la diffusion des cations dans le réseau cristallin, et la néoforma

] O 3 a 8 de cations

qu’au bout de quelques mois [18, 149].
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Deuxieme partie :
matériel et méthodes

Introduction

Le substrat utilisé pour les expériences d’adsorption a été sélectionné dans le but de caractériser
la réactivité des sites de bordure des smectites et de relier les aspects macroscopiques et
microscopiques de cette réactivité. L’hectorite, une smectite trioctaédrique magnésienne qui se forme
dans les environnements alcalins [4, 150], présente des propriétés qui permettent d’atteindre
facilement cet objectif. Les particules d’hectorite ont un rapport de surface de bordure sur surface de
plan basal plus important que la plupart des smectites modeles employées dans les études
d’adsorption [107]. De ce fait, il est possible d’étudier les réactions ayant lieu sur les bordures des
argiles i des rapports de concentration de cation sur quantité de substrat élevés. Les quantités ¢levées
de cations adsorbés en bordure de ces feuillets permettent également d’obtenir des données de
spectroscopie EXATS sur ces complexes de surface avec un meilleur rapport signal sur bruit. Enfin,
comme toute smectite, I’hectorite peut étre préparée sous forme de films auto-supportés dont I'étude
par spectroscopic EXAFS polarisée (P-EXAFS) permet de caractériser avec une grande précision
’environnement cristallochimique des cations adsorbés. Il est ainsi possible d’identifier avec peu

d’ambiguité la nature du mécanisme d’adsorption.

Cette partie est divisée en deux sections. La premiére section (chapitre 3) présente les
protocoles de purification de I’hectorite, de réalisation des expériences chimiques, et de préparation
des films auto-supportés destinés au P-EXAFS. La deuxieéme section (chapitre 4) expose brievement
quelques aspects expérimentaux de la goniométrie de texture et de la spectroscopic EXAFS. Les
aspects théoriques de ces deux méthodes sont développés dans Iarticle intitulé « Sorption of metal

ions on clay minerals. I. Polarized EXAFS evidence for the adsorption of cobalt on the edges of

hectorite particles » situé dans la troisiéme partie de la these.




3. Matériels et méthodes expérimentales

3.1. Purification et caractérisation de I’hectorite

L’hectorite utilisée dans le cadre de cette étude est la SHCa-1 provenant de la mine d’Hector, ‘
Californie. Elle est distribuée par le « Source Clay Project » de la Clay Mineral Society of America. |
Avant son envoi par le « Source Clay Project », le matériel a été séché a basse température et
légerement broyé (http://cms.lanl.gov/sourcecl.html). Ce matériel contient de 1’hectorite mélangée a
des impuretés minérales (calcite, minéraux ferriques...). Certaines de ces impuretés sont des particules
de grande taille qui peuvent &tre séparées des petites particules d’hectorite par fractionnement
granulométrique. L’élimination des autres impuretés, comme les grains de calcite colloidaux, ou les

i encrotitements d’hydroxydes de fer et de manganese, nécessite I’emploi de traitements chimiques.

d’hectorite homoionique.

3.1.1. Dispersion du sédiment dans I'eau et fractionnement granulométrique

|
L’objectif de la procédure de purification est d’éliminer ces impuretés et d’obtenir une suspension
Environ 12 g de sédiment sont dispersés dans 1 L d’eau ulira-pure par agitation sur table
, tournante pendant 24 h (180 rotations par minute; rpm). La fraction granulométrique fine ( <2 pm) de
. cette suspension est ensuite séparée a 1’aide de techniques de sédimentation. La premiére méthode
employée consiste & verser la suspension dans une éprouvette graduée de 2 L, et & compléter ce
| volume de suspension jusqu’a une hauteur d’eau de 40 cm. Aprés homogénéisation, la suspension est J
| laissée au repos pendant 14,25 h. Durant cette période de repos, les particules sédimentent an fond du }

tube, avec une vitesse de sédimentation v donnée par la loi de Stockes,

2 |
\,:d-‘(p“—_pw)g (3.1) |

18n
ol g est I"accélération de la pesanteur (9,81 m s7), py et pw sont les masses volumiques de 1’hectorite
et de I’eau (respectivement 2600 et 997 kg m™ & 25°C), 1 est la viscosité de ’eau (8.904x10™ kgm's
", et d, est le diamétre de Stokes de la particule, égal 4 son diamétre réel en premiére approximation.
Les particules de grande taille sédimentent rapidement au fond du tube et les particules de petite taille |
restent dans la fraction supérieure de la suspension. Au bout de 14,25 h les 20 cm supérieurs du tube, '
ne contenant plus que des particules de diamétre inférieur & 2 pm, sont siphonnés a 1’aide d’une
pipette pasteur dont le bout est recourbé vers le haut. Cette fraction fine est floculée a 1’aide d’une
solution NaCl 1 M, puis centrifugée légerement pour éliminer une partie de 1’eau, et finalement
stockée sous forme de suspension brute au réfrigérateur avant traitement chimique. Le cycle de
sédimentation est répété entre 6 et 8 fois, jusqu’a ce que la quantité d’hectorite collectée de cette

maniére devienne négligeable.
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Afin de réduire le temps de fractionnement granulométrique, on a ét€ amené a utiliser une
technique de fractionnement plus rapide par centrifugation. Dans cette méthode, la suspension
obtenue aprés agitation est répartie en fractions de 45 ml dans des tubes a centrifuger de 50 ml. Ces
tubes sont fermés, agités pendant une heure, puis sont mis a centrifuger pendant 7 minutes a 500 rpm
dans une centrifugeuse a berceaux pivotants (fig. 3.1), pour laquelle I’accélération centrifuge est
toujours paralléle au tube. La fraction supéricure des tubes, ne contenant que des particules de
diametre inférieure & 2 pm, est ensuite collectée a ’aide d’une pipette pasteur au bout recourbé,
floculée, et stockée au réfrigérateur, comme pour la premiére méthode. Les tubes a centrifuger sont
complétés a 45 ml avec de I’eau bidistillée, agités a nouveau pendant une heure, et le fractionnement
granulométrique par centrifugation est de nouveau réalisé. Ce cycle est répété 6 a 8 fois, jusqu’a ce

que la quantité d’hectorite collectée de cette maniére devienne négligeable.

‘- I

Figure 3.1. Principe de fractionnement granulométrique par centrifugation sur centrifugeuse a
berceau pivptant. Durant la centrifugation, les particules de plus grande taille sédimentent au fond
des tubes. A la fin de la sédimentation, la fraction localisée entre les rayons 1 (surface de I’eau
dans le tube) et r, est collectée. Dans la présente étude, r; = 86 mm et r, = 136 mm, et la fraction
récoltée ne contient plus que des particules de taille inférieure & 2 pm.

3.1.2. Purification par traitement chimique

L’objectif de ce traitement chimique est d’éliminer les carbonates, les hydroxydes de fer et de
mangangse, ainsi que la matiére organique qui pourrait éventuellement contaminer la suspension
brute. Le traitement débute avec le transfert de fractions de 100 ml (contenant 1 4 2 g d’hectorite) de

la suspension brute dans des pots a centrifuger de 250 ml. Trois étapes se succédent ensuite.

Traitement par acide HCI. Cette attaque a pour but d’éliminer les carbonates de calcium.
Chaque pot a centrifuger est complété a 200 ml avec une solution HCI 10 M, NaCl 0,5 M (1a haute
teneur en NaCl a pour but d’éviter que les ions libérés par dissolution des carbonates ne se
réadsorbent sur I’hectorite par échange cationique). Les pots sont fermés et agités sur table rotative
pendant une heure (180 rpm). Ils sont ensuite centrifugés (2 000 rpm pendant 15 min). Le surnageant
(environ 150 ml par pot) est éliminé, et les pots sont de nouveau complétés a 200 ml avec la solution
acide. Ce traitement est répété trois fois. A la fin du troisieme cycle, les pots a centrifuger sont

complétés avec une solution NaCl 0,5 M, agités pendant 1 h, centrifugés, et le surnageant éliminé. Ce
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cycle de lavage est répété environ deux fois (trois Javages au total). Il a pour but de ramener

I"hectorite a des conditions de pH relativement neutres.

Traitement par dithionite-citrate-bicarbonate (DCB). Ce traitement a pour but d’¢liminer les
hydroxydes de fer et de manganése par dissolution en conditions réductrices. Le contenu de chaque
pot est complété a 200 ml avec une solution de citrate 0,2 M, bicarbonate 0,1 M, NaCl 0,5 M. Le
citrate est un complexant des ions Fe’* en solution, et le bicarbonate tamponne le pH de la suspension.
Une pincée de dithionite de sodium (Na;S,Oy), un puissant réducteur, est ajoutée dans chaque pot
juste avant fermeture, puis les pots sont agités pendant 1 h & température ambiante, centrifugés, et le
surnageant éliminé. Le cycle est répété une fois. Il est suivi de trois cycles de lavage par NaCl 0,5 M
additionné d’une pincée de dithionite, et d’un cycle de lavage par NaCl 0,5 M uniquement. Ce lavage

a pour but d’éliminer Fe et Mn réduits contenus dans I’eau associée a I'argile.

Traitement par H,O,. Ce traitement a pour but d’éliminer toute trace de matiére organique. Le
contenu de chaque pot est complété 4 200 ml avec une solution HyOz 3 %, NaCl 0.5 M. Les pots sont
ensuite agités pendant % h pour disperser I’hectorite dans la suspension, puis les suspensions sont
transférées dans un grand bécher de 2 L. Les pots a centrifuger sont soigneusement rinces avec le
restant de la solution H,Os, et les solutions de lavage transférées dans le bécher. La suspension est
ensuite chauffée 2 50°C durant 1 h, tout en étant agitée a I’aide d’un barrean aimanté, puis a 70°C
pendant 1 h pour éliminer les traces de HyO. On laisse ensuite la suspension refroidir, et on la
transfére dans des pots a centrifuger de 200 ml. Aprés centrifugation, on élimine le surnageant. La

suspension est alors préte pour I’étape finale de conditionnement.
p p p

3.1.3. Conditionnement et stockage

Le protocole initial de conditionnement consistait a laver I"hectorite par dialyse. Pour cela, on
prépare des cylindres de membrane semi-perméable, que 1’on remplit de suspension. Ces cylindres
sont immergés dans un bécher contenant de I’eau bidistillée, qui est changée tous les jours, jusqu’a ce
qu’on ne puisse plus déceler la présence d’ions CI” dans I’cau de dialyse par test an nitrate d’argent.
La suspension-mére d’hectorite est alors transférée dans un flacon en polyéthyléne et stockée a 4°C
dans un réfrigérateur. La teneur en hectorite de la suspension-mére est déterminée par pesée d’un
volume connu de cette suspension porté a sec par chauffage a 120°C pendant 48 h. Ce mode de
conditionnement permet de réaliser des expériences de chimie & des conditions de faibles forces
ioniques (jusqu’a 0.0015 M). Néanmoins, on s’est rendu compte que cette suspension-mere contenait
un excés de cations Mg par rapport # la stoechiométrie de I'hectorite. Cette accumulation de Mg peut
s’expliquer par le fait que ’hectorite se dissout durant la dialyse et libere des cations Mg, lesquels
remplacent les cations Na* sur les sites d’échange. Par la suite, on a préféré modifier le protocole de

conditionnement afin de prévenir cette accumulation.

Le nouveau protocole de conditionnement consiste en des cycles répétés d’agitation et lavage
de la suspension avec une solution NaNO; 0,3 M, jusqu’a ce que qu’on ne puisse plus déceler la

présence d’ions CI” par test au nitrate d’argent (8 cycles au total). La suspension est alors transférée
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dans un flacon en polyéthylene et stockée a 4°C dans un réfrigérateur. Dans ces conditions, on
n’observe pas d’excés de Mg par rapport a la stoechiométrie de I'hectorite, et on peut réaliser
facilement des expériences de chimie a force ionique haute ou modérée. Cependant, la concentration
importante de NaNO; dans la suspension-mére ne permet pas, pour une concentration d’hectorite

donnée, de travailler 4 des forces ioniques aussi faibles que dans le cas précédent.

3.1.4. Caractérisation de I'’hectorite

L’hectorite purifiée a été caractérisée par diffraction des rayons X sur un diffractométre D-5000
Siemens. Le diffractogramme présente les raies et bandes caractéristiques de I’hectorite, et ne

présente aucun pic d’une autre phase minérale.

La capacité d’échange cationique correspondant & la charge structurale permanente de la
smectite a été déterminée a I’aide de la méthode d’ Anderson [134]. Dans la méthode employée, une
fraction (20 ml) de suspension-mére d’hectorite est transférée dans un tube 2 centrifuger de 50 ml et
saturée au Cs par des cycles répétés d’agitation dans des solutions de CsCl 0,05 M réguliérement
renouvelées. A la fin du dernier cycle, il reste un peu de solution CsCl 0,05 M dans la pate d’hectorite
contenue au fond du tube; cette solution est éliminée par lavage de I’hectorite dans une solution
d’éthanol. Un lavage supplémentaire avec LiCl 0,5 M permet d’éliminer le Cs retenu en bordure des
feuillets, tout en évitant de désorber le Cs retenu sur. les sites d’échange cationique. Enfin, le Cs
encore retenu par I’hectorite est désorbé par des cycles répétés d’échange avec NH," contenu dans
solution de NH4OAc 0,2 M. Les solutions contenant le Cs désorbé sont réunies dans une fiole jaugée
de 250 ml. Aprés avoir complété le volume de la fiole jangée, la concentration de Cs dans cette fiole

est mesurée par ICP-MS. La valeur de la CEC déduite de cette mesure est égale 3 840 mol. kg
d’hectorite.

La stabilité de I’hectorite en suspension a été évaluée par le biais d’expériences cinétiques de
dissolution sous atmosphére inerte et sous conditions contrlées de température et de pH (voir la
section suivante pour le protocole expérimental). Ces expériences ont été menées A une teneur en
hectorite de 0,65 gL', 4 une force ionique élevée (NaNOs 0,3 M) pour éviter que les cations Mg et Li
libérés lors de la dissolution ne se réadsorbent par échange cationique, et 4 des conditions de faibles
concentrations de Mg, Si, et Li en solution, pour minimiser I’impact de la réaction inverse de
reprécipitation. Pour les pH étudiés (4 < pH < 10), on observe deux domaines (fig. 3.2).

® Pour des pH acides et neutres (4 < pH < 7), la dissolution est congruente ou lIégérement
incongruente, avec une libération préférentielle des cations de la couche octaédrique. La
cinétique de dissolution augmente avec la diminution du pH. Ce comportement est

compatible avec un mécanisme de dissolution par protonation et détachement des cations
octaédriques [82, 103, 151, 152].

e Pour des pH basiques (8 < pH < 10), la dissolution est incongruente, avec des taux de

libération €levés pour Si et des taux beaucoup plus faibles pour Mg et Li. Ces faibles taux
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sont observés pour Mg alors que sa concentration en solution n’est a saturation ni avec la
brucite Mg(OH),, ni avec les carbonates de Mg. Pour expliquer cette faible cinétique de
dissolution, on peut supposer que la couche octaédrique de I’hectorite est relativement
métastable & ce domaine de pH élevé, alors que les couches tétraédriques se dissolvent
facilement en raison de la formation facilitée d’espéces silicatées déprotonées a haut pH

[108]. Des études ultéricures permettront de discuter cette hypothese.
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Figure 3.2. Cinétique de dissolution de I’hectorite en fonction du pH & 25°C. La dissolution devient
fortement incongruente 2 pH > 8 avec trés peu de Mg libéré.

3.2. Expériences chimiques d’adsorption de cations

Toutes les solutions utilisées dans le cadre de ce travail ont été préparées avec de I'eau ultra-
pure. Le systéme de purification comprend une cartouche de déionisation de I’eau, une source UV le
long de laquelle 1’eau déionisée circule afin de détruire les bactéries et d’oxyder la matiére organique,
une résine retenant les ions et la matiére organique oxydée, et un filtre terminal de porosité 0,22 pm.
Les sels commerciaux utilisés sont tous de qualité supérieure et n’ont subi aucune purification

supplémentaire avant utilisation.

Toutes les expériences ont été réalisées dans un réacteur en polyéthylene, afin de minimiser les
interactions des cations et de la silice avec les parois (fig. 3.3). Ce réacteur est plongé dans un bain
d’eau thermostaté & 25 +0.1°C. La suspension est agitée 2 I'aide d’un barreau aimanté de section
triangulaire, reposant sur le fond du réacteur. Une atmospheére inerte est maintenue en permanence
dans le réacteur, en faisant buller de I’argon a travers la suspension, le gaz ayant auparavant traversé

successivement trois solutions de lavage :
_une solution H,SO, 0,5 M destinée i débarrasser le gaz de ses impuretés basiques ;

_ une solution NaOH 1 M destinée a débarrasser le gaz de ses impuretés acides ;
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- une solution NaNO; a la force ionique de la suspension, pour humidifier le gaz a la bonne
Pipo.

Le pH est mesuré a I’aide d’une électrode combinée en verre Metrohm. Cette électrode est

a 'aide de solutions tampons (Merk), et recalibrée tous les deux jours. La valeur du
potentiel est lue par un pH-

étalonnée

metre Metrohm 713 et enregistrée sur un PC, Dans les expériences menées

a pH constant, une burette automatique pilotée par le PC délivre des petites quantités d’acide et de

base. Des échantillons de la suspension peuvent étre prélevés i ’aide d’une aiguille en polyéthylene

plongeant dans la suspension, et reliée & un robinet sur lequel on peut adapter une seringue de

prélévement.
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Figure 3.3. Schéma du montage expérimental utilisé pour les réactions d’

. : ma adsorption des cations et de
dissolution cinétique de I’ hectorite.

Les s ; . . — . g .
spensions d’hectorite utilisées pour les experiences cinetiques d’adsorption sont obtenues

ar mélan é ion-me i iére 3
P ge de la suspension-mére, de solutions NaNO;, et d’eau ultra-pure, de maniére 3 obtenir des

valeurs finales de concentration en NaNO; et de teneur en hectorite connues. Ces suspensions sont

pré-€quilibrées au pH de 'expérience durant un laps de temps minimum de 1 h. L’expérience

proprement dite d’adsorption de cation, ou de mesure de la dissolution de I’hectorite, commence au
terme de ce pré-équilibrage.

3.3. Préparation de films auto-supportés

Les films auto-supportés d’hectorite sont obtenus par filtration des suspensions sur filtre de

nitrate de cellulose de porosité 0,05 um. Une vitesse de filtration lente est souhaitable pour obtenir

une bonne orientation des particules dans le plan du filtre. Les durées totales de filtration varient

typiquement de | h, pour des faibles volumes de suspension diluée, 2 6 h, pour des volumes

Importants de suspension concentrée. Afin d’éviter les probléemes de contaminatior

1 par le CO,
atmosphérique ¢

ant que la phase liquide est encore importante, les filtrations sont effectuées dans un

appareil de filtration clos, sous atmosphére d’argon humidifié. Les films auto-supportes sont ensuite

sechés a température ambiante, et stockés dans des boites individuelles.
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3.4. Méthodes physique d’étude des films auto-supportés

3.4.1. Goniométrie de texture

La goniométrie de texture a été utilisée pour vérifier que le film présente une texture de fibre,
c’est-a-dire que les axes c* des particules individuelles d”hectorite sont idéalement orientés dans la
direction normale au film, et les axes (a, b) répartis dans toutes les directions du plan du film. La
distribution d’orientation des axes cristallographiques des particules dans le film est obtenue 4 partir
de la mesure, par diffraction des rayons X, des distributions d’orientation de plusieurs familles de
plans réticulaires. Le dispositif expérimental utilisé & cette fin (fig. 3.4) est constitué d’une source de
rayons X a anode tournante, d’un goniométre de texture 4 cercles sur lequel est fixé le film, et d’un
détecteur. Le faisceau produit par I’anode de cuivre est monochromatisé par un polycristal de graphite
plan. Deux fentes collimatrices croisées permettent de réduire la divergence du faisceau. Le
goniometre de texture est constitué d’un goniomeétre 0-20 classique, et d’une platine permettant des
rotations autour de deux axes X et Y (fig. 3.4). L’axe X est défini par I’intersection entre le plan du
film et le plan de diffraction, et ’axe Y est perpendiculaire au film. La mesure de la distribution des
intensités diffractées est réalisée en fixant les angles 0 et 20 aux valeurs correspondant A une réflexion
d’indice connu. L’intensité de cette réflexion dans les différentes directions de I’espace est ensuite

mesurée en faisant tourner I’échantillon autour des axes X et Y.

Dans les films auto-supportés, I’empilement des feuillets est turbostratique. Les plans {hkl}
pour lesquels I'intensité diffractée est non nulle sont paralléles (plans {001}) ou perpendiculaires
(plans {hkO}) a I’empilement. Pour déterminer complétement les distributions d’orientation des axes
a, b et c* des feuillets individuels il faut choisir an moins trois réflexions non paralléles deux a deux.
Dans le cadre de cette étude, les réflexions sélectionnées sont 020/110, 200/130 et 004 (fig. 3.5).

X Fentes

/ Collimatrices

13.28°

Détecteur

ot Filament

Figure 3.4. Représentation schématique du montage expérimental de diffraction des rayons X utilisé
pour la goniométrie de texture.
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Flgufe 3.‘5. Dia.gf'amme de diffraction X d’une préparation de poudre d’hectorite. Les différentes
réflexions utilisées pour la goniométrie de texture sont indexées.

Les aspects théoriques de 1’analyse quantitative de texture sont détaillés dans 1’article intitulé «
Sorption of metal ions on clay minerals. I. Polarized EXAFS evidence Jor the adsorption of cobalt on

the edges of hectorite particles » situé dans la troisidme partie de la thése.

3.4.2. Spectroscopie EXAFS

Les mesures d’absorption des rayons X ont été réalisées sur les spectrométres des lignes 8.1 du

Synchrotron Radiation Source de Daresbury (Royaume Uni) [153, 154] et BM 32 de I’European

Synchrotron Radiation Facility (France). Le rayonnement synchrotron est produit par des électrons

relativistes accélérés dans un champs magnétique. La radiation est trés intense et présente un spectre

continu « blanc » allant de I’infrarouge lointain aux rayons Y. Le vecteur champ électrique g du

a L ) : s
yonnement est polaris¢ linéairement dans le plan de Iorbite des électrons. Lorsque I’on s’écarte du

plan, il apparait une composante de polarisation verticale, d’intensité généralement faible par rapport
a la composante horizontale. Cette faible composante verticale est négligeable dans nos expériences

de dichroisme car, dune part, on sélectionne la partie centrale du faisceau X grice & un jeu de fentes

collimatrices et, d’autre part, la composante de polarisation verticale est atténuée par la double
diffraction de Bragg sur les cristaux du monochromateur [155]. Le tanx de polarisation linéaire (défini
comme la différence entre les intensités des composantes horizontales et verticales du faiscean

normalisée par la somme de ces intensités) est toujours supérieur a 95 %.

Le faisceau incident polychromatique est collimaté par deux jeux de fentes, (fig. 3.6). Le faisceau
blanc est monochromatisé par double diffraction de Bragg sur des cristaux de silicium taillés suivant
le plan cristallin (111). Le faisceau incident est ensuite collimaté sur I’échantillon i I’aide d*un jeu de
fentes verticales et horizontales. Son intensité Iy est mesurée avec une chambre 4 ionisation (station

8.1) ou par deux diodes (BM 32). Le film auto-supporté est positionné dans le faisceau 4 ’aide d’une .
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platine goniométrique, de facon a contrdler précisément I'angle o entre € et le plan du film.
L’intensité I, de la fluorescence émise par I'échantillon est mesurée a I'aide d’un multi-détecteur
solide au germanium résolu en énergie. Lorsque I’¢lément étudié est dilué (Ap/u < 0.1), cette intensité
est proportionnelle a la section efficace d’absorption des rayons X de I'élément dont le spectre est
mesuré [156].

Cristaux du

e monochromateur
mnneau de Film auto,-
stockage upporte
\ '@ wﬁf ( ] i

Détecteur
I4

Figure 3.6. Schéma d’un spectrométre d’absorption des rayons X.

Les spectrométres BM 32 et 8.1 sont tous les deux équipés d’un systeme de focalisation qui permet de
réduire la taille du faisceau sur I’échantillon. Sur la ligne BM32, un miroir situé en amont du
monochromateur focalise le faisceau verticalement, et un courbeur sur le second cristal le focalise
sagittalement. Sur la ligne 8.1 de SRS, les focalisations verticales et sagittales sont réalisées
simultanément par un miroir de surface toroidale situé en aval du monochromateur. La petite taille du
faisceau permet de réaliser des mesures en polarisation a des angles o élevés car la largeur b’ du
faisceau X sur I’échantillon varie comme h’ = h/cosa (fig. 3.7), ot h est la largeur du faisceau. Du fait
de la valeur extrémement réduite de h sur BM32 (h < | mm), on a pu mesurer des spectres EXAFS
pour des échantillons de 10 mm de largeur a des angles ¢ de 80° (h’ < 6 mm pour o = 80°). La valeur
de h plus élevée sur 8.1 (h ~ 2 mm), n’a permis la mesure de spectres que pour des valeurs o

inférieures a 70° (2/cos70° = 5.8 mm).

échantillon

Figure 3.7. Relation entre la largeur h du faisceau incident et sa largeur h’ sur I’échantillon
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Les aspects théoriques de la spectroscopie P-EXAFS sont détaillés dans Particle intitulé «
Sorption of metal ions on clay minerals. I. Polarized EXAFS evidence for the adsorption of cobalt on

the edges of hectorite particles » situé dans la troisidme partie de la thése.

Conclusion

Le protocole de purification de I’hectorite a permis d’obtenir un matériau de pureté
satisfaisante pour la réalisation des expériences de dissolution et d’adsorption de cations. Néanmoins,
Putilisation de techniques encore plus sélective vis-a-vis des phases indésirables (carbonates,
hydroxydes de fer) est souhaitable, notamment en raison de la faible stabilité et de la cinétique de
dissolution élevée de I’hectorite en solution. Par exemple, I’attaque acide des carbonates peut &tre
remplacée par une technique « douce », de dissolution des carbonates a un pH de 5-6 contrdlé par
ajout d’acide, avec élimination par dégazage du CO, libéré lors de cette dissolution. A ces valeurs de
pH moins élevées que dans le cas d’une attaque acide simple, la cinétique de dissolution de I’ hectorite
est moins rapide, et I"hectorite est ainsi davantage préservée. On pourrait également envisager de
conditionner I’hectorite apres traitement dans une solution de NaNO; 0,3 M dégazée et ajustée
préalablement a pH 8 afin de limiter les réactions de dissolution durant le stockage de la suspension-
mére. A terme, I’objectif reste toujours 1’obtention d’une suspension homoionique d’hectorite-Na
pure, dans laquelle les propriétés morphologiques et physico-chimiques du phyllosilicate présent dans

le matériau de départ ont été préservées au maximum.

La cinétique de dissolution de I’hectorite observée a température ambiante et pour des valeurs
de pH proches de celles des milieux naturels, est trés supérieure a celle des montmorillonites
alumineuses [82, 104]. Cette cinétique importante en fait cependant un matériau de choix pour 1’étude
des relations existant entre 1’adsorption des cations et la stabilité du solide, et ce pour des laps de
temps trés courts. D’autre part, la stabilit¢ de I’hectorite semble plus importante en conditions

basiques qu’en conditions acides.
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Troisieme partie : |
meécanisme d’adsorption de Co et Zn sur
I’hectorite a pH modéré (pH < 6,5)

Introduction

Bien que de nombreuses études aient été consacrées a la réactivité de surface des smectites,
bien peu d’entre elles se sont attachées a relier les aspects macroscopiques et structuraux de cette
réactivité. D’une part, la plupart des modéles basés sur les études chimiques macroscopiques
postulent la formation de complexes de surface sur les argiles, soit sur les plans de base, soit sur les
bordures des smectites. Or, jusqu’a présent, I’existence de CSI en bordure des argiles n’a pu étre
établie avec certitude. D’autre part, de nombreuses études spectroscopiques, microscopiques, et
diffractométriques (e.g. [36-39, 41, 42, 52-54, 157-162] ont eu pour objectif de caractériser la
structure des complexes formés par échange cationique. Ces études ont été souvent réalisées a
saturation de la capacité d’échange des smectites, autrement dit & des concentrations den cations qui
sont plutdt exceptionnelles dans les milicux naturels. Les mécanismes moléculaires d’adsorption
dépendant du pH, et leur rapport avec les comportements macroscopiques d’adsorption, n’ont été
étudiés de maniére explicite que dans quelques cas [18, 131, 132]. Les différents modes de fixation
des cations a la surface des solides (CHS, CSIL...) ont un impact a long terme sur le devenir du
substrat, notamment en termes d’activation ou d’inhibition de la dissolution. Or, jusqu’a présent, ces
relations entre structure du complexe et stabilité de la surface minérale ont été peu étudiées [163], et a

notre connaissance aucun de ces travaux n’a porté sur I’ hectorite.

Les objectifs de cette partie sont (1) de définir les conditions chimiques pour lesquelles les
cations Co et Zn forment des CSI, (2) de déterminer la structure de ces CSI en bordure des feuillets de
I’hectorite, et (3) de déterminer I’impact de ces CSI sur la stabilité de I’hectorite. Cette partie est
subdivisée en trois sections. Dans la premiére section, (chapitre 4) la spectroscopie P-EXAFS est
utilisée pour déterminer la structure des CSI formés par adsorption de Co sur I’hectorite a haute force
ionique (NaNO; 0,3 M) et pH modéré (pH 6,5). Le mécanisme d’adsorption de Co en fonction de la
force ionique et de la concentration totale en Co a pH 6,5 est ensuite étudiée en couplant les
approches spectroscopiques (EXAFS) et cinétiques. Dans le deuxiéme section (chapitre 5), les
méthodes de spectroscopie P-EXAFS et de cinétique chimique sont appliquées a I’étude du
mécanisme d’adsorption de Zn, un oligo-élément important pour les organismes vivants, sur

I’hectorite, a des pH modérés (pH 4 et 6,5).
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4. Adsorption de Co sur I’hectorite a pH 6,5

4.1. Structure du complexe de surface formé par adsorption
spéecifique

L’environnement cristallochimique de Co fixé a pH modéré (pH 6,5) et haute force ionique “
(NaNOs 0,3 M), dans des conditions d’inhibition de I’échange cationique, a été déterminé par P-
EXAFS sur un film auto-supporté préparé avec une concentration en solution de Co égale a TotCo =
100 uM et un temps de réaction de 120 h. Les résultats de cette étude sont détaillés dans I’article
| intitulé « Sorption of metal ions on clay minerals. I. Polarized EXAFS evidence for the adsorption of

cobalt on the edges of hectorite particles » situé a la fin de cette section.

La figure 4.1 montre que les spectres EXAFS enregistrés en polarisation présentent plusieurs
fréquences distinctes, indiquant la présence de plusieurs couches atomiques entourant le Co adsorbé.

I Les amplitudes et les phases des oscillations EXAFS varient fortement avec I’angle o entre le champ

| électrique € et le plan du feuillet smectitique, ce qui indique que I’environnement du Co est

’ anisotrope. Les transformées de Fourier (TF) de ces spectres présentent plusieurs pics, provenant des
contributions des couches atomiques entourant le cobalt (fig. 4.2). Le premier pic (A) provient de la

‘ contribution des oxygénes de l’octaédre de coordination de Co, et le deuxieme pic (B), des
contributions des couches cationiques les plus proches. Ce pic B présente une dépendance angulaire

‘ : importante: son amplitude diminue pour o compris entre 0 et 35°, puis augmente pour o > 35°. Cette

‘ dépendance angulaire ne peut &tre expliquée que par I'existence de deux sous-couches atomiques |
ayant des orientations distinctes. L’analyse quantitative a montré que le cobalt était entouré de 1.6 +

0.4 Mg a 3.03 A dans le plan du film, et de 2.2 + 0.5 Si a environ 3.27 A en-dehors du plan. Ces

distances interatomiques sont typiques de liaisons par arétes entre les octaédres de Co et de Mg, et de

liaisons par sommet entre les octaédres de Co et les tétracdres de Si. La dépendance angulaire des

contributions Mg et Si, ainsi que le nombre réduit de voisins, indiquent que le cobalt forme des

complexes de sphére interne (CSI) mononucléaires localisés en bordure du feuillet, en continuité

structurale de la couche (Mg, Li) octaédrique de I’hectorite (fig. 4.3).
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Figure 4.1. Dépendance angulaire
des spectres EXAFS au seuil K
du  cobalt adsorbé  sur
I"hectorite a pH 6,5 et NaNO;
0,3 M.

Figure 4.2. Dépendance angulaire du
module de la TF des spectres
EXAFS pour le cobalt adsorbé sur

I"hectorite 4 pH 6,5 et NaNOs 0,3
M.

Figure- 4.3. Exemples de complexes de sphére interne formés par adsorption de Co en bordure des
feuillets d’hectorite. Les octaddres de Co partagent des arétes avec des octaddres de Mg, et des
sommets avec des tétraédres de Si comme dans une structure phyllosilicate.

(Sorption of metal ions on clay minerals. I. Polarized EXAFS evidence for the adsorption of cobalt on

the edges of hectorite particle. Article paru dans Journal of Colloid and Interface Science)
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The local structural environment of Co sorbed on hectorite (a
magnesian smectite) has been investigated by polarized EXAFS
(P-EXAFS) spectroscopy on a self-supporting film of Co-sorbed
hectorite. This sorption sample was prepared by contacting Co
and hectorite at pH 6.5 and at high ionic strength (0.3 M NaNO;)
to favor pH-dependent sorption reaction over cation exchange. A
self-supporting film was elaborated after 120 h of reacting time,
when apparent quasi-equilibrium conditions were attained. The
half-width at half maximum of the orientation distribution of c*
axis of individual clay platelets off the film normal was determined
by quantitative texture analysis, and found to be equal to 18.9°. Co
K-edge P-EXAFS spectra were recorded at angles between the
incident beam and the film normal equal to 0°, 35°, 50°, and 60°;
the 90° spectrum was obtained by extrapolation. Spectral analysis
led to the identification of the two nearest cationmic subshells
containing 1.6 £ 0.4 Mg at 3.03 A and 2.2 + 0.5 Si at 3.27 A. These
distances are respectively characteristic of edge-sharing linkages
between Mg and Co octahedra and of corner-sharing linkages
between Co octahedra and Si tetrahedra, as in clay structures. The
angular dependence of the Co-Mg and Co—Si contributions indi-
cates that Co—Mg pairs are oriented parallel to the film plane,
whereas Co-Si pairs are not. These results are interpreted by the
formation of Co inner-sphere mononuclear surface complexes lo-
cated at the edges of hectorite platelets, in the continuity of the
(Mg, Li) octahedral sheet. © 1999 Academic Press

Key Words: Co; hectorite; adsorption; EXAFS; polarized
EXAFS; surface complex.

INTRODUCTION

Smectites are widespread minerals of weathering formations
and sediments (1). They possess a large specific surface area
and a high structural charge (up to 1000 meq per kg). There-
fore, these clay minerals much influence the physico-chemical
properties of geological formations where they are present. The
retention properties of smectites are also of interest for the
setup of geochemical barriers for nuclear waste repositories.
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These barrier systems are foreseen to limit leaching of hazard-
ous chemicals or radionuclides (2). Industrial applications of
smectites encompass heterogeneous catalysis on modified
clays (3) and pharmacological technologies. For all these rea-
sons, a good understanding of the surface stability and sorptive
reactivity of smectites is highly desirable.

The high surface reactivity of smectites is a direct conse-
quence of their lamellar and defective structure. Smectites are
built of layers made by the condensation of one central octa-
hedral sheet and two tetrahedral sheets (4). Heteroionic cat-
ionic substitutions impart to smectites a permanent negative
structural charge, which is compensated by the adsorption of
cations on basal planes. Divalent cations sorbed on these
planes form outer-sphere (OS) surface complexes (5-10) and
are easily exchanged with solute ions by varying the cationic
composition of the solution. Besides these cation exchange
properties, smectites also possess pH-dependent sorption prop-
erties (11-17). The pH-dependent sorption was inferred to take
place at layer edges, where truncation of the bulk structure
leads to the formation of oxygen dangling bonds. However, no
definite structural evidence for the adsorption of cations on
edge sites has been reported yet. Extended X-ray absorption
fine structure (EXAFS) studies rather suggested that the pH-
dependent sorption of cations on phyllosilicates leads to the
precipitation of mixed (18, 19) or pure (9, 20) hydroxide
phases, without definite evidence for spatial association be-
tween the precipitated and the sorbent phases. Furthermore, a
recent reevaluation of EXAFS data on a similar sorbate—sor-
bent system (21) emphasized the relatively high uncertainty on
structural parameters (interatomic distance, number of neigh-
boring atoms) obtained by powder-EXAFS, which could even-
tually bring the reliability of several sorption structural models
in question. One origin for these uncertainties is the relatively
limited reciprocal space explored by EXAFS (at best Ak = 14
A™"), which prevents the discrimination of atomic shells sep-
arated by less than 0.10—0.15 A (22). This is typically the case
in phyllosilicates, where absorbing atoms of the octahedral
sheet are surrounded by neighboring cations from the octahe-
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dral and tetrahedral sheets at R ~ 3.05-3.10 A and R ~
3.20-3.25 A, respectively. Manceau and co-workers (23, 24)
showed that this limitation can be overcome by performing
polarized-EXAFS (P-EXAFS) experiments on phyllosilicate
single crystals. The contribution of cations from the tetrahedral
sheets can be minimized by orienting the phyllosilicate plane
parallel to the electric field vector € of the incident X-ray beam
(Fig. 1, left). Conversely, the contribution of cations from the
octahedral sheet is extinguished in the perpendicular orienta-
tion of e (Fig. 1, right). Recently, this P-EXAFS technique was
successfully applied for the first time to well-textured self-
supporting clay films (25, 26). These studies demonstrated the
unique ability of P-EXAFS to probe highly anisotropic envi-
ronments with an enhanced precision, as compared to powder
EXAFS. The discriminating capacity of P-EXAFS can be used
to differentiate cations precipitated in solution from cations
adsorbed on the edges of smectite layers.

In the present study, the sorption mechanism of Co on
hectorite, a magnesian smectite, was investigated by P-EXAFS
spectroscopy performed on a self-supporting film of Co-sorbed
hectorite. Adsorption of Co on the edge sites of hectorite was
favored by carefully controlling the chemical conditions of the
sorption process. In particular, sorption was carried out at high
ionic strength (/ = 0.3 M) to inhibit Co adsorption on cation
exchange sites, and at moderate pH (pH 6.5) and Co concen-
tration ([Co] = 10™* M) to avoid as much as possible the
precipitation of either pure Co(OH),,, or of Co hydrous phyl-
losilicates such as Co-rich kerolite (hereafter referred to as
CoKer) (21). The orientation distribution of hectorite crystal-
lites 1n the self-supporting film plane was determined by quan-
titative texture analysis (QTA). Mg and Si cationic shells
surrounding sorbed Co were unambiguously identified by P-
EXAFS spectroscopy, and the orientation of the Co-Mg and
Co-Si pairs with respect to the basal plane of hectorite particles
were determined. Based on these results, a structural model for
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FIG. 1. Principle of polarized EXAFS measurements on phyllosilicates:
(left) electric field vector € parallel to the layer plane; (right) e perpendicular
to the layer plane.
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FIG. 2. X ray diffraction geometry used for texture analysis in the reflec-
tion mode. A 8, pole figure can be measured by fixing 6, and then rotating
the sample around v and p (both rotations conserving 6,,).

the adsorption mechanism of Co on the layer edges of hectorite
is proposed.

BACKGROUND

Quantitative Texture Analysis

The quantitative texture analysis of a polycrystalline aggre-
gate is based on the concept of orientation distribution (OD),
which represents a statistical description of the individual

crystallite orientations within this aggregate (27). This orien-

tation can be evaluated by determining the pole distribution of
{hkl} diffracting planes (i.e. the orientation distribution of the
vectors (hkl)* perpendicular to these planes) with respect to
the sample referential. Figure 2 illustrates the principle of a
pole distribution measurement on an X-ray diffractometer.
Three rotation movements, 0,,, (Bragg angle), y (azimuthal
angle), and p (tilt angle) are available. In this geometry, only
{hkl} planes whose poles are aligned with the k direction are
in diffracting conditions, provided 8,,, fulfills the Bragg con-
dition. The diffracted intensity 1,,,(7y, p) is proportional to the
number of crystallite planes that satisfy these orientation and
Bragg conditions. Rotation of the sample in every position
around vy and p conserves 0, and allows for all crystallites of
the sample to be brought successively in a diffracting position.
A pole density P,.(y, p) is then obtained by normalizing
measured diffracted intensities with respect to an average value
obtained by integrating all intensities over y and p This nor-
malization procedure enables the comparison of several sam-
ples regardless of their porosity and purity, under the assump-
tion that the average diffracted intensity is constant whatever
the true texture is. Finally, a pole figure is obtained by pro-
jecting the pole density on the film plane using an equal-area
projection for qualitative visual representation of the textural
quality of the sample.

In the case of smectite samples, only a few {hkl) reflections
are experimentally accessible, because some are too low 0,y
angles to ensure a constant irradiation of the sample, and others
are systematically extinct. Furthermore, the measurable peaks
consist of several overlapped reflections, as a result of the
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crystal symmetry (26), and the resulting multipole figures are
of complex visual interpretation. To derive a quantitative in-
formation on the sample texture, it is then necessary to calcu-
late the complete OD that would best fit the measured pole
density, using a refinement technique. The quality of the fit
between the experimental and the OD-recalculated pole density
can be evaluated by the reliability factor,

1 PEA() — Pos(i)
RP =~ T pwy L
1 % %: Ph:.!(]) (]

where Pjj(j) and Ppir(j) refer to the observed and recalcu-
lated pole densities, and j runs for all y and p values. A similar
reliability factor Ry, in which observed and recalculated in-
tensities are weighed, can be defined. Ry, enables the compar-
ison of the refinement quality for samples with different texture
strengths. Once the OD has been refined, every desired single
pole figure can be recalculated for much simpler interpretation.
More details on QTA refinements can be found elsewhere
(26, 28).

Polarized EXAFS

In an EXAFS experiment, the absorption coefficient w of an
element present in the studied material is measured as a func-
tion of the energy of the incident X-ray beam. For a linearly
polarized X-ray beam and a layered compound having a three-
fold or higher symmetry axis perpendicular to the layer plane,
this absorption coefficient can be written (23-26, 29)

p® = pleosa + utsin’a, 2]

where a is the angle between the electric field vector € and the
layer plane (Fig. 1). The notations || and L denote orientations
of € parallel (&« = 0°) and perpendicular (& = 90°) to the layer
plane, respectively. The net EXAFS oscillations are derived
from X-ray absorption spectra by the normalization equation

M= Ly
Mo

X= 2 p= p(l — x), [3]

where p, is the absorption coefficient of an isolated atom. As
o does not depend on «, y exhibits a dichroic angular depen-
dence described by

x* = xlcos®a + y'sin’a = x* + (x! — y)cos’a. [4]

Equation [4] is rigorously correct for the total macroscopic
EXAFS signal (i.e. for the sum of single and multiple scatter-
ing contributions). From the knowledge of y' and x", Eq. [4]
allows the calculation of x* for any value of @ in dichroic
systems. Conversely, if y* is not accessible experimentally,
then it can be calculated via linear regression of EXAFS
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FIG. 3. Definition of the angles 6, w,;, «, and B,, in polarized experi-
ments.

spectra obtained for o << 90° and extrapolation to & = 90°,
In a perfectly disordered (isotropic) powder, x* is averaged
over all space directions and reduces to an a-independent
spectrum, x*.

The EXAFS oscillations are interpreted microscopically as
resulting from the interference between photoelectronic waves
outgoing from the absorbing atom (i) and waves backscattered
by neighboring atoms (j); therefore it can be decomposed into
contributions of successive atomic shells, Xi- For a powder,
the amplitude of x;° is of course proportional to the number of

iso

atoms present in the j shell; NI™ and y2° can be written
X:.'jo = SgN}['ca]Afj(k, A, Rrj'n U'j) : Sin(szij + ﬁbq(k)), [5]

where k is the norm of the photoelectron wavevector, R; is the
absorber—backscatterer distance, ¢ (k) is a phase shift func-
tion depending on the nature of the ij pair, S? is an amplitude
reduction factor which is characteristic of the absorber, and
Ay(k, A, R, 0;) is a damping function which depends on R,
on the mean free path of the photoelectron (M), and on the
structural and thermal disorder of the j shell, expressed as a
Debye-Waller factor 0. At a given temperature, the more
disordered the shell, the higher o;. ‘

In contrast to powder EXAFS, in P-EXAFS the amplitude of
Xi; is not only dependent on N ", but also on the orientation of
€ with respect to the vectors R,,, that connects the absorbing {
atom to the u;" atom of the j shell. At the K-edge and in the
plane-wave approximation, this relationship can be written

real
NI

X5 =3x5> 2 cos0,, = 3(cos?0,,)x ., [6]

;=1

where 6, is the angle between € and R;,. The summation is
made over all the N atoms of the j shell. For layered
compounds, 6;,; can be expressed as a function of a, of the B.,
angle between R,,, and c¢*, and of the w,; angle between the
in-plane projections of e and R;,, (Fig. 3). The existence of a
threefold or higher symmetry axis normal to the layer plane
indicates that the j" shell contains several u; backscattering
atoms with-the same 8, orientation (except for B,, = 0°).
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Thus, the (coszﬂf-,”.) term can be reduced to a function of only

« and (3; by averaging the in-plane w,, angles (29). This results
in

(3 cos®B; — 1)(3 cos’a — 2)
R S

3(cos’0;,) =1 —

Hence the angular dependence of x| can be described by a
simple affine function of cos’a:

B (3_(:052,8,- — 1)(3 cos®a — 2)
e ————. 18

iso | 1

XE}:XU‘

Equation [8] confirms that only the amplitude of y}, is modified
by varying «. It is then possible to define for each « angle an
apparent number of neighboring backscatterers, N;*, which is
proportional to x,ﬂ-, so that '

N";_‘PP B Xf;
N;eal - Xi_su - [9]

iy

N;™ can be calculated from B; and N[ for any « value by
combining Egs. [8] and [9]:

B (3 cos?B; — 1)(3 cos’a — 2)
2 ] . [10]

Equation [10] resumes to a simple expression in two cases.
First, when a = 35.3°, then N;** = N;™ regardless of 3,, and
the polarized and powder EXAFS spectra are identical. Sec-
ond, when B; = 53.7°, N; = NI regardless of a, and the
EXAFS contribution of the j shell has no angular dependence.
a = 35.3% and B; = 54.7° are “magic angles.” Equation [10]
also indicates that N;™ increases with increasing a for 8, <
54.7° and decreases with increasing o for 3; > 54.7°. Tfllus,
the orientation of the ij pairs with respect to 8 = 54.7° can be
determined from the angular dependence of N;*.

.How these theoretical considerations apply to phyllosilicates
will now be shown taking Fe in biotite as a example (23, 24).
Biotite is a trioctahedral phyllosilicate like hectorite (Fig. 1).
Fe is located in the octahedral sheet and is surrounded by 6 (Fe,
Mg) neighbors of the octahedral sheet (8 = 90°) and 4 (Si, Al)
neighbors of the tetrahedral sheets (8 = 33°). These two shells
are located at close distances (~3.04-3.10 A vs 3.25-3.30 A),
and their EXAFS coniributions cannot be discriminated by
conventional EXAFS analysis (22), thereby decreasing the
accuracy of the spectral quantitative analysis (30). In contrast,
Eq. [10] shows that in P-EXAFS, the contribution from the (Fe,
Mg) shell extinguishes for a = 90° (N, = 0), and the
analysis of the enhanced contribution of the single (Si, Al)
shell is facilitated (N§% = 8.4). Likewise, for & = 0°, the
apparent number of (Si, Al) neighbors is diminished (N&%, =

8i,Al

NwP = N [1

1.8), which makes easier the analysis of the enhanced contri-
bution of the (Fe, Mg) shell (N%,, = 9). Manceau and
co-workers (23) confirmed experimentally these theoretical
predictions and demonstrated that P-EXAFS measurements
allow the determination of structural parameters (R, N,) for
close atomic shells with an enhanced precision. v

For an absorbing element whose structural environment is
not known, the inclination angle 3; of a backscattering j shell
with respect to ¢* can be ideally determined from the angular

dependence of N;™. For this purpose, Eq. [10] can be rewritten

as an affine function of cos®a:

N PP

o
W = (1 =3 cos’B)) - cos’a + 3 cos’B;.  [11]

The slope (B) of this function depends only on §;, and the 8,
value can be readily determined from a linear regression off
N;™/N™ with respect to cos’a.

Egs. [2], [4], [7]-[11] hold true for dichroic single crystals.
They can be applied to textured self-supporting clay films,
provided a symmetry axis of order greater than two exists
normal to the film plane. For example, a C. axis can be
obtained by perfectly orienting the basal planes of individual
platelets parallel to the film surface, and then dispersing the a
and b axis randomly in the film plane. In this case, all ¢* axes
point perpendicular to the film plane, and 8; are the same for
all crystallites. For real films, in which the basal planes of
platelets are disoriented off the film plane, a C., axis can still
be defined, if a and b axes are distributed randomly around the
film normal. In this case, however, disorientation of the plate-
lets causes a dispersion of the 8; angles and results in angular
dependencies of N;™ that are weaker than in the case of a
perfect orientation. As a corollary, B; determined experimen-
tally from Eq. [11] on these real films tends to be underesti-
mated for B; > 54.7° and overestimated for B8; < 54.7°.

EXPERIMENTAL

Hectorite Purification and Characterization

Hectorite Nagyo(Mg;65Li035)(Sise5Al005)0o(OH), was pur-
chased from the Clay Mineral Repository (SHCa-1). In this
magnesian smectite, the Mg and Li atoms are located in the
octahedral sheet and Si atoms in the tetrahedral sheets. Ap-
proximately 25 g of the raw material were suspended in 1 L of
deionized Milli-Q water and shaken at 180 rpm for 48 h. The
<.2 um fraction was then separated by sedimentation tech-
niques. This fraction was treated several times with a 10~ mol
L™ (M) HNO; solution to remove carbonate minerals, and
§ubsequently washed 5 times with 0.5 M NaCl to exchange
interlayer cations with sodium. No concentrated inorganic acid
_solutions were used, since hectorite appears to dissolve quickly
in strong acidic media (31, 32). Afterwards the clay suspension
was treated | hwitha5 X 107 M dithionite, 0.2 M citrate, 0.1
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FIG. 4. Solubility of Co in solution with respect to Co hydroxides and
Co-rich kerolite (CoKer). Solubility constants are taken from Refs. (21, 74).
Plots of solubility limits are given for (1) stoichiometric dissolution of CoKer,
(2) CoKer solubility controlled by amorphous silica, (3) CoKer solubility
controlled by quartz, (4) solubility of pink active Co hydroxide, and (5)
solubility of blue Co hydroxide. The cross refers to the maximal experimental
[Co] in the hectorite suspension.

M bicarbonate, 0.5 M NaCl solution at pH 6.5 to remove
possibly remaining ferric oxides, and 1 h with a 3% H,0,, 0.5
M NaCl solution at 50°C to remove organic matter (17, 33, 34).
Remaining H,0, was destroyed by heating the suspension for
more than 1 h at 70°C. Dialysis against Milli-Q water was then
performed until no C1~ anions could be detected (AgNO; test).
The final 2 wt% stock suspension was stored at 4°C in the dark
prior to use. Measurements of aqueous Si0, concentrations at
different preparation stages showed that the amorphous-8i0,
solubility limit was never reached.

The purified clay suspension was characterized by X-ray
diffraction on a Siemens D-500 X-ray diffractometer. No trace
of crystallized carbonate mineral could be detected. The cation
exchange capacity (CEC), measured by Cs exchange (35), is
840 meq kg~'. Specific surface area determined by BET equals
114 m* g™

Co sorption and Film Preparation

General Considerations

Chemical reactions such as hectorite dissolution, formation
of pure or mixed Co hydroxide, or Co adsorption on exchange
sites may strongly interfere with Co adsorption on pH-depen-
dent sites. Therefore, the chemical conditions (pH, ionic
strength) for Co sorption were carefully determined to avoid
these interferences.

The lower limit of the possible pH value for Co sorption was
imposed by the dissolution kinetics of hectorite. At pH 6.5, it
takes about 10 days for the working clay suspension to reach a
free Si concentration of 400 pwM. Since the dissolution rate of
hectorite is enhanced at lower pH (36), pH 6.0 was chosen as
a lower limit. Also, as a prerequisite, pH has to be high enough
to allow for a sufficient amount of Co to sorb on hectorite
within a reasonable period of time. The upper pH limit was
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selected to avoid precipitation of pure Co(OH),,) and CoKer.
Plots of the Co solubility with respect to CoKer and Co(OH),,
(Fig. 4) indicate that the upper pH limit for Co sorption is ~6.7
for a Co concentration of 100 uM. Sorption experiments were
thus conducted at pH 6.5.

Jonic strength (/) and equilibration time for Co sorption
were defined on the basis of kinetic results obtained at two
different ionic strengths (Fig. 5). At low ionic strength 001 M
NaNQO,), an important Co sorption occurred within the first 5
min of contact time between the cation and the clay surface. At
high ionic strength (0.3 M NaNOy), this rapid cation sorption
was far less pronounced, which suggests that it corresponds to
Co adsorption on exchange sites (37). Following this initial
step, sorption went on at slower rates. The relaxation time
associated with this second sorption step is not compatible with
a cation exchange process (37). Based on these results, Co was
sorbed at high ionic strength (I = 0.3 M) to inhibit cation
exchange, and the self-supporting film was elaborated after
120 h of reacting time, when Co sorption was significantly
slowed down.

Experimental Design

All chemicals were of ACS reagent grade. All solutions
were prepared with Milli-Q water. A constant Na concentration
of 0.3 M was maintained throughout the experiment by pre-
paring the working solutions with the appropriate amounts of
NaNO, salt (Fluka). pH measurements were made using a
Metrohm combined electrode connected to a Metrohm pH-
meter. This electrode was calibrated with buffers (Merck,
titrisol) and recalibrated at least every 48 h. The pH of the
suspension was continuously adjusted to 6.5 (+0.05) by soft-
ware-controlled additions of small volumes of acid (0.1 M
HNO,, 0.3 M NaNO;) or base (0.02 M NaOH, 0.28 M NaNO,)

solutions.
The sorption experiment was conducted at 25 * 0.1°Cina
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FIG. 5. Kinetics of Co sorption on hectorite at high (I =03M,V) and
low (I = 0.01 M, 0OJ) ionic strengths. Chemical conditions are: pH 6.5, solid
concentration [hectorite] = 1.95 g L ! total Co concentration [Col, =
100 M.
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polyethylene vessel immersed in a thermostated water bath.
Solid concentration in the suspension was 1.95 g L™'. Vigorous
stirring of the suspension was achieved by a rotating magnetic
bar. An inert atmosphere was maintained by bubbling argon
throughout the suspension. Prior to use, Ar was acid- and
base-washed by bubbling through 10% H,SO, and 0.1 M
NaOH solutions, and bubbled through a 0.3 M NaNO; solution
to ensure a constant Py, partial pressure. After a preequilibra-
tion time of 48 h at pH 6.5, an aliquot of a 0.21 M Co(NO;),,
10~ M HNO;, 0.3 M NaNO, solution was added to the clay
suspension to obtain a final Co concentration of 100 uM. The

pH of the suspension was then readjusted to 6.5 within 5 min
" by gentle addition of the base solution and kept at this value
until the end of the experiment. At the end of the sorption
period (120 h), Co and Si concentrations in the supernatant
were measured by spectrophotometry (38), and Mg was ana-
lyzed by inductively coupled plasma-atomic emission spec-
trometry. The amount of Co sorbed on hectorite at the end of
the experiment was equal to 37 umol g ' of hectorite, i.e. a
weight concentration of 2.23 X 107 g g™ of hectorite. The
free Si concentration in solution amounted to 333 uM at the
time of Co introduction in the suspension, and reached a
concentration of 394 puM at the end of the sorption period.
Dissolved Si was always undersaturated with respect to amor-
phous silica (solubility of ~2000 wM (39)), and supersaturated
with respect to quartz (solubility of 183 uM (40)). This super-
saturation can be neglected, owing to the very slow crystalli-
zation rate of quartz at room temperature (41).

A 60-pm thick self-supporting film of Co-sorbed hectorite
was prepared by slowly filtering 60 mL of the suspension on a
0.05-pm Sartorius cellulose nitrate filter in a closed filtration
vessel. In order to avoid atmospheric carbonate contamination,
a continuous flow of humidified argon was maintained over the
sample throughout the whole filtration stage. Excess of salt and
aqueous Co were washed with a few milliliters of Milli-Q
water. When dry enough, the thin film was moved into a
desiccator. This last drying stage is not believed to have
substantially modified the sorption mode of Co, as hectorite is
known to retain at least two layers of water molecules, even
under low pressure of water vapor (42). Seven slices of the
same film were cut and stacked on a sample holder, in order to
get a thick sample for fluorescence-yield EXAFS measure-
ments. Upon stacking, these slices were successively rotated
around an axis perpendicular to the film plane to ensure a
completely random in-plane orientation of hectorite crystallites
in the EXAFS sample. The concentration of Co in the sample
was low enough (Auw/p < 0.01 at @ = 60°) to eliminate
self-absorption effects (43, 44).

Synthesis of Reference Compounds

CoKer of formula Co;51,0,,(OH),, and Co-doped Mg-rich
kerolite (CoMgKer) of formula Cog3Mg;4,51,0,,(0OH), were
synthesized by aging fresh precipitate of the desired chemical

compositions at 75°C for 15 days, according to the procedure
described by Decarreau (45, 46). Their b unit cell parameters,
as calculated from the position of the (060) diffraction peak,
equal 9.30 A and 9.24 A, respectively. In these precipitates, Co
is located within the phyllosilicate octahedral sheet, and is
surrounded by 6 Co and 4 Si (CoKer), or 6 Mg and 4 Si
(CoMgKer), respectively. Co(OH),,, was obtained by titrating
4 0.05 M Co(NO,), solution with 0.2 M NaOH under an argon
atmosphere. The fresh pink precipitate was allowed to age for
15 days at room temperature in an anoxic glove box. These
reference compounds were loaded in sample holders sealed
with Kapton windows for EXAFS measurements.

Quantitative Texture Analysis

QTA was carried out by X-ray diffraction experiments on a
four-circle goniometer mounted on a rotating copper anode
(Rikagu RU 300-E). The X-ray incident beam was monochro-
matized using a flat graphite monochromator and collimated,
giving a final beam cross section of 1*1 mm”. Pole densities
were measured on a single portion of the hectorite film by
scanning the tilt angle p between 0 and 85° and the azimuthal
angle y between 0 and 360° with angle increments Ap and Ay
of 5° In order to minimize defocusing effects, relatively open
(4 mm) detecting slits were used. Three pole figures were
measured: {004}, {020/110}, and {200/130}. Data were cor-
rected for background defocusing. The pole densities were
normalized and the OD was refined using the WIMV algorithm
(47) of BEARTEX (28). The reflection overlaps are not the
exact ones from a theoretical random powder, because defo-
cusing limits the pole figure extent accessible to measurements
(p only up to 85°). Thus all overlaps were considered as
unknowns and were resolved during the OD refinement pro-
cedure, The OD was iteratively refined up to a velocity of
convergence of 0.3%. Multiple and single pole densities were
then recalculated. Visual evaluation of the OD simulation was
allowed by comparison of experimental and recalculated pole
figures, whereas the quality of the OD refinement was quanti-
fied by RP and R, values (26).

EXAFS Data Collection and Reduction

Polarized Co K-EXAFES spectra for the Co-sorbed hectorite
film were recorded at the SRS synchrotron radiation facility in
Daresbury, UK, on the EXAFS 8.1 station. The optic of the
spectrometer consists of a Si(111) double crystal monochro-
mator and a focusing mirror (48). The second crystal of the
monochromator was detuned by 30% to increase the rejection
rate of harmonics. The clay film was mounted on a goniometer,
and EXAFS spectra were recorded at « = 0°, 35°, 50°, and 60°
in fluorescence detection mode using a 13-element array Ge
detector (Canberra).

EXAFS spectra for Co(OH),,, and CoKer were recorded
in transmission mode at the LURE synchrotron radiation
facility, France, on the D42 station, with the plane of the
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TABLE 1
Quantitative EXAFS Analysis for Reference Compounds

First pcak Second peak
Co-0 shell Co—Co shell Co-Mg shell Co-Si shell
IFT range* IFT range” ] AE}
(A) RA N o@ R, (A) R(A N o@A RA N ol RA N ol R (V)
Co(OH)y, 1.1-2.2 2.10 6.0 0.08 0.003 2235 3.19Y 6.0° 0.8 0.008 —0.1
CoKer 09-2.2 209 6.0° 0.09 0012 2.3-35 3.12¢ 6.00 0.09 327 4.0° 009 0003 —-08
CoMgKer 0.9-2.2 2,08 6.0° 0.09 0005 2231 3.07 6.00 0.09 321 4.0° 010 0.035 -—-0.7

“ Ranges for inverse Fourier transforms (IFT) in the real space,

" The threshold energy E, was taken at the half-height of the absorption edge (Ap/2). AE, given here for FEFF7. 02 theoretical functions.

“ Value held fixed during the fitting procedure.
“ Crystallographic R, e, = 3.17 A (56).

° Crystallographic R¢,c, = 3.10 A (calculated from the position of the (060) diffraction peak).

sample holder positioned at the magic angle to get rid of any
textural effect (24). Measurements were performed using a
Si(331) channel-cut monochromator, and gaz ionization
chambers filled with an air—helium mixture dosed to atten-
uate the beam intensity by ~20% before and ~50% after the
sample entry. The EXAFS spectrum for CoMgKer was
recorded in fluorescence mode at ESRF, France, on the
BM32 CRG/IF station. Measurements were performed using
a Ni-coated focusing mirror, a Si(111) monochromator, and
a 30-element array Ge detector, with the plane of the sample
positioned at the magic angle.

EXAFS data reduction was accomplished following a
standard procedure (22), using a software package imple-
mented by D. Bonnin (ESPCI, Paris). As a preliminary step,
absorption spectra were given the shape of the semi-empir-
ical model of Lengeler (49, 50). x(k) for a = 90° was
extrapolated from 0° < a = 60° measurements following
Eq. [4] (23, 26). Fourier transformation was performed on
k*x(k) between 2 and 10 A™" using a Kaiser apodization
window (51), resulting in a radial structure function (RSF)
in the distance space. RSF peaks are located at apparent
distances (R + AR), which differ from crystallographic
absorber-backscatterer distances (R) by ~ —0.3 A, owing to
the existence of the phase shift term ¢;;(k) in the EXAFS
formula (Eq. [5]) (22). RSF’s structural peaks of interest
were sclected in the distance space, and Fourier-back-trans-
formed in k space. Interatomic distances (R) and number of
atomic neighbors (V) were determined by least-square fit-
ting these Fourier-filtered contributions with theoretical
phase and amplitude functions calculated with FEFF7.02
(52), using talc, hectorite (Co-Mg and Co-Si pairs) and
Co(OH),,, (Co-0O and Co—Co pairs) as model structures
(53-56). The amplltude reduction factor S; was set to 0.85,
in accordance with prev10us experimental studies (57). The
goodness of the fit was quantified by the reliability factor
Rp, defined as
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Ek (kj.Xcalc(k) kz. chp(k))z
R,= o e, 12
r zk (k’; ° Xexp(k)) 2 [ ]

The accuracy of the interatomic distances obtained by using
theoretical FEFF functions was assessed by fitting the experi-
mental contributions of the first and second atomic shells for
Co(OH),, CoKer and CoMgKer references. Examination of
Table 1 shows that EXAFS R, values for the first oxygen
shell of the three references are very similar to crystallographic
values for divalent and oxygen-hexacoordinated Co (e.g., Rcp0
= 2.097 A for Co(OH),, (56)). EXAFS-derived R, c, values
for Co(OH),, (3.19 A) and CoKer (3.12 A) are both larger
than crystallographic distances (3.17 and 3.10 A, respectively;
Table 1). The same difference of 0.02 A was previously re-
ported (58) and likely originates from uncertainty in theoretical
phase shift functions. The EXAFS-derived Ry, value for
CoMgKer (3.07 A) is similar to crystallographic Ry, v, dis-
tances in talc (3.05-3.06 A (53)) and to the distance calculated
from the b unit cell parameter of CoMgKer (=9.24/3 = 3.08
A). Finally, EXAFS-derived Rc, s for CoMgKer (3.21 A) is
lower by 0.03 A than Ry, in talc (3.24 A (53)). This result is
surprising, as the Co octahedra have a larger size (e.g., Rcoo =
2.097 A in Co(OH),), compared to Mg octahedra (Ry, 0 =
2.05-2.08 A in talc), which should cause Si tetrahedra to be
repelled at higher distances. This relatively large uncertainty
on R¢,s cannot be attributed to the use of theoretical FEFF
functions (26), but rather results from the overlap of the Mg
and Si shells in powder-EXAFS spectra (21, 59). In conclu-
sion, the uncertainty on EXAFS-derived distances resulting
from the use of theoretical phase shift functions is about 0.01
A for Co-O pairs, probably about 0.02 A for Co—Co and
Co-Mg pairs. The uncertainty in distance for Co-Si pairs
cannot be estimated with accuracy on powder samples but has
been shown to be as good as 0.03 A in former P-EXAFS
experiments (26). The uncertainty on the number of neighbor-
ing atoms will be discussed later.
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{020/110}

{004}

{200/130}

Log scale
10 m.r.d.

1 m.rd.

102 m.r.d.

FIG. 6. Normalized, experimental (above) and recalculated (below) pole figures for Co-sorbed hectorite (logarithmic density scale, equal area projection).
Note that experimental pole figures are satisfactorily reproduced by the computation.

RESULTS AND INTERPRETATION
Texture Analysis

Normalized experimental and OD-recalculated pole figures
are presented in Fig. 6. Pole densities are expressed in multiple
of a random distribution (m.r.d.). Experimental and recalcu-
lated patterns look similar to each other, with low (i.e., good)
reliability factors. Reliability factors for density values above
1 mr.d. of RP, = 2.3%, and for all densities of RP, = 5%,
were obtained at the end of the refinement. The corresponding
weighted factors are Ry, = 1.4% and Ry, = 6.1% (26).

Zones of iso-densities form nonconstant rings on the {020/110}
pole figure and to some extent on the {200/130} pole figure as
well. One would see in such density variations an effect of
preferential orientations of a and b axes in the film plane. How-
ever, these irregularities affect only the peripheral part of each
pole figure, where the beam may not hit regularly the sample, and
are located at the same azimuthal angle for all pole figures. This
observation is not consistent with a texture effect for different
{hkl} reflections; we therefore conclude to a geometrical effect
due to a nonregular irradiation of the sample during -y rotation.
Thus, it can be concluded that a and b axes of crystallites are
randomly distributed in the film plane. This observation, com-
bined with the high density at the center of the {004} pole figure,
indicates that the distribution of crystallites in the thin film is
axisymmetrical, or, in other words, that a C., symmetry axis exists
perpendicular to the film plane. The presence of this axisymmetry
indicates that it is possible to apply Egs. [4] and [7]-[11].
Manceau et al. (26) drew the same conclusion on a self-supporting
film of nontronite.

Figure 7a represents the {001} distribution recalculated from
the OD. This reflection has a maximum orientation density of
11 m.r.d., which is an indication of a highly textured film, but is
lower than the value of 39 m.rd. reported for a nontronite self-
supporting film (26). The difference of texture strength of the two
films possibly originates from the greater thickness of the hecto-

rite film (~60 wm) as compared to that of nontronite (~20 wm).

The increase in thickness allowed us to increase the intensity of

the fluorescence signal during EXAFS acquisition.

a {001} reconstructed
Linear scale

11 m.r.d.

1 m.r.d.

p(°)

FIG. 7. (a) Recalculated {001} pole figure for hectorite (linear density
scale, equal area projection). (b) Integrated p scan of the {001} pole figure. The
1 m.r.d. density is represented by an horizontal dashed line and the gaussian fit
to the p scan by a solid line.
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FIG. 8. (a) k*-weighted Co K-edge EXAFS spectra at « angles of 0°, 35°, 50°, 60°, and 90°. The 90° spectrum has been obtained by regression of the
experimental data for 0 = a =< 60° and extrapolation to o = 90°. (b) Comparison of the experimental (solid line) and extrapolated-recalculated (dashed line)

k*-weighted EXAFS spectra for & = 35°.

A p-transect of the {001} density distribution was obtained
by averaging for each p value the normalized densities of the
{001} pole figure over all -y angles (Fig. 7b). The dispersion of
c* axes of individual platelets off the film normal can be
quantified by the full width at half maximum (FWHM) of this
p-transect. Here the FWHM is equal to 37.7°, as compared to
19.8° for Garfield nontronite (26). This lower orientation is
expected to diminish slightly the angular dependence of P-
EXAFS spectra. The difference between N obtained for an
ideal texture (Eq. [10]) and the value obtained for real samples
(N;™) was calculated by Manceau et al. (25) in the case of a
step-shaped distribution of ¢* axis symmetrically around the
film normal. These calculations showed that for a distribution
having a step-shaped width of 40°, (N;™ — N;")/N;™ is equal
to 11% at « = 90° for B = 33°, and equals 4% at a = 0° for
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B = 90°. Consequently, N;*® can be considered equal to N;™ as
a first approximation.

EXAFS Spectra

The EXAFS spectra recorded at different a angles and the
extrapolated spectrum at o« = 90° are displayed in Fig. 8a. The
quality of the extrapolation procedure was estimated by com-
paring the experimental spectrum at a = 35°, x> (k) to that
recalculated from the regression procedure, you.(k) (Fig. 8b).
The agreement between these two spectra is very good at low
k and decreases at high &, as a result of the increase of the
signal to noise ratio. Close examination of Fig. 8b shows that
xoi(k) is less noisy than xo, (k), especially at high k. One can
see in this observation an effect of the calculation of x25.(k) via
linear regression of independent experimental points. This in-
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ference can be checked by comparing the uncertainty of the

5" a o
measurements fo_r Xon(k) (s55(k)) and for yXi(k) (s&(k))
with the assumption that s.,(k) is independent on «, i.e. that
Sep(k) s the same for all experimental spectra; Fexp(k) and
S ea.(k) are then related by (60)

1 (o8 — (cOsa,y,))?

Foe™ Fall)? | o G — sla, ))?
cale exp n za“p (COSZC[CXP - (COSZQexp))z

} . [13]

where a,,, is the experimental angle (e, = 0°, 35°, 50°, and
60°), n is the number of experimental spectra (here n = 4),
and a., is the angle of the calculated spectrum. Application of
Eq. [13] results in s;(k) = 0.52%s,,,(k), which means that
the recalculated spectrum is theoretically about half as noisy as
the experimental one. This calculation compares favorably
with the reduction of noise observed for y.(k) (Fig. 8b).
Furthermore, for a = 90°, sgu(k) = 1.14*s,,(k), which
suggests that x..(k) has a similar signal to noise ratio as the
experimental spectra. This result allows us to place confidence
in the regression and calculation procedure.

P-EXAFS spectra (Fig. 8a) contain several distinct frequen-
cies having a large amplitude, even at high k. Multiple scat-
tering paths do not have a large amplitude at high k. Hence, the
observed multifrequency indicates the presence of several
backscattering shells around Co. The position and amplitude of
several oscillation maxima vary as a function of «. For exam-
ple, the maximum centered near 6 A™" (o = 0°) shifts to higher
k with increasing o, whereas the opposite trend is observed for
Fhe maximum near 4.2 A", These modifications cannot be
interpreted by the variation of a hypothetical self-absorption
effect with «, as this effect solely modifies the amplitude of
x (k) (43, 61), and also because of the low concentration of Co
withjn the sample (Ap/u < 0.01). Instead, these angular vari-
ations originate from a polarization dependence of the EXAFS
contributions. It has been seen in the background section that
the amplitude of the contribution of an atomic j shell (xc,.)
depends on its B; angle. Therefore, the occurrence of multiple
wave frequencies, together with the polarization dependence of
EXAFS spectra, indicate that Co atoms are surrounded by
several atomic shells oriented differently with respect to c*.
The angular dependence of EXAFS spectra also suggests that
imrbecl Co atoms are associated structurally to hectorite plate-
ets.

EXAFS spectra recorded at the magic angle for Co-sorbed
hectorite and reference compounds are contrasted in Fig. 9.
(‘Zo-sorbed hectorite has a markedly different EXAFS spectrum
from CoKer and Co(OH),,, which points to distinct crystallo-
chemical environments. This simple comparison indicates that
sorbed Co did not precipitate as pure Co(OH),,, or CoKer, as
expected from the careful choice of sorption chemical condi-
tions. Instead, EXAFS spectra of Co-sorbed hectorite and
CoMgKer bear strong similarities, which suggests that sorbed
Co is located, at least partially, in a Mg clay-like environment.

A © &
|
[ g
bg—_
-
I\Jllilill

?m..l..uﬁ

I{IIII‘TKIIII‘IIIIEI‘]

I'lllilll

| EED ea ¢ |

I T T T

FIG. 9. k'-weighted Co K-edge EXAFS spectra for Co(OH),,, Co-rich
kmiohtc (CoKer), Co-doped Mg-rich kerolite (CoMgKer), and Co-sorbed hec-
torite. All spectra were recorded at the magic angle.

Radial Structure Functions (RSFs)

RSFs corresponding to the P-EXAFS spectra in Fig. 8a are
plotted in Fig. 10. Several intense peaks are observed at R +
AR distances of 1.8 A and 2.7-2.8 A. These peaks point to the
presence of several atomic shells in the vicinity of sorbed Co,
which is fully consistent with the occurrence of several wave
frequencies noted previously in P-EXAFS spectra. Figure 11
shows that the RSFs of Co(OH),, CoKer, and Co-sorbed
heqtorite at o = 35° differ by the position and amplitude of
their second structural peaks, which confirms that Co has a
different structural environment in Co-sorbed hectorite and in
these references. A significant difference of amplitude can also
be observed between Co-sorbed hectorite and CoMgKer,
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RSF amplitude

R + AR (A)

FIG. 10. Polarization dependence of the Co K-edge RSF for Co-sorbed
hectorite at e angles of 0°, 35°, 50°, 60° (experimental), and 90° (extrapolated).

which suggests that either the number or the nature of neigh-
boring cations are different in these two compounds.

First RSF Peak

The first RSF peak at R + AR = 1.8 A corresponds to the
contribution of oxygen atoms coordinated to Co. The Reoo
distance was determined by least-squares fitting the partial
EXAFS contribution obtained by Fourier back-transforming
this RSF peak. Good fits (Rp = 0.006 for 0° = a = 60°, and
R, = 0.010 for @ = 90°) were obtained by assuming 5.6 (a =
0°) to 4.3 (a = 90°) oxygen atoms at R, o = 2.08 A (o = 0.10
A) (Table 2). The uncertainty on R, o and N, resulting from
experimental measurements and spectral analysis were esti-
mated at @ = 35° by successively varying and fixing these
structural parameters during the least-squares fit. A 0.02 A shift
of Rg, o from its best-fit value, or an increase of No from 5.1
to 6 (20%), led to a two-time increase of R,. However, this
estimation procedure does not take into account the possible
offset of R, o resulting from the use of theoretical phase shift
functions. This R, o offset was previously inferred to 0.01 A
from the analysis of references. Therefore, the experimental
uncertainty on R,.o and N, are typically =0.03 A and +20%,
respectively.

The value of R, o confirms that sorbed Co is divalent and
hexacoordinated to oxygen (62), as fourfold coordinated Co or
sixfold coordinated Co(IlI) would have resulted in shorter
Co-O distances of 1.9-2.0 A. It can therefore be concluded
that no redox reaction occurred during the sample preparation.
The relatively high value of o (o = 0.10 A), and the low
number of detected oxygens (4.3 = N, = 5.6), in comparison
to CoKer and Co(OH),,, point to an increase in the dispersion
of Co—0 bond lengths in the sorption sample. The larger spread
of R¢,.0 likely results from difference of bond strengths, pos-
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sibly because oxygens coordinated to Co belong to distinct
chemical entities, such as H,O molecules, OH groups, and
oxygens of the sorbent surface. This structural disorder causes
a damping of the EXAFS signal, which is not fully compen-
sated by an increase of o, so that the number of oxygens
detected by EXAFS is lower than the actual number coordi-
nated to Co. Since this difference between the detected and the
actual number of oxygens is structural in origin, it was not
taken into account in the previous estimate of the experimental
uncertainty. Therefore, the real uncertainty on Ng, which sums
up the experimental uncertainty and the effects of structural
disorder, is probably higher than 20%.

The amplitude of first RSF peaks decreases with increasing
a (Fig. 10), and this lowering is reflected in Table 2 by a
reduction of N from 5.6 at @ = 0° to 4.3 at o = 90°. As
exposed in the background section, the sense of this variation
indicates that B, > 54.7°, i.e. that the coordination octahedron
is flattened (26). To quantify this flattening, B, has been
estimated as follows. First, a linear regression of Ng* with
respect to cos’e was performed for 0° = a = 60° (Fig. 12).
Second, Ng* = 5.18 was calculated from this regression equa-
tion at the magic angle @ = 35.3°. Third, application of Eq.

RSF amplitude

CoMgKer

Co/hectorite
1 1 1 | 1 1 1 | 1 L 1
0 2 4 6
R+AR (A)

FIG. 11. Co K-edge RSF for Co(OH),,, Co-rich kerolite (CoKer), Co-
doped Mg-rich kerolite (CoMgKer), and Co-sorbed hectorite.
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TABLE 2
Quantitative EXAFS Analysis for Co-Sorbed Hectorite

First peak Second peak
Co-0 shell Co-Mg shell Co-Si shell

IFT range” IFT range” AE}

a (&) RA NF o) R (A) RA) Nt o) RA ool R (V)
0° 0.9-22 2.08° 5.6 0.10° 0.004 2.3-3.3 3.03 23 0.10° 3.27° 0.5 0.11° 0.022 -0.1
35° 0.9-2.2 ©2.08 5.1 0.10 0.002 2333 3.03¢ 1.6 0.10° 5.27° 2.2 0.11¢ 0.015 —0.1
50° 0.9-22 2.08° 49 0.10° 0.005 2.2-33 3.03° 1.1 0.10° 3.27° 3.6 0.11° 0.031 -0.1
60° 0.9-2.2 2.08° 4,7 0.10° 0.006 22-34 3.03¢ 0.6 0.10° 3.27° 44 0.11¢ 0.029 0.1
90° 0.9-2.2 2.08° 435 0.10° 0.010 22-34 3.27 5.8 0.11 0.029 —0.1

“ The threshold energy E, was taken at the half-height of the absorption edge (Au/2). AE, given here for FEFF7.02 theoretical functions.

* Ranges for inverse Fourier transforms (IFT) in the real space.
“ Value held fixed during the fitting procedure.

[11] with N§* = 5.18 yiclded B5" = 57.9°. The statistical
uncertainty on Bg° was obtained from the dispersion of Ng* off
the regression line (60) and was equal to +1° at the 95.5%
confidence level. As discussed in the background section, the
real B, value (85") is probably slightly higher than the exper-
imental B3 value, because of the disorientation of individual
platelets off the film plane. Nevertheless, B85* compares well
with 3, for edge-sharing octahedra in Co-substituted synthetic
mica (—58.2° (63)).

Second RSF Peak

The high amplitude of the RSF peak near R + AR =
2.7-2.8 A for @ = 0° and 90° suggests that it originates from
the contribution of nearest cationic shells, which may consist
of either Co, Si, or Mg. This peak displays a complex angular
dependence, decreasing from @ = 0° to @ = 35°, and then
increasing from o = 35° to a = 90°. Meantime, its maximum
shifts from R + AR = 2.7 A to 2.8 A as « increases. If this
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FIG. 12. Angular dependence of the apparent number of oxygen neigh-
bors (Ng*) for Co-sorbed hectorite. Squares: experimental data. Linear regres-
sion of experimental data (solid line) for 0 = @ = 60° yielded Ng* =
1.17%cos*a + 4.39.

peak arised from a single atomic shell contribution, then its
position would be invariant with « (Eq. [8]). Therefore, the
shift in position with ¢ indicates that this peak is made of the
contributions of at least two atomic subshells, consisting either
of chemically identical atoms located at different distances
from Co, or of chemically different atoms. Furthermore, this
angular effect can only be observed if the contribution of one
subshell predominates at & = 0° and the other at & = 90°, i.e.,
if these two subshells have different $3; angles.

Back-Fourier transforms of second RSF peaks for a = 0°,
35°, and 90° are contrasted in Fig. 13a. Of significance is the
presence of isosbestic points, for which y;; is independent of «.
These points are much sensitive to defaults in spectral normal-
ization, and their observation over the entire k-span attests for
the reliability of the data analysis. This reliability can be
further assessed by comparing the experimental yjng pes CONLri-
bution to that recalculated from x;‘;dmk and X;ﬂpeak by the
theoretical expression derived from Eq. [4],

35° _2, .0 1, .,90°
X 2nd peak — 3 X 2nd peak + 3 Xanpeak' [14]

Figure 13b shows that experimental and recalculated yjmgpea
are hardly distinguishable. This very good quantitative agree-
ment (Rp = 8 X 10 ) deserves to be emphasized and denotes
the fair precision of measurements in the 3 < k = 10 A"
interval.

Chemical nature of the predominant contributions at o = 0°
and 90°. That the second shell contains at least two subshells
whose contributions alternatively predominate at « = 0° and
« = 90° has been shown in the previous section. The simplest
hypothesis consists of assuming that this second shell com-
prises only two subshells, denoted M1 and M2. According to
Eq. [5], the EXAFS contribution of M1 and M2 can be written
as a damped sinusoid with a frequency that depends on the
absorber-backscatterer distance (2kR; term), and on the chem-
ical nature of the backscatterer (¢; term). Therefore, the phase
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FIG. 13. Fourier-filtered EXAFS spectra of the second shell () znsten(k))
for Co-sorbed hectorite. (a) Comparison of Xz wa(k) for ¢ = 0°, 35°, and 90°,
(b) Comparison of the experimental Xaut e CONtribution (solid line) and the
Xammpea CONtribution recalculated from Xonapeax and Xans pea (dashed line).

difference between the yc,.u(k) and Yc.ma(k) waves is given
by

Ag(k) = era(k) — (k)
= 2k(Rcomz — Reomt)
+ (Pco-malk) = Deonni(k)); [15]

Ag can be estimated experimentally by supposing that 3. pea
contains only the contribution of M1 and ngd peak. CONtains only
the contribution of M2, so that A¢ is simply the phase differ-
ence betWeen X peuc AN Xonapear- This phase difference can be
read out on Fig. 13a and equals matk = 4 A and2matk =
9.5 A™". In the following, M1 and M2 will be identified by
their ability to verify Eq. [15] at k = 4 and 9.5 Al

Let us first assume that Rgome = Reown and that the two
subshells are chemically different. Equation [15] then reduces
to Ap(k) = deoma(k) — Peoan(k). Theoretical Ag functions
corresponding to the various combinations of possible M1 and
M2 subshells were obtained from e, co(k), Peom(k) and
¢cosi(k) phase shift functions (Fig. 14a) computed with
FEFF7.02. Examination'of Fig. 14b shows that none of the A
functions verify Ap = matk = 4 A™ and Ap = 2matk =
9.5 A", Therefore, this hypothesis should be ruled out.

shift functions. (b) Plot of the difference of phase (Ag) for various combina-
tions of atomic pairs.

Let us then assume that the two subshells are chemically
different and that Rcoms # Reoan. Equation [15] can then be
rewritten

Ap — (‘f’c‘}-m(k) - (bCo-Ml(k))

Rz — Rvu = 7k - [16]

Ry, — Ry values calculated for the different combinations of
atomic pairs are listed in Table 3 for k = 4 and 9.5 A™'. There
is no atomic pair for which Ry, — Ry, is completely indepen-

TABLE 3
Calculated Differences of Distance between M1 and M2 Sub-
shells at k = 4 and 9.5 A~! and for Different Combinations of M1
and M2 Subshells

(Ry2 — Rw1) (Rye — Rwi) A(RMZ o_ Ru)®
Ml M2 fork =4 A fork = 9.5 A~ (A)
Co Mg 0.85 0.56 —0.29
Co Si 0.70 0.51 —=0.19
Si Co 0.08 0.15 0.07
Si Mg 0.54 0.38 —0.16
Mg Co —0.07 0.09 0.16
Mg Si 0.24 0.28 0.04
“ Calculated as follows: A(Ry; — Ry) = (Ryz — Rudi=osa-1 — (Ryp —
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dent of k. This suggests that at least one of the Yo peak OF Xnd peak
functions does not originate from a single subshell. The small-
est variation of Ry, — Ry, from k = 4 to k = 9.5 A™'
corresponds to M1 = Mg and M2 = Si (Table 3). All other
combinations of atomic pairs (including pairs of chemically
identical atoms) result in variations of Ry, — Ry, at least 1.5
times larger. Therefore, this preliminary analysis suggests that
predominant backscatterers are Mg at 0° and Si at 90°. The
sign of Rg; — Ry, indicates that the Si subshell is more distant
from Co than the Mg one. The exact nature of the atomic
contributions contained in X5 peu 20d Xoua peac Will be identified
below.

Quantitative analysis. At first, }japex(k) functions were
tentatively fitted by assuming only Mg backscatterers at a = 0°
and Si backscatterers at & = 90°. Only three parameters (N, R,
and o) were allowed to vary for each shell. This single shell
analysis yielded a good fit at & = 90° (R = 0.029), with Ng*
=58and Re = 3.27 A (0 = 0.11 A). The agreement was
not as good at & = 0° (R, = 0.059), and a two-shell fit was
therefore performed with Mg and Si neighbors, by fixing o;
and R¢,s to their value at & = 90°. A good agreement (R, =
0.022) was obtained with N§" = 0.5, Ny; = 2.3, and
Reony = 3.03 A (om, = 0.10 A) (Fig. 15 and Table 2). Finally,
Xonapea(K) for 35° = o = 60° were fitted by varying only Ny
and V&' and fixing o and R identical to their value at « = 0°
and 90° (Fig. 15). The experimental uncertainty on the struc-
tural parameters was estimated at o = 35° by varying and
fixing successively Rco-si, Rcomgr N, and Ng;. This procedure
showed that the figure of merit, R,, increased from 0.015 to
0.022 and that the spectral fit was visually substantially de-
graded as Ny, was varied from 1.6 to 2, or from 1.6 to 1.3.
Thus, the estimated uncertainty on Ny resulting from exper-
imental data collection and analysis is +0 4 (i.e., 25% of Ny
Application of the same procedure to the othcr adjusted pa—
rameters yielded an estimated experimental uncertainty on Ng*
of +0.5 and on (Ry,, Rs) of £0.02 A. A small yc,c, com-
ponent was also introduced during the fit to detect the possible
presence of Co polynuclear complexes. The quality of the fit
was significantly altered upon the introduction of a Co content
as low as 0.1 (o = 0.11 /f\), leading to an increase of R, from
0.015 to 0.020, and a shift to high k of the maximum of the
x(k) envelope (data not shown). This shift can be accounted
for by observing that the amplitude of xc, (k) (Fig. 15,

* Co(OH),, reference) peaks at 7-8 A ™', whereas the amplitude
of X3uapea(k) peaks at 6 A" for Co-sorbed hectorite. Therefore,
N, = 0.1 can be taken as an upper limit, which indicates that
less than 10% of sorbed Co is present as dimers, or less than
1.8% as a Co precipitate.

Relatively high o values (o0 = 0.10-0.11 A) were required
to fit x5 pea(k) for Co-sorbed hectorite, as compared to refer-
ence compounds (o = 0.09-0.10 A). As previously discussed
for the oxygen shell, these high o values are symptomatic of a
significant dispersion of interatomic distances, and EXAFS

AN AN
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Fourier-filtered 2™ peak contribution
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FIG. 15, Comparison between experimental and modeled x;n (k) con-
tributions for Co(OH),g;, Co-rich kerolite (CoKer), Co-doped Mg-rich kerolite
(CoMgKer), and Co-sorbed hectorite from o = 0° to a = 90°.

may not be sensitive to their full distribution, yielding a lower
number of detected backscatterers than actually present. Since
this loss of atomic neighbors is of structural origin, it should be
added to the uncertainty coming from data collection and
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FIG.16. Angular dependence of the apparent number of nearest Mg (N
(a) and Si (N¥®) (b) atoms for Co-sorbed hectorite, Squares: experimental ddtd

Linear regression of experimental data for 0 = « = 60° (solid lines) yielded
NP = 221*cos’a + 0.11 and N§" = —5.22*%cos’a + 5.72.

analysis. The total uncertainty on Nyf; and Ng* are thus prob-
ably higher than 25%.

N and N§"* are plotted in Fig. 16 as a functmn of cos’a.
Good lmear correlations between N** and cos’ a are found for
the two subshells, with regression coefficients * > 0.99. Byt
and B&® were calculated in the same way as B5°, and the
uncertainty on By and B5* were estimated from the dispersion
of Nyt and Ng" off the regression lines. This calculation
y1elded Bk = 80.1 = 10.2°, and Bg" = 22.2° = 1.4°. Con-
sequently, Co—Mg pairs are, to the precision of the method,
parallel to the film plane, whereas Co—Si pairs are inclined by
~20° off the normal to this plane.

DISCUSSION

Mechanism of Co Sorption

P-EXAFS showed that the structural environment of Co
atoms sorbed on hectorite is highly anisotropic. This structural
anisotropy concerns the coordination octahedron of Co, which
is flattened, and the second shell, made of in-plane Mg and
out-of-plane Si atoms located at R¢, v, = 3.03 Aand R =
3.27 A. This structural information will serve to determine the
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sorption mechanism(s) of Co among the several ones that are
consistent with the structural association between the sorbate
and the sorbent: (a) outer-sphere surface adsorption, (b) inner-
sphere surface adsorption, (c) surface precipitation of
Co(OH),, or of phyllosilicate-like compounds, and (d) diffu-
sion within octahedral vacancies of hectorite (64).

In an outer-sphere adsorption mechanism, the sorbate is held
in the vicinity of the sorbent surface without loosing its hy-
dration shell. Neighboring cations from the sorbent are then
relegated at distances higher than ~4 A (65, 66). In the present
study, the occurrence of cationic shells at 3.0-3.3 A is not
compatible with the exclusive formation of outer-sphere Co
complexes.

The formation of inner-sphere surface complexes involves
the creation of chemical bonds between the sorbate and the
surface oxygens of the sorbent. Surface cations of the sorbent
thus enter the second coordination sphere of the sorbate. If this
next-nearest coordination sphere contains only cations from the
sorbent, then adsorbed species are isolated on the sorbent
surface and form mononuclear surface complexes (67). Here,
only Mg and Si shells were detected at 3.03 and 3.27 A,
suggesting that Co form mononuclear inner-sphere surface
complexes.

Polymerization of the sorbate in the vicinity of an inner-
sphere surface complex may lead to the precipitation of a pure
hydroxide phase, or a mixed one if dissolved species from the
sorbent phase are incorporated in the precipitate (21). In the
present study, this surface precipitate would be either
Co(OH),, or a neoformed (Co, Mg) hydrous silicate. Results
from the quantitative spectral analysis, and the dissimilarity of
EXAFS spectra for Co-sorbed hectorite, Co(OH);, and CoKer
(Fig. 9) suggest that no CoKer or Co(OH),, did precipitate.
The neoformation of a CoMgKer-like phase seems more pos-
sible, as EXAFS spectra for the sorption sample and CoMgKer
are similar. However, these two compounds clearly have dif-
ferent X peac(k) functions (Fig. 15), which indicates that Co do
not have the same structural environments. Furthermore, if Co
sorption resulted in the neoformation of a CoMgKer-like
phase, then the amount of dissolved Mg would be expected to
decrease, or its release rate by hectorite would be at least
significantly slowed down shortly after Co introduction in the
suspension. Instead, chemical experiments (68) showed that
the release rate of Mg dramatically increases. Compelling
neoformation of a (Co, Mg) hydrous silicate can thus be
rejected.

Following its adsorption, the sorbed cation may also diffuse
to vacant sites of the sorbent. For example, in dioctahedral
smectites, where one third of octahedral sites are vacant, Ni(Il)
was shown to diffuse within empty sites upon heating at 150°C
(8). The proportion of vacant sites is not known in hectorite,
but it can be taken to 1% as in trioctahedral magnesian steven-
sites (69) which are isostructural to hectorite. For 1% of vacant
sites, the amount of vacancies equals ~80 pmol g™, which is
clearly higher than the amount of sorbed Co (37 pmol g™"). Co
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diffused into vacant octahedra would be surrounded by 6 (Mg,
Li) octahedral neighbors (N,,) and 4 Si tetrahedral neighbors
(N..), leading to a N /N, ratio of 1.5. In the sorption sample,
N = Ng = 2.2 = 0.5, but N, is probably higher than N,
because structural Li atoms are too light to contribute to the
EXAFS signal. Assuming a random distribution of Li in the
octahedral sheet, N, can be calculated from the stoichiometric
composition of hectorite and is equal to N,(3/2.65) = 1.8 =
0.45 for the sorption sample. N ./N is thus equal to 0.8 = 0.3,
which is significantly different from the 1.5 expected if Co
were in octahedral vacancies. This N /N, value is also not
consistent with a mixing of Co outer-sphere complexes and Co
in vacancy sites. This discussion on the different possible
sorption mechanisms of Co allows us to conclude that Co form
inner-sphere mononuclear complexes at the surface of hecto-
rite.

Location of Inner-Sphere Surface Complexes

Angular P-EXAFS measurements indicated that Co-Mg
pairs are parallel to the plane of the hectorite film, whereas
Co-Si pairs are inclined by ~70° from this plane. Since texture
analysis showed that (Mg, Li) octahedral sheets are parallel to
the film plane, then the only possible location for Co surface
complexes is at the edges of hectorite platelets, in the prolon-
gation of the octahedral sheet.

This conclusion is further supported by structural parameters
derived from the quantitative analysis of EXAFS spectra. The
R o and R, g distances of 3.03 and 3.27 A are very close to
the structural distances dgri oy = 3.03 A and dogrys =
3.23 A for hectorite (54, 55). In addition, S5 ~ 80° and Bg"
~ 22° compare well with crystallographic @ values for
Mg-Mg (By, = 90°) and Mg—Si (Bs; ~ 30°) pairs in hectorite.
These similarities in distance and angle between surface Co
and structural Mg indicate that these two atoms have similar
(but not identical) structural environments. Based on these
results, it is concluded that Co octahedra are located on the
edges of hectorite platelets and share one or several edges with
structural (Mg, Li) octahedra (E-type linkage) and one or
several corners with Si tetrahedra (C-type linkage), like in a
clay structure.

Structure of Co Surface Complexes on Hectorite

Surface Structure of Platelet Edges

Electron microphotography indicated that hectorite crystal-
lites have a lath-type morphology and are elongated along the
a direction (54, 70). The large (001) basal planes are bounded
predominantly by (010) planes (90%), and, to a lesser extent,
by (110), (120), and (100) planes. How the atomic structure of
these boundary planes can be modeled from the crystal struc-
ture of hectorite will be developed for the (010) layer edge.

Idealized pristine surfaces can be obtained by truncating the
hectorite bulk structure along planes perpendicular to the (001)

New surface :

FIG. 17. Modeled formation of possible (010) layer edges from the bulk
structure of hectorite. B1-B2 morphologies are obtained by truncation of the
bulk structure, and B2-B5 are obtained by a progressive leaching of Mg.

surface and then by completing the broken coordination poly-
hedra with oxygens. For energetic reasons, truncation planes
having the minimum number of broken Me-O-Me bonds
(Me = Si or Mg) are likely favored. Two different surface
configurations are obtained (Fig. 17): Bl, in which surface
oxygens of the octahedral sheet are uniquely coordinated to
Mg, and B2, which is depleted in surficial Mg in comparison to
B, so that half of surface oxygens coordinated to Mg are also
coordinated to Si. '

These pristine surfaces can be altered by noncongruent dis-
solution, as dissolution takes place at layer edges. For example,
chemical and microscopic studies on the dissolution of biotite
in acidic conditions pointed to a rapid depletion of octahedral
cations, leading eventually to the formation of amorphous
silica fringes at layer edges (71). Preferential leaching of Mg
was also observed for hectorite under slightly acidic condi-
tions, but no silica fringes were identified (72). This preferen-
tial leaching can be modeled by deleting successive Mg rows
at layer edges while leaving the tetrahedral sheets unaffected
(Fig. 17). Obviously, most protruding Mg will be more easily
removed, so that the Bl configuration is not expected to exist
at pH ~6.5. But the absence of detected silica fringes on
hectorite precludes an extensive depletion of surface Mg at-
oms. Finally, it can be assumed that layer edges have ideally a
B2 surface structure in some places, and a more Mg-depleted
structure elsewhere (B3 to B5). Figure 18 represents such an
idealized surface structure for the (010) edge, which will be
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used in the following for modeling the structure of Co surface
complexes.

Structure of Surface Complexes on a (010) Edge

Several types of surface complexes may exist for each
surface configuration. These complexes differ from each other
by the number of E and C linkages, i.e., by the number of
next-nearest cations from the octahedral and the tetrahedral
sheets. For example, in the B2 configuration, adsorbed Co can
form 3E and 2C linkages, or 1E and no C linkages (Fig. 19).
These surface complexes will be denoted Si i and SiHic,
respectively, where (010) is the plane index, B2 is the config-
uration index, and the subscript refers to the number of E and
C linkages. For these two surface complexes, the number of E
linkages exceeds that of C linkages by one, and therefore these
complexes cannot account alone for experimental N, = 1.8 =
0.45 and N, = 2.2 *= 0.5 values.

In the B3 surface configuration, sorbed Co can be bridged to
either 3 (Mg, Li) and 4 Si (S5zric), or to 1 (Mg, Li) and 2 Si
(SO (Fig. 18). Assuming the formation of these two sur-
face complexes only, with relative fractions x and y, respec-
tively, the following set of equations is obtained:

FIG. 18.
c* direction.

Idealized (010) surface structure for hectorite projected along the
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FIG. 19. Possible structure of mononuclear Co surface complexes on the
(010) surface of hectorite. Co atoms are located in the plane of the (Mg, Li)
octahedral sheet.

& by= [17]
3x 4y =N+ 0.45 (18]
4x + 2y = Ny * 0.5. [19]

Expressing y as a function of x in Eq. [17] and substituting y
for x in Eqs. [18] and [19] yields x = 0.4 = 0.2 (Eq. [18]) and
x = 0.1 = 0.25 (Eq. [19]). Thus, x is comprised between 0.2
and 0.35, which means that, in this surface configuration,

o B

I

er
d




—_—_+'

SORPTION OF METAL IONS ON CLAY MINERALS 157 158 SCHLEGEL ET AL.
SONE and S 20’ surface complexes would represent 20-35%  experiments, Co form inner-sphere mononuclear surface com- 22. Teo, B. K., “EXAFS: Basic Principles and Data Analysis.” Springer- 49. Aberdam, D., I. Synchrotron Rad. 5, 1287 (1998).
and 65-80% of sorbed Co, respectively. plexes and are surrounded by two next-nearest cationic shells Verlag, Berlin, 1986. _ _ 50. Lengeler, B., and Bisenberger, P., Phys. Rev. B 21, 4507 (1980).
— . . . . 23. Manceau, A., Bonnin, D., Kaiser, P., and Fretigny, P., Phys. Chem. 51. Manceau, A., and Combes, J-M., Phys. Chem. Minerals 15, 283 (1988).
Three and four surface complexes may exist in B4 and B5  which are oriented differently with respect to the clay basal Minerals 16. 180 (1988) 52 Rebr. 1. 1. Albrs, R, C.. and Zabinsky, S. L, Phys: Rev. Let. 69, 1397
configurations, respectively: Sinoe’, Siuoe! §OO% SE%e’, plane. The first subshell is parallel to the (001) plane and 24 Wit A Bounin, D., Stone, W. E. E., and Sanz, 1., Phys. Chem. ' (199&)- " co T
ol08s gW0Ss and Sivse . None of these surface complexes —consists of ~1.6 + 0.4 Mg atoms at 3.03 A (By, = 80 = 10°). " Minerals 17, 363 (1990). 53, Rayner, J. H., and Brown, G., Clays Clay Min. 21, 103 (1973).
can account alone for N, and N, values. Indeed, several types The second is inclined by ~22.2° £ 1.4° to the c* direction 25. Manceau, A., Schlegel, M. L., Chateigner, D., Lanson, B., Bartoli, C., and 54 Qberlin, A., and Mering, 1., Bull. Soc. Frang. Minér. Crist. 89, 29 (1966).
of surface complexes, possibly from different surface config- and consists of 2.2 + 0.5 Si atoms at 3.27 A. No Co neigh- Gates, W. P., in “Synchrotron X-tay Methods in Clay Science” (D. 55 gadiHanifi, M., and Mering, I., C.R. Séanc. Acad. Sc. Paris D 274, 149
urations (e.g., Sg%lil)z.gz’ S(()l}:f)ig‘t, and S%ﬂ{gj) are needed simul- boring cations were detected, allowing us to disregard the Schulzc, P. Bertsch, and I. Stucki, Eds.). Clay Mineral Society of America, (1972). ‘ . .
taneously to reproduce EXAFS results. presence of significant amounts of pure Co(OH),, or Co-rich 26. ;\l;lf::;:u A., Chateigner, D., and Gates, W. P., Phys. Chem. Minerals 25, % L(;;rr;ar. ﬁ fnm(:;ffﬁﬂzgméxllzg'zlgmnogmph' fristallogeon: Koy
That EXAFS analysis yielded higher o and lower N, values neoformed phyllosilicate. This whole set of structural results is 347 (1998). - g,]ga; S'P_ K R J'_ T ’Zabinsky, S i sl B T, B0 Bk Ao
for the sorption sample than for the references can now be consistent with the formation of Co mononuclear surface com- 27. Bunge, H. 1., “Textures in Material Science.” Butterworth, London, 1981. " Ehei Bat 1'15, 2038 (15;94), f
explained by the coexistence of several types of surface com- plexes located at the edges of hectorite platelets, in the conti- 28. Wenk, H. R,, Chateigner, D., Pernet, M., Bingert, ., Hellstrom, E., and Vaarkamp, M., Dring, L, Oldman, R. J., Stern, E. A., and Koningsberger,  df
plexes. Each type of surface complex differs from the others by  nuity of the (Mg, Li) octahedral sheets. - g:)‘:lﬁﬂm]g Bﬁ‘oi :f‘;C“Kii:;z’Pl_ (I}‘?é?iég)ﬁy, C.. and Béguin, F., J. Phys. C D. C., Phys. Rev. B 50, 7872 (1994). -1
N o, Ny, and by the number of sorbent oxygens of the surface ' 8, 865 E19§6)- T T 59, Schei.d.egger, A. M.., Strawn, D. G, Lamble, G. M., and Sparks, D. L., | |
coordinated to Co. Therefore, Co—~O bond strengths are ex- ACKNOWLEDGMENTS 30. Manceau, A., Can. Miner. 28, 321 (1990). Geochim. Cosmochtml. Acta 62, 2233 (3998‘)- I | ‘
pected to be scattered, which would eventually result in a slight 31. Komadel, P., Madejova, J., Janek, M., Gates, W. P., Kirkpatrick, R. J., and ~ 60. 1}3{:;;’kg;;gt“li;sﬂgl?flfibiflﬂﬂlﬂsgf- 1., “Engineering Statistics.” Prentice ‘
dispersion of interatomic distances by some thousandths of Ay p Gy is warmly thanked for fruitful discussions on clay mineral 32 ﬁlﬁ?}%&éﬁiﬁﬁy T:; ::;b?lzlgn(]igf}). Clays Clay Min. 30,223  61. Trisger, L., Arvanitis, D., Baberschke, K., Michaelis, H., Grimm, U., and |D1-‘J
This dispersion provides a plausible explanation to the 0b-  ,operties and sample preparations. The SRS, LURE, and ESRF staffs are ' (1982’) T i T T Zschech, E., Phys. Rev. B 46, 2383 (1992). 4
served structural disorder. acknowledged for providing the X-ray beam and for their technical assistance. 13, Jacksu;l, M. L., “Soil Chemical Analysis.” Prentice-Hall, Englewood  62. Shannon, R. D., Acta Cryst. A 32, 751 (1976). lts |
D.C. acknowledges Professor M._Pcrnat for t}.le opportunity of using the texture Cliffs, NJ, 1964. 63. Hazen, R. M., and Wones, D. R., Amer. Mineral. 57, 103 (1972). -
Comparison with Previous EXAFS Studies experiment at Laboratoire de Cristallographie-CNRS, Grenoble, France. 34. Zachara, J. M., Smith, S. C., and Kuzel, L. S., Geochim, Cosmochim. Acta 64, Charlet, L., and Manceau, A., in “Environmental particles” (J. Buffle and
59, 4825 (1995). H. P. Van Leeuwen, Eds.), Vol. 2, p. 117. Lewis, London, 1993. e
EXAFS results for Co sorbed on hectorite at moderate pH REFERENCES 35. Anderson, S. I., and Sposito, G., Soil Sci. Soc. Am. J. 55, 1569 (1991).  65. Towle, S. N., Bargar, J. R., Brown Jr., G. E., and Parks, G. A., J. Colloid ?
(pH 6.5) and surface coverage (I' = 0.32 pmol g”') suggest 36. Tiller, K., Clay Min. 7, 245 (1968). ) Interface Sci. 187, 62 (1997). ' n
that the percentage of Co—Co pairs is at most 10%, or that less 1. McBride, M. B., “Environmental Chemistry of Soils.” Oxford Univ. Press, g; J\lﬁt;;:?;g,GK.i{am]lg fsizftyﬂi.])iﬁf.ﬁ‘; r?anaifd ‘S;ﬂiiz,,u:_g?; Vogsl's 66. 8’9[;?)” P. A, Parks, G. A., and Brown Jr., G. E., Clays Clay Min. 42, 337 ‘Lg
than: 2% -6f Co Gin, be: entheilded dn. large polyuclent Co Dt 154, " Textbook of Quanitative Chemical Analysis.” Wiley, New York, 1978. 7. Soein, L., Manceau, A., Schindier, P. W., and Charlet, L., /. Colloid |
complexes. Mononuclear Co complexes were also observed on 2. Bruno, G, Decarreau, A., Proust, D, and Lajudic, A., Appl. Clay Sci. 7, 39, Tler, R. K., “The Chemistry of Silica,” Wiley, New York, 1979. ' Interface Sci. 168, T3 (1994), ¥
rutile for moderate chemical conditions (pH 5.9, T' = 0.62 3 Ilfg :19?2); TP ———— 11, Universit 40. Rimstidt, I. D., Geochim. Cosmochim. Acta 61,.2551 (1997). 68. Schlegel, M. L., Charlet, L., and Manceau, A., J. Colloid Interface Sci., %‘—
wmol g~"). At higher pH (pH >6.7) and surface coverage (I" > : K:ﬁ:‘;a ;rziﬁa P::g'j::yl 98;3.6 ing” (J. Konta, Eds.), p. 11. Univerzita 41. Stumm, W., and Morgan, J. J., “Aquatic Chemistry.” Wiley, New York, i,
0.63 umol g™') the formation of polynuclear Co complexes 4 Bailey, S. W: i “Cr;rstal structures of clay minerals and their X-ray 42 ::93225 NG Bt Dot T, B, Plnggots, M., Geilien 1, $hickiol, T.. 69. G\'liven, N., in “Hydmus_ Phyllos.ilicates’i (S. W. Ball.cy, Eds.), .Revxews in ‘;f
was reported for quartz (20, 73), kaolinite (66), alumina (65), identification” (G. W. Brindley and G. Brown, Eds.). Mineralogical So- ’ Poirie'r, 5. E’, and Y»?fon,, 1., in :‘Matériaux argilsiix” (A. Docatroan, Eds.), I;;t;l;ralogy, Vol. 19. Mineralogical Society of America, Washington, DC, P
and montmorillonite (9). In some studies these polynuclear ciety, London, 1980. Société francaise de minéralogic et de cristallographie, Paris, 1990. L e . o
complexes correspondeg to mixed precipitates, ha[:.finyg incor- > 2‘:)“]22"{‘31'91};15')3" Pinpavaia, T. 1., jand Mortlasd, M. M., Amer. Mineral, 43, Troger, L., ngchach, E., Arvangjlis, D., and Babefsrcﬁke, Jpn. J. Appl. Phys. ' ?f;‘;’l‘)e“'sma“d' A.,and Mering, 1. Bull. Soc. Frang. Minér. Crist. 74,439
porated chemical species from the sorbent Pl_lase; For "’“m[{'le’ 6. McBride, M. B., Clays Clay Min. 27, 91 (1979), i z?stlai’ir(lligzz;-]d Pricto, C.. J. Phys. Il France 7, 337 (1997). 71. Turpault, M.-P., and Trotignon, L., Geochim. Cosmochim. Acta 58,2761
Towle et al. (65) suggested that Co sorption in an alumina 7. McBride, M. B., Clays Clay Min. 30, 200 (1982). 45 Decarronn. A C.R. Acad. Sei. Paris 292, 61 (1981). (1994). Il
suspension resulted in the formation of a Co—Al mixed hydrox- 8. Muller, F., Besson, G., Manceau, A., and Drits, V. A., Phys. Chem. 46, Decaricau, A Geackim. Commochim. Acta 49; 1537 (1985), 72. Tiller, K., Clay Min. 7, 261 (1968). I
ide. Similarly, sorption of Co on quartz was shown to result in Minerals 24, 159 (1997). 47. Matthies, S. M., Vinel, G. W., and Helming, K., “Standard Distributions ~ 73. O'Day, P. A.. Chisholm-Brause, C. ., Towle, 8. N., Parks, G. A, and |
the neoformation of a Co-rich hydrous phyllosilicate (21). That 9. Papelis, C., and Hayes, K. F., Coll. and Surf. A: Physicochem. Engineer. in Texture Analysis.”” Akad. Verlag, Berlin, 1987. Brown, G. E. J., Geochim. Cosmod:‘im‘ Agadﬁﬂl, 2?15{((1;)26). I 1
no such precipitation did occur in the present study can be éfi:;:mllo;’mﬁélggf) Conradsan, S, D,, Buscher, €. T., Eller, P. G., and 48, :\;m; :er ?UCk}lh;;l ;., ;zgrn:;é;‘;’., and Van Zuylen, P., Nucl. Instr. Meth. 74 E:;fm: i';;l;d Mesmer, R. E., “The Hydrolysis of Cations.” Wiley, | | |
ascribed to the careful choice and control of chemical condi- Morris, D. E., Geochim. Cosmochim. Acta 58, 3625 (1994). ys. Res. y ( . ) :
tions throughout the whole sorption experiment. 11. Peigneur, P., Maes, A., and Cremers, A., Clays Clay Min. 23, 71 (1975).
12. Inskeep, W. P., and Baham, I., Soil Sci. Soc. Am. J. 47, 660 (1983).
13. Charlet, L., Schindler, P. W., Spadini, L., Furrer, G., and Zysset, M.,
CONCLUDING REMARKS Aquatic Sci. 55, 291 (1993).
14. McKinley, J. P., Zachara, J. M., Smith, S. C., and Turner, G. D., Clays
This study has demonstrated the potential of P-EXAFS for Clay Min. 43, 586 (1995). |
eIucidating the geometrical arrangement of cations sorbed on 15. Zachara, J. M., Smith, S. C., Resh, C. T,, and Cowan, C. E., Soil Sci. Soc. i
. ¢ s Am. J. 57, 1491 (1993).
clay minerals. Carefully controlled chemical conditions, and | Zachara, J. M., and McKinley, 1. P., Aquatic Sci. 55, 250 (1993). |
the elaboration of well-textured self-supporting films, are pre- 17, Zachara, 7. M., and Smith, S. C., Soil Sci. Soc. Am. J. 58, 762 (1994). B
requisites to the successful application of this new method. In  18. Scheidegger, A. M., Lamble, G. M., and Sparks, D. L., Environ. Sei.
the present study, high ionic strength (I = 0.3 M) was chosen Technol. 30, 548 (1996).
to favor kadependent sorption over cation-exchange adsorp- 19. Scheidegger, A. M., Lamble, G. M., and Sparks, D. L., J. Colloid Interface . f
tion, and a moderate pH of 6.5 allowed hindering the formation A L, 118 (1A ; ‘
’ . . . 20. O’Day, P. A, Brown, G. E. 1, and Parks, G. A., Geol. Soc. Amer. Abstr.
of polynuclear Co complexes as reported in previous studies. Prog. (1990).

P-EXAFS results indicate that, in the conditions of our

21. Manceau, A., Schlegel, M. L., Nagy, K. L., and Charlet, L., submitted.
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4.2.Mécanisme d’adsorption a haute et basse force ionique, et

stabilité de I’hectorite

Des expériences de cinétique d’adsorption de Co sur I’hectorite ont été menées a pH 6,5 et avec
une teneur en hectorite de 1,95 g L. On a étudié I'influence de la concentration totale en Co (20 <
TotCo < 200 pM) pour une force ionique élevée (NaNOs 0,3 M), et ’influence de la force ionique a
TotCo = 100 uM. La nature des complexes de surface formés a basse force ionique a par ailleurs été
caractérisée par spectroscopie EXAFS de poudre. Les résultats obtenus sont détaillés dans I’article
intitulé « Sorption of metal ions on clay minerals. 1. Mechanism of Co sorption on hectorite at high

and low ionic strength, and impact on the sorbent stability » situé a la fin de cette section.

4.2.1. Mécanisme d’adsorption & haute force ionique et impact sur la stabilité
de I'hectorite

Les résultats de cinétique d’adsorption a pH 6,5 et différents TotCo permettent d’identifier
deux étapes cinétiques distinctes a haute force ionique (NaNOs 0,3 M). Lors de la premiére heure de
contact, la cinétique d’adsorption est la méme pour toutes les concentrations étudiées (fig. 4.4). Pour
des temps de réaction plus longs, les courbes de cinétique divergent. A TotCo = 20 pM, pratiquement
tout le cobalt est fixé au bout de 6 h. Par contre, 2 ToTCo = 50 pM I’adsorption du cobalt se poursuit,
avec un taux cinétique qui croit avec TotCo. A partir des concentrations de Co adsorbé, il est possible
de tracer des « isothermes » d’adsorption de Co pour des temps de réaction donnés (fig. 4.5). Pour t =
12 h, I’isotherme a la forme d’un isotherme de Langmuir. Ceci suggere que le Co en solution est a
I’équilibre avec un type de site de surface dont la concentration, estimée & partir des paramétres d’un
isotherme de Langmuir ajusté a la courbe expérimentale, est égale a environ 27,5 umol par gramme
d’hectorite. Pour des temps de réaction plus longs, la forme des isothermes est différente, indiquant
que de nouvelles réactions d’adsorption se manifestent. Les résultats d’EXAFS polarisé exposés
précédemment pour TotCo = 100 uM et t = 120 h suggérent que toutes ces réactions correspondent &
I’adsorption de Co sur différents types de sites de surface avec des cinétiques de réaction plus ou

moins rapides.
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Figure 4.5. « Isothermes » d’adsorption de Co sur I’hectorite i pH 6,5, NaNOs 0,3 M, et pour des
temps de. 1‘éac.tion de 12 h (V), 24 h (O), 72 h (©), et 120 h (). Les pointillés permettent de
mieux \_qsuallser les isothermes expérimentaux. La ligne pleine représente I’isotherme de
Langmuir obtenu par meilleur ajustement des données a4 t = 12 h. (a) Echelle linéaire des
concentrations. (b) Echelle logarithmique des concentrations.

La cinétique de dissolution de I’hectorite 4 pH 6,5 est sensiblement modifiée par I’adsorption
de Co (fig. 4.6). Cette adsorption a pour impact une accélération importante du taux de libération de
Mg en solution, corrélée avec le taux de fixation de Co. On peut rendre compte de cette accélération
en supposant que des sites de fixation de Co en bordure des feuillets sont aussi susceptibles
d’adsorber Mg, mais sans lier fortement ce cation. Tant que Co est absent du systéme, Mg est adsorbé
sur ces sites, mais des que Co est ajouté, il chasse Mg de ces sites, ce qui accroit subitement sa
concentration en solution. Aprés environ 24 h, le taux de libération de Mg diminue sensiblement.
Contrairement a Mg, le taux de libération de Si diminue sensiblement dés I’ introduction de Co dans la
suspension. Cette diminution suggére que les CSI de Co observés par spectroscopie P-EXAFS

inhibent la dissolution de I’hectorite, par exemple en bloquant les sites de dissolution localisés en
bordure des feuillets.
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Figure 4.6. Impact de 1’addition de Co sur les cinétiques de libération de Mg et Si dans la suspension
i pH 6,5 et pour différentes valeurs de concentration totale de Co (20 < TotCo < 200 uM). [Mglaq
et [Si],q sont respectivement les concentrations totales de Mg et Si mesurées en solution. t = 0
correspond au temps d’addition du Co en solution. :

4.2.2. Mécanisme d’adsorption de Co a basse force ionique

A basse force ionique (NaNO; 0,01 M) et pH 6,5, une proportion importante de Co présent dans
la solution est adsorbée pendant les cing premiéres minutes de la réaction (fig. 4.7). Cette cinétique
trés rapide est caractéristique d’une adsorption sur les sites d’échange cationique. Aprés cette étape
initiale, la fixation de Co sur I’hectorite se poursuit 4 une vitesse moins grande. Cette cinétique plus
lente est semblable 2 celle observée 2 haute force ionique (fig. 4.4), ce qui suggeére qu’une partie du
Co restant en solution aprés I’échange cationique initial est progressivement fixée par adsorption

spécifique sur les sites de bordure de I’hectorite.
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Afin de vérifier cette hypothese, des spectres EXAFS ont été enregistrés sur des films
d’hectorite ayant réagi avec Co a basse force ionique et pour des temps de réaction égaux ou
supérieurs a 6 h. Ces spectres sont similaires & ceux obtenus 2 haute force ionique, ce qui indique que
I’environnement cristallochimique moyen du Co est le méme & haute et basse force ionique. Ce
résultat est surprenant car on s’attendait plutét a observer une prédominance de Co adsorbé par
échange cationique et formant des CHS a basse force ionique. Pour rendre compte de ce résultat, la
quantité de Co échangeable a 1’équilibre avec Co en solution et en présence de Mg (libéré par
dissolution de I’hectorite) a été calculée, en prenant comme coefficients de sélectivité pour les
échanges Na-Co et Na-Mg Ky, y, = 0,34 + 0,06 et K, , = 0,18 + 0,06. Les résultats de ce calcul
(fig. 4.8) montrent que la fraction de Co échangeable diminue avec le temps, alors que la quantité
totale de Co adsorbée augmente. La combinaison de ces calculs et des résultats de spectroscopie
EXAFS indique que le cobalt adsorbé initialement par échange cationique (t < 5 min) est
progressivement transféré sur des sites de bordure (5 min < t < 120 h). L’échangeur cationique joue

par conséquent le role de réservoir tampon provisoire du métal adsorbé.
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Figure 4.8. Evolution de la concentration calculée de Co adsorbé par échange cationique (V) &
P équili o . -y
quilibre avec Co en solution, et pour un coefficient de sélectivité Ky, o, = 0,18 selon la

c_onvention de Vanselow. Sont également représentées la concentration totale (mesurée) de Co
fixé par l.hect()rlte (#), et la différence (calculée) entre cette concentration totale et la
concentration de Co échangeable (O). Les résultats d’EXAFS indiquent que cette différence

correspond a la formation de complexes de sphére interne (CSI) en bordure des feuillets
d’hectorite.

(Sorption of metal ions on clay minerals. 1. Mechanism of Co sorption on hectorite at high and low

ionic strength, and impact on the sorbent stability. Article paru dans Journal of Colloid and Interface
Science)
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The mechanism of Co uptake from aqueous solution onto hec-
torite (a magnesian smectite) and its impact on the stability of this
clay mineral were investigated as a function of Co concentration
(TotCo = 20 to 200 pM, 0.3 M NaNO;) and ionic strength (0.3 and
0.01 M NaNO,, TotCo = 100 pM) by combining kinetics mea-
surements and Co K-edge extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy. The morphology of the sorbent phase
was characterized by atomic force microscopy (AFM) and consists
of lath-type particles bounded by large basal planes and layer
edges.

At low ionic strength (0.01 M NaNO;), important Co uptake
occurred within the first 5 min of reaction, consistent with Co
adsorption on exchange sites of hectorite basal planes. Thereafter,
the sorption rate dramatically decreased. In contrast, at high ionic
strength (0.3 M NaNO,), Co uptake rate was much slower within
the first 5 min and afterward higher than at 0.01 M NaNO,,
consistent with Co adsorption on specific surface sites located on
the edges of hectorite, Time-dependent isotherms for Co uptake at
high ionic strength indicated the existence of several sorption
mechanisms having distinct equilibration times. The dissolution of
hectorite was monitored before and after Co addition. A congruent
dissolution regime was observed prior to Co addition. Just after Co
addition, an excess release of Mg relatively to congruent dissolu-
tion rates occurred at both high and low ionic strengths. At high
jonic strength, this excess release nearly equaled the amount of
sorbed Co. The dissolution rate of hectorite then decreased at
longer Co sorption times.

EXAFS spectra of hectorite reacted with Co at high and low
ionic strengths and for reaction times longer than 6 h, exhibited
similar features, suggesting that the local structural environments
of Co atoms are similar. Spectral simulations revealed the occur-
rence of ~2 Mg and ~2 Si neighboring cations at interatomic
distances characteristic of edge-sharing linkages between Co and
Mg octahedra and corner-sharing linkages between Co octahedra
and Si tetrahedra, respectively. This local structure is character-
istic of inner sphere mononuclear surface complexes at layer edges
of hectorite platelets. The occurrence of these complexes even at
low ionic strength apparently conflicts with kinetics results, as
exchangeable divalent cations are known to form outer sphere

! To whom correspondence should be addressed. E-mail: Michel Schlegel @
ujf-grenoble.fr.
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surface complexes. To clarify this issue, the amount of Co ad-
sorbed on exchange sites was calculated from the solute Co con-
centration, assuming that cation exchange was always at equilib-
rium. These calculations showed that sorbed Co was transferred
within 48 h from exchange sites to edge sorption sites. o© 199
Academic Press

Key Words: Co; hectorite; kinetics; adsorption; dissolution; cat-
ion exchange; EXAFS; surface complex.

INTRODUCTION

Among the inorganic phases that are common in surficial
environments, smectites deserve special attention. These min-
erals possess large specific surface areas and permanent elec-
trostatic charges, which enable them to sorb organic and inor-
ganic cations. Therefore, they are thought to dominate many of
the physicochemical properties of soils (1), recent sediments,
and geological fractures (2). They also have found industrial
applications in catalysis, pharmacology, waste management,
and water treatment (3). Therefore, characterization of the
smectite—water interface properties has been the topic of count-
less studies. However, few of them addressed the relationship
between the sorption mechanism and the stability of the sor-
bent surface.

Studies of smectite sorption properties have long focused on

major ions in pH-buffered systems and thus on cation exchange.

processes (1, 4-12). Exchangeable cations balance the smec-
tite negative charges generated by isomorphic substitution
within the clay structure (1). For a given cation at a given total
concentration, adsorption on exchange sites is favored when
the hydration enthalpy of the sorbate is low, when the back-
ground electrolyte concentration is low, and when the clay
concentration is high (1, 12). The kinetics of cation exchange
is fast, and steady-state concentration of the sorbate is attained
within a few minutes (13-15). Exchangeable cations were
shown by X-ray diffraction to be located in the smectite inter-
layer (16). Studies using electron-spin resonance (ESR), X-ray
photoelectron spectroscopy, and extended X-ray adsorption
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FIG. 1. Tllustration of different sorption mechanisms of metal ions on clay
minerals. (a) Adsorption of metal ions as outer sphere surface complexes on
exchange sites located on basal planes and as inner sphere surface complexes
on crystallite edges. (b) Coprecipitation of the sorbate and sorbent species
liberated by dissolution. The question mark indicates that the structural rela-
tionship between the neoformed and the sorbent phases is unknown.

fine structure (EXAFS) spectroscopy further indicated that
many exchangeable divalent cations keep a complete hydration
sphere in water-saturated media (Fig. la). Outer sphere (OS)
surface complexes are thus formed near the basal plane of
smectites (17-25). More recently, studies of cation sorption
performed at low cation concentration showed that uptake
increases with pH, especially under high ionic strength condi-
tions (26—37). This pH-dependent uptake results in proton
release, as for metal ion sorption on oxide and hydroxide
mineral surfaces (31), and has been interpreted in terms of
inner sphere (IS) complex formation on surface sites at the
edges of clay crystallites (30-32, 34, 36, 38). Previous EXAFS
studies of Co sorbed at near-neutral pH and low surface cov-
erage on hectorite, a magnesian smectite, have demonstrated
the formation of IS complexes, in which Co octahedra are
located in the continuity of the magnesium octahedral sheet
(Fig. 1a) (39). In contrast, Ni sorbed at high pH and high initial
concentrations on montmorillonite forms (Ni, Al) coprecipi-
tates (Fig. 1b), with sorption going on over days, possibly
weeks (40, 41). This slow sorption rate contrasts with the
implicit assumption of equilibrium embedded in most surface
chemical models.

Adsorbed cations can further affect the surface stability and
dissolution kinetics of oxides. Inhibition of smectite dissolu-
tion has been shown to occur upon addition of Al to a mont-
morillonite suspension (42). Such inhibition phenomena may
account for the low dissolution rates observed in the field
compared to laboratory measurements (43, 44). In some cases,
however, cation uptake does not result in a simple inhibition or
enhancement of dissolution. For instance, adsorption of diva-
lent metal cations (Zn, Co, Ni, Mn) on hectorite enhances the
release of Mg with respect to Si over a timescale of weeks (45)

and thus has a long-term effect on the stability of this smectite
mineral. Deciphering dynamic relationships between cation
uptake and mineral stability is thus mandatory to understand
the long-term interactions of dissolved elements and mineral
surfaces in natural systems.

The present paper aims at clarifying the mechanistic and
kinetic features of Co uptake by hectorite and its impact on the
dissolution of this magnesian smectite. The mechanism of Co
adsorption at near-neutral pH (pH 6.5) and high and low ionic
strength was determined first by combined wet kinetics chem-
istry and magic-angle EXAFS (MA-EXAFS) spectroscopy.
The consequence of Co adsorption on hectorite dissolution was
then studied. Macroscopic and microscopic results were finally
rationalized by a single mechanistic model.

MATERIALS AND METHODS

Hectorite Purification and Characterization

A detailed description of hectorite purification and proper-
ties has been given in the companion paper (39). Briefly, 25 g
of hectorite (Nag 4 o(Mg;¢sLioss)(SizesAlops)010(OH),) from the
Source Clays Repository of the Clay Minerals Society
(SHCa-1) was dispersed in 1 L of milli-Q water. The <2 pm
fraction was isolated by sedimentation techniques, then suc-
cessively saturated with Na (0.5 M NaCl), treated with a
weakly acidic solufion (107* M HCI), a dithionite-citrate-bi-
carbonate (DCB) solution, a 3% H,0, solution to remove
mineral impurities and organic matter, and finally dialyzed and
stored at 4°C in the dark. Discarded solutions corresponding to
these different stages were analyzed for Mg, Li, and Si to
assess the impact of this purification procedure on the stability
of hectorite. The cation exchange capacity of the purified clay,
measured at pH 6 by Cs* exchange (46), equaled 840 pmol
g™, and the specific surface area determined by N, BET was
114 m* g™,

Adsorption and Dissolution Experiments

All solutions were made with milli-Q water and chemicals of
ACS reagent grade. A constant Na concentration and a slightly
fluctuating nitrate concentration ([NO; ] = [Na"] = 5%) were
maintained throughout the experiments by preparing the work-
ing suspensions with the appropriate amounts of NaNO, salt
(Fluka). As Co concentrations were negligible with respect to
Na, ionic strength (/) hereafter refers to [Na'].

Sorption experiments were conducted at 25 * 0.1°C in
polyethylene vessels immersed in a thermostatic water bath.
Polyethylene was chosen to avoid interactions of dissolved
cations and silica with the vessel walls. A rotating magnetic bar
ensured vigorous stirring of the suspension. A water vapor-
saturated inert atmosphere was maintained by bubbling humid-
ified Ar that had passed beforehand through a purification setup
(10% H,S0,, then 0.1 M NaOH, and finally NaNO, at the ionic
strength of the suspension). The pH of the suspension was
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TABLE 1
1 Chemical Conditions and Results of EXAFS Analysis for Co-Sorbed Hectorite Samples
0 g Cous”
Ionic I - . Co-0 shell Co-Mg shell Co-Si shell

Sample strength  Equilibration g hectorite I" (umol g AE,"
name (M) time (h) (%0) hectorite) R (A) N&™™ o (A) R(A) Ni™ oAy R@A) N§*™ oA R, (eV)
#0.3M-120h 03 120 2.38 37 2.07 8§ 0.10 3.03 1.6 0.10 3.27 22 0.11  0.015 -0.38
#0.01M-6h 0.01 6 2.27 38 2.08 53 0.10  3.03 1.6 0.10 3.76 232 0.11  0.015 —-0.8
#0.01M-72h 001 72 2.66 43 2.08 54 0.10 3.04 2.0 0.10 3.27 2.6 0.11 0017 —08

" TotCo = 100 pM for all experiments.

" Threshold energy E, taken at the half-height of the absorption edge (Aw/2). AE, for FEFF7.02 theoretical functions.

 Fixed parameter.

maintained at 6.5 = 0.05 by a PC-controlled pH-stat that
delivered acid (0.1 M HNO,) or base (0.02 M NaOH) solutions
adjusted at the sodium concentration of the suspension, as
needed. The combined pH electrode was calibrated against
buffers (Merck titrisol) and recalibrated at least every 48 h.
A 1.95 g L™ hectorite suspension was obtained by mixing
the appropriate amounts of hectorite stock suspension and
NalNO; solution. The pH of this suspension was raised to 6.5
and kept at this value for at least 48 h prior to Co addition.
Meanwhile, suspension samples were periodically taken to
measure Mg and Si release, the first sample having been taken
after a delay ranging from few hours to two days. Kinetics
experiments of Co uptake were initiated by adding an aliguot
of 2 0.21 M Co(NO,),, 10 M HNO,, 0.3 M NaNO, solution
to the preequilibrated suspension, so as to obtain the desired
total Co concentration TotCo in the reactor. The time of Co
addition is hereafter referred to as t+ = 0. The pH was then
immediately readjusted to 6.5 by addition of the base solution.
At given times, 5-ml samples were withdrawn from the reac-
tion vessel with a plastic syringe connected to a polyethylene
needle, centrifuged, and filtered (Sartorius 0.05-pum cellulose
nitrate filter). The first milliliter of the filtered supernatant was
discarded to limit losses due to sorption on the filter. Co and Si
total concentrations in the filtered supernatant, [Col,,, and
[Sil.,,, were measured by spectrophotometry (47, 48), and
dissolved total Mg concentration [Mg],,, by inductively cou-
pled plasma-atomic emission spectrometry. In all experiments,
[Sil.y, remained below 420 uM. Consequently, silicic acid is
undersaturated with respect to amorphous silica and is assumed
to remain in a predominantly monomeric form (49). Under all
chemical conditions, more than 99.9% of cobalt dissolved in
the supernatant was present as Cogn (50). Thus the Cof,
concentration [Co(za;)] in the supernatant equals [Col,,, within
experimental uncertainties. Likewise, [Mgfa;,] =~ [Mg]ag-

EXAFS

Co-sorbed hectorite samples for EXAFS spectroscopy were
prepared at both high and low ionic strength (Table 1), following
the same chemical protocol as for the kinetics experiments. Re-
action times ranged from 6 h to 5 days. Hectorite particles were
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separated from the supernatant by filtration, rinsed with a few
milliliters of deionized water, and air-dried, as described in the
companion paper (39). Due to long filtration times (up to 6 h), no
sample was prepared for reaction times shorter than 6 h.

Co K-edge EXAFS spectra were recorded on the EXAFS 8.1
station at the SRS synchrotron radiation facility in Daresbury,
UK. A Si(111) double crystal monochromator and a focusing
mirror were used. The second crystal of the monochromator
was detuned by 30% to increase the rejection rate of high-order
harmonics. Samples were mounted on a goniometer and posi-
tioned at the magic angle (35°) with respect to the incident
beam to avoid textural effects (51). Absorption spectra were
measured in fluorescence detection mode using a 13-element
Ge detector (Canberra).

EXAFS data reduction was carried out following a standard
procedure (52), using a software package implemented by D.
Bonnin (ESPCI, Paris). As a preliminary step, absorption spectra
were given the shape of the semiempirical model of Lengeler (53,
54). Fourier transformations were performed on k* * x(k) between
2 and 10 A ! using a Kaiser apodization window (55), resulting in
a radial structure function (RSF) in the distance space. RSF
structural pealks are located at apparent distances (R + AR) that
differ from structural distances by AR = —0.3 A. Peaks of interest
were selected in the distance space and Fourier back-transformed
in k space. Numbers of neighboring atoms and interatomic dis-
tances were determined by least-squares fitting these Fourier-
filtered spectra with theoretical phase and amplitude functions
calculated with FEFF7.02 (56) by using talc, hectorite (Co-Mg
and Co-Si pairs), and Co(OH), (Co-O pairs) as model structures
(39, 57-60). The goodness of the fit was assessed by the reliability
factor R, defined as

2 (6 X7 (k) = K« X (k)

. (1]
” S (e x5 (0)°

R

cale

where x;** (k) and x;* (k) are the experimental and simulated
contributions for one given j shell, respectively. Total uncer-
tainty on the EXAFS-derived structural distances for powder




Co UPTAKE AND DISSOLUTION OF HECTORITE 395

FIG.2. AFM image of hectorite. This image was acquired in the contact mode under water in a flow-through cell by using a SisN, tip (Digital Instruments)
(62). Note that not all particles in this picture are representative of the average width to length ratio of hectorite. Insert: close view of particle, showing the

respective orientations of the (010) and (110) edges.

samples was estimated in the companion paper (39) to =0.02
A for Re,o, +0.04 A for R core» and probably more than £0.06
A for Rc.si. The uncertainty in the number of neighboring
atoms is estimated to +20% for Ng**™, =25% for Nye -, and
+30% for N5™™ (39).

RESULTS AND INTERPRETATION

Morphology and Surface Site Density of Hectorite

Individual crystallites observed by atomic force microscopy
(Fig. 2) display the typical lath-type morphology of hectorite
(58, 59, 61). The measured height of individual particles equals
~1 nm (62), which corresponds to the thickness of one single
smectite layer. This observation indicates that Na-exchanged
hectorite platelets are well dispersed. As for other Na-ex-
changed smectites (1), no stacking of individual platelets is
observed. The elongation direction of the particles is known to
run parallel to the a axis (Fig. 2; (58)). The particles are
bounded predominantly by (010) and (100) planes and by

another plane oriented at 60° off the a direction (Fig. 2, insert).
From the knowledge of unit cell parameters (a = 5.25 A and
b = 9.09 A), this third plane can be indexed as (110). A
distribution analysis over 100 particles yielded an average
length and width of 200 nm and 65 nm (62). These values point
to the small dimensions of sorbent particles. From these ob-
servations, a model morphology for hectorite particles can be
proposed (Fig. 3a). This model assumes that individual crys-
tallites are, on average, 200 nm long by 65 nm wide and are
bounded by their (001) basal faces and by (010), (110), and
(100) edges. The ratio of the (110) to (100) edge lengths is
difficult to determine without further detailed image analyses
which are beyond the scope of this paper. However, it can be
inferred from visual inspection of Fig. 2 that (010) and (110)
are approximately of equal area. Therefore, the length of the
(100) edge will be taken to be half the crystallite width, 32.5
nm. It turns out that the average length of individual (110) and
(010) edges equals 32.5/(2*cos(m/6)) ~ 18.7 nm, and 200-
(32.5*tan(1/6)/2) = 181.2 nm, respectively. Then, the number

84

Il

R I m—

396

(100) edge
(b) 9.09 A

e
ot
A
I \ 1
i '
' ’

(010) edge

FIG. 3. (a) Idealized morphology of a hectorite particle. Morphologies of
layer edges and edge surface sites (dashed octahedra) are shown in inserts. (b)
Projection of hectorite down to ¢* and visualization of edge adsorption sites.
Also displayed are numerical values used for the calculation of the number of
edge sites.

of surface octahedral sites at the edges of hectorite particles can
be calculated from the length of layer edges and from unit cell
parameters. This calculation yields 3.81, 3.81, and 3.30 sites
nm ' for (010), (110), and (100) edges (Fig. 3b), respectively,
which sums up to a total number of (181.2*2%*3.81) +
(32.5%¥2%3.81) + (18.7*4*3.30) ~ 1879 sites per particle.
Finally, the amount of edge sites per gram of hectorite, as
obtained from the mass of individual particles, equals ~92.5
wmol g~

This estimate can be affected by a number of factors, in-
cluding the statistical uncertainty in the average particle length
and width, the relative size of the (110) and (100) edges, or the
occurrence of small edge features (pitches, peninsulas) that
may have been overlooked by AFM. For example, the calcu-
lated amount of surface sites diminishes to ~82.5 pumol g~' by
increasing the particle length to 400 nm or the width to 75 nm
(i.e., to values substantially high, but observed for a few
hectorite particles ‘(62)). Furthermore, by keeping constant
crystallite dimensions to 200%65 nm’, the site concentration

increases to 95.8 wmol g™' in the absence of (100) edges,
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reaches a minimum of 92.4 wmol g ' when (100) edges com-
prise 60% of the particle width, and equals 93.7 umol g™" in
the absence of (110) edges. The spatial resolution of AFM is
also limited by the radius of the tip (—10 nm (62)), which does
not enable the detection and quantification of very small edge
features. The occurrence of such features likely results in an
increase in the edge surface (63, 64) and, hence, of the number
of surface sites. Finally, 92.5 umol g’ represents an average
density of surface sites, but every site is not necessarily reac-
tive. P-EXAFS results (39) showed that Co atoms form iso-
lated surface complexes on hectorite edges (i.e., an absence of
Co-Co pairing), which implies that the maximum density of
Co sorption sites is to be halved, thus equal to 46.2 pmol g™
hectorite.

Structure of Co Surface Complexes

EXAFS spectra. Magic-angle EXAFS spectra obtained for
Co-sorbed hectorite after various reaction times and contrasted
ionic strengths (Table 1) look similar (Fig. 4a). This suggests
that the crystallochemical environments of sorbed Co are sim-
ilar regardless of the experimental conditions. One of these
samples (#0.3M-120h) was studied in detail by P-EXAFS (39),
and Co octahedra were shown to form IS surface complexes on
the border of hectorite (Mg, Li) octahedral sheets by sharing
edges (E) with (Mg, Li) octahedra and corners (C) with Si
tetrahedra. The spectral likeness observed here among the
various samples suggests a predominance of this type of sur-
face complex at all ionic strengths and reaction times.

Radial structure functions. Moduli and imaginary parts of
the Fourier transforms of MA-EXAFS spectra are displayed in
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FIG. 4. (a) k*-weighted Co K-edge EXAFS spectra for Co-sorbed hecto-

rite samples. All spectra were recorded at the magic angle. (b) Co K-edge

radial structure functions (RSF; solid lines) and imaginary parts of the Fourier

transforms (dotted lines) for Co-sorbed hectorite samples. Tonic strengths and
equilibration times are listed in Table 1.




Fig. 4b. Several peaks can be observed at R + AR distances of
17, 2.7, and 4 A, confirming that several atomic shells are
present in the neighborhood of Co. The first RSF peaks located
at R + AR = 1.7 A originate from the contribution of oxygen
atoms from the Co coordination spheres. Their quantitative
analysis yielded Rc,o =~ 2.07-2.08 A, and N§™ ~ 5.1-5.4
(o= 0.10 A; Table 1). These R, values indicate that sorbed
Co is divalent and hexacoordinated to oxygens. The second
RSF peaks located at R + AR =~ 2.7 A arise from the
contribution of the nearest cationic shells. These peaks have
their maxima at the same R + AR value for all samples, and
their imaginary parts are in phase, indicating similar cationic
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environments. This finding is further substantiated by the like-
ness of spectral contributions obtained by Fourier back-trans-
forming second RSF peaks (R + AR window = 2.2-3.2 A)
(Fig. 5a). These results support the hypothesis that, in the
whole sample series, sorbate Co ions are surrounded by the
same types of backscatterers located at the same distances from
Co. It has been demonstrated by P-EXAFS for sample #0.3M-
120h that these backscatterers consist of Mg atoms at Re,ym, =
3.03 A and of Si atoms at Re,s = 3.27 A (39). Quantitative
spectral analysis for the two new spectra was therefore per-
formed by taking R comg Rcosis Ny vand Ng ' from #0.3M-
120h as starting parameters and allowing them to float during
least-squares fits. Good fits were obtained (Fig. 5b) by assum-
ing R comg Reosis Nins -+, and N values which did not differ
from one sample to one another within statistical uncertainty
(Table 1). As in the companion article (39), Co-Co pairs were
included in the spectral model to test whether a detectable
fraction of Co polymerized upon sorption. The quality of the fit
was significantly altered, as attested by an increase in R, from
0.015 to 0.020, for N¢, as low as 0.1 (o = 0.11 A). N, = 0.1
is therefore considered to be the highest possible value for N,
which indicates that less than 10% of sorbed Co is contained in
dimers, or less than 5% in trimers, or less than 1.8% in a
Co-clay-like compound. Thus, adsorption of Co on adjacent
edge sites is clearly limited, and compelling formation of pure
or mixed hydroxides of large size hampered. Note that the
maximum amount of sorbed Co (43 umol g~'; Table 1) com-
pares fairly well with the calculated amount of nonadjacent
edge sites (46.2 pmol g™'), which provides further indirect
support to the sorption of Co on every two surface sites.

Structural environment of sorbed Co, Several types of IS
surface complexes having different numbers of Mg and Si
neighbors can fit both structural (EXAFS) and morphological
(AFM) results, These surface complexes can form on (100),
(110), and (010) platelet edges (Fig. 6), and Co complexes
having distinct number of neighboring sorbent cations may
coexist on the same edge. For example, Co adsorbed on (010)
planes can form cither 3 edge (E) and 4 corner (C) linkages
(SO0 surface complex) or 1 E and 2 C linkages (S{%ic
surface complex), where the (010) superscript is the plane
index and the subscript refers to the number of E and C
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FIG. 5. Fourier-filtered EXAFS spectra of the second shell (204 sen(k)) for
Co-sorbed hectorite. (a) Comparison of Yan (k) for the different sorption
samples. (b) Comparison between experimental and modeled x2.4 wen(k) con-
tributions.

linkages (Fig. 6). As EXAFS spectroscopy averages the con-
tribution from all existing surface complexes, the proportion of
each surface complex can be calculated from the average
number of neighboring cations. For instance, let us consider
#0.3M-120h (Table 1). N§“* =22 = 0.6 and Ny, = 1.6 =
0.4 correspond to the average number of C linkages with Si
tetrahedra and E linkage with Mg octahedra, respectively.
EXAFS is not sensitive to light elements, such as Li, hence, the
number of structural Mg and Li octahedra sharing edges with
adsorbed Co is probably higher than Ni:*™. Assuming a ran-
dom distribution of Li within the octahedral sheet, this number
approximately equals NEXARS = NDEA);AFS *3/2.65 =~ 1.8 = 0.45.
Thus, NF*™ = 2.2 + 0.6 and Nox ™™ = 1.8 * 0.45 fits with
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FIG. 6. Possible structures of mononuclear Co surface complexes on
hectorite edges. Co atoms are located in the plane of the hectorite octahedral

sheets,

20-35% of SU%. surface complexes and 65-80% of Sizisc

surface complexes (39).

Previous EXAFS studies contemplated the exclusive forma-
tion of OS metal jon complexes at low ionic strength and
moderate pH conditions (23-25). Sorbed cations were shown
to hold their hydration shells, and no metal sorbent backscat-
terer was observed within ~4 A around adsorbed ions. In
contrast, in the present study, (Mg, Si) shells were unambigu-
ously detected at 3.0-3.3 A, and the comparable amplitude of
these contributions at high and low ionic strengths indicates
that these IS surface complexes are also present in substantial
amount at low ionic strength. However, comparable NEX4% and
N values at high and low ionic strength does not preclude
the occurrence of OS complexes at low ionic strength, as the
absence of neighboring cations for OS complexes can be
balanced by a higher number of neighboring cations surround-
ing edge-sorbed Co. This consideration will be exemplified
with sample #0.01M-6h (Table 1). N = 1.8 + 0.45 and
Ns*™ = 22 + 0.6 can be obtained by assuming either (a)
20-35% of S{i}\c surface complexes and 65-80% of S{iic
surface complexes or (b) ~60% of S{t}c surface complexes
and ~40% of OS Co complexes (no neighboring cations).
Hence, EXAFS analysis alone does not allow discrimination
between two distinct IS complexes and a mixture of IS and OS
surface complexes.

In conclusion, EXAFS results indicate that Co surface com-
plexes have, on average, the same local structure for reaction
times higher than 6 h and for ionic strengths / = 0.3 M and
I'=0.01 M. Co atoms form predominantly isolated IS surface
complexes in the continuity of hectorite octahedral sheets.
Polynuclear surface complexes are marginal, if present at all,
whereas the presence of OS complexes on exchange sites at
low ionic strength cannot be dismissed. How a diversity of
macroscopic sorption mechanisms can compare with this ap-
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parent uniformity of sorbate molecular environments will now
be addressed.

Kinetics and Mechanism of Co Sorption and Hectorite
Dissolution

Kinetics of Co sorption. The kinetics of Co uptake by
hectorite at various ionic strengths and total Co concentrations
is illustrated in Fig. 7a and 7b. For any value of TotCo
investigated, the maximum amount of sorbed Co (45.5 pmol
g~') never exceeded the number of edge sites derived from
AFM (46.2 pmol g™"). At low ionic strength (0.01 M NaNO,),
significant Co uptake (up to 30 pwmol g ™' of hectorite) occurred
within the first 5 min of reaction time between sorbate cations
and clay particles (Fig. 7a). A cation exchange mechanism is
presumably responsible for this fast cation uptake (15), inas-
much as the amount of sorbed Co within the first 5 min
drastically decreased as the ionic strength increased. This cat-
ion exchange likely occurred on exchange sites located on
(001) basal planes of clay platelets (1).
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FIG. 7. Kinetics of Co adsorption on hectorite. (a) Adsorption as a
function of ionic strength. TotCo = 100 wM; hectorite 1.95 g L™, pHG.5; 1 =
0.3 M (O), and 0.01 M (d). (b) Adsorption as a function of TotCo. I = 0.3
M, hectorite 1.95 g L', pH 6.5. TotCo = 200 pM (), 100 pM (O), 50 uM
(<), and 20 pM (V).
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Following this fast reaction step, uptake at low ionic strength
went on at a much slower rate. The sorption rates observed
within this second step are too slow to be accounted for by
cation exchange (13, 15), which suggests the existence of a
second uptake mechanism. Sorption experiments at high ionic
strength (I = 0.3 M) and for different TotCo allowed better
characterization of this second step (Fig. 7b). Initial sorption
rates (5 min = ¢ < 1 h) were roughly independent of TotCo
(~30.8 pumol g " h™"). After 1 and 2 h of sorption time,
sorption rates for TotCo = 20 and 50 uM, respectively, leveled
off. After 12 h, Co sorption reached a plateau for TotCo < 50
M, whereas sorption still went on for TotCo = 50 uM, with
higher sorption rates observed for higher TotCo.

Tor all experiments, addition of Co was followed by addition
of base to prevent the pH from shifting to lower values.
Between 2.4 and 20.2 pmol of NaOH per g hectorite was
needed to keep the pH at the targeted value. The amounts of
acid delivered with Co aliquots were too low to account alone
for the corresponding excess of protons in the suspensions. It is
thus assumed that this proton release resulted from Co sorp-
tion. Interference of base addition with proton consumption
resulting from ongoing hectorite dissolution hampers any fur-
ther detailed analysis, especially for long reaction times. Note,
however, that base addition was also required at low ionic
strength and over a time span of 3 h.

To gain further insight into the uptake mechanism at t = 5
min, “pseudoisotherms” of Co uptake were drawn at high ionic
strength for different reaction times (Fig. 8a—b). Atr = 12 h,
a Langmuir-type pseudoisotherm can be observed, suggesting
that equilibrium has been approached for at least one surface
site. To check this qualitative inference, experimental data
were fitted with a Langmuir equation (Fig. 8). Good agreement
was obtained for a concentrgtion of surface sites equal to 27.5
pmol g~' hectorite. Attempts to model this isotherm with the
Freundlich equation (15) did not improve the fit. At longer
reaction times, the shapes of these pseudoisotherms are mod-
ified, indicating that overall equilibriljm conditions were not
attained (49). Nonequilibrium can result from the occurrence
of a new Co uptake mechanism, which could be (a) nucleation
of pure Co or mixed (Co, Si) precipitates, (b) diffusion into the
hectorite structure, (c) a slow buildup of a mixed (Co, Si, Mg)
clayey fringe at the hectorite edge, or (d) adsorption on another
kind of surface site. Precipitation of pure or mixed (Co, Si)
hydroxides can be precluded in view of the EXAFS results
obtained for long sorption times and high Co concentrations
(e.g., #0.3M-120h) (39). Also, significant diffusion of divalent
metal ions within clay octahedral vacancies has been shown to
occur only at temperatures greater than 100°C (25). Discrim-
ination between (c) and (d) is more difficult, as the incorpora-
tion of significant amounts of Mg and Si in clay fringes can
result in the formation of a (Mg, Si)-dominated Co molecular
environment. In this case, significant amounts of Si and Mg, at
least equal to the amount of sorbed Co, are needed to form the
new solid phase in order to avoid Co—Co pairing. As a result,
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FIG. 8. Nonequilibrium “isotherms” for Co sorption at contact times of
12 h (V), 24 h (O), 72 h (<), and 120 h (O). TotCo from 20 to 200 uM, I =
0.3 M, hectorite 1.95 g L', pH 6.5. “Isotherms” are given with (a) linear and
(b) logarithmic scales. Thin dotted lines are displayed for the sake of clarity.
Solid line: modeled Langmuir isotherm for Co uptake at r = 12 h.

the mass balance of dissolved Si and Mg would be greatly
affected by the buildup of (Co, Mg, Si) clayey fringes, in
conirast to what can be expected in the case of the adsorption
of isolated Co atoms on layer edges. Therefore, in order to
clarify this issue, the kinetics of hectorite dissolution before
and after Co adsorption was studied.

Kinetics of hectorite dissolution in absence of Co. Atl =
0.3 M and just before Co addition, the ratio of Mg to Si release
rates (=0.54 = 0.07 and 0.85 * 0.37 pmol h™ g™, respec-
tively) was equal to (.66 (Fig. 9). This value is similar to the
Mg to Si ratio in hectorite (=2.65/3.95 = 0.67) and points to
a congruent dissolution regime. This inference, however, runs
counter to [Mg],,, to [Si],,, ratios between 0.95 and 1.0 (r =
0), which suggests a larger Mg release than what could be
expected from hectorite stoichiometry. To explain this appar-
ent discrepancy, [Mg],,, values for 1 = 0 were plotted as a
function of [Sil,, (Fig. 9b). A fair linear correlation can be
observed with a regression slope of 0.68 + 0.05 (+* = 0.985).
Thus, only limited deviation to a congruent dissolution regime
is actually observed over the sampled preequilibration time.
Extrapolation of the regression line to [Si],,, = 0 yields a
positive concentration of [Mgl.,, = 77 uM. One would see in
this excess of Mg an evidence for initial incongruent dissolu-
tion of hectorite with a preferential release of Mg with respect
to 5i (65). However, it seems unlikely that dissolution changes
so rapidly from a strongly incongruent to a congruent regime
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TABLE 2
Si Release Rates and Si Concentrations at t = 0 and I = 03 M

[Sil., Reaction time  Release rate (umol of Si h™ TotCo atr = 0

(uM) (h) g hectorite) (uM)*
330 130 0.39 100
297 82 0.73 200
240 57 1.18 50
239 57 1T 20

“ For information.

(66). Alternatively, hectorite may have been enriched in Mg
with respect to Si during the dialysis pretreatment. As dialysis
proceeded, dissolution of hectorite resulted in the release of Si
neutral species, which were readily removed from the dialysis
bag, while Mg cations may have exchanged for Na cations on
exchange sites of hectorite. These Mg ions would then have
been removed from exchange sites, as hectorite was suspended
in the background electrolyte medium. Indeed, [Mg],,, to
[Sil,, ratios in late dialysis solutions were lower than the
Mg:Si stoichiometric ratio of hectorite.

The Mg and Si release rates at I = (.3 M were not constant
throughout the preequilibration period, indicating that the net
dissolution rate of hectorite was somewhat time-dependent.
This observation was further supported by the confrontation of
the Si release rates at ¢ = 0, with distinct [Si],, values
obtained after different preequilibrium periods (Table 2): the
longer the reaction time, the higher [Si],,., and the lower the
release rate. This correlation between high dissolution rates
and low [Sil,, is commonly observed at the beginning of
dissolution experiments (67—69), and several hypotheses have
been proposed. First, smaller particles with high interfacial
energy may dissolve preferentially at the beginning of the
dissolution experiments (70). Second, highly reactive dissolu-
tion sites may occur at the mineral surface and yet be active
only under high undersaturation conditions (71). Third, the
onset of the reverse reaction of precipitation of the solid may
gradually occur as the products of dissolution gradually build
up in the supernatant (72).

Dissolution results at low ionic strength were conspicuously
different from those at high ionic strength. Both ratios of
[Mg].q: to [Sily, (=0.22) and of Mg to Si release rates (=0.19)
are markedly lower than the Mg to Si atomic ratio in hectorite.
This departure from congruent dissolution probably results
from a cation exchange mechanism, in which Mg released
upon dissolution adsorbs on cation exchange sites (73).

Kinetics of hectorite dissolution after Co addition. Distinct
trends for the release of Mg and Si were observed after Co
addition (¢ = 0) (Fig. 9a). On the one hand, Si release was
inhibited immediately after Co addition. This inhibiting effect
is more pronounced for TotCo = 200 uM, as the release rate
of Si decreased from 0.83 wmol h™' g ™" att = 0 to 0.19 pmol
h™ g ' at t+ = 24 h. Interestingly, the Si release rate at low
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ionic strength also decreased from 1.01 umolh™' g 'ats = 0
to 0.89 umol h™' g™ at + = 24 h. On the other hand, the
release rate of Mg was enhanced during the first 12 h of Co
sorption. At high ionic strength (/ = 0.3 M), the excess of
released Mg relative to 1 =< 0 was nearly equal to the amount
of sorbed Co. The Mg release rate then gradually decreased.
For example, the Mg release rate at TotCo = 200 uM jumped
from 0.50 pmol h™" g™ att < 0 t0 50.1 pmol h ™' g™ at t =
5 min and decreased afterward (0.57 umol h™' g™ at t = 24
h) to eventually reach values below that observed at t = 0
(0.20 pmol h™ g™ at r = 72 h). The Mg release pattern
observed at low ionic strength (I = 0.01 M) qualitatively
followed the pattern described at higher ionic strength, yet two
major differences could be observed. First, the excess of Mg in
solution relative to t < 0 (~15 pmol g~ '; Fig. 9, insert) was
significantly lower than the amount of sorbed Co (more than 30
pmol g7'; Fig. 7a). Second, Co uptake and excess release of
Mg did not occur simultaneously, as opposed to what was
observed at high ionic strength. Indeed, the enhanced Mg
release lasted for the first hour of reaction, whereas most of Co
uptake occurred within the first 5 min.

The release behavior of Mg at high ionic strength gives clues
to the long-term mechanism of Co uptake. Part of the excess
release of Mg upon Co addition can be unambiguously corre-
lated to the short-term adsorption of Co (0 < ¢ = 12 h).
Afterward, a second mechanism has to be invoked. The hypo-
thetical buildup of a (Co, Mg, Si) solid precipitate would be
expected to result in a rapid decrease of both Mg and Si
apparent release rates due to Mg and Si incorporation in the
new solid phase. This hypothesis is at variance with the ob-
served concomitant removal of Co and excess release of Mg
for reaction times as long as 24 h. Alternatively, a long-term
adsorption mechanism similar to the short-term mechanism,
but on distinct sites, provides a fair explanation for the en-
hanced Mg release for the first 24 h of reaction time. Therefore,
it can be assumed from the dissolution results that long-term

(# = 12 h) sorption of Co on hectorite results from adsorption
on new surface sites.

DISCUSSION

Mechanism of Co Uptake at Low lonic Strength

The kinetics investigations point to very rapid Co uptake
within the first 5 min of contact time at low ionic strength,
compared to the slower adsorption rate at high ionic strength
(Fig. 7a). This enhanced initial uptake is a strong indication of
cation exchange processes. Divalent cations adsorbed on ex-
change sites are known to form OS surface complexes (17-19,
23-25). The sorption observed for + = 5 min at high ionic
strength and coinciding with proton release can be connected to
specific uptake of Co. The sorption rate associated with this
mechanism does not depend on [Co] aqu during the first hour of
contact time, yet the influence of TotCo can be observed for

longer reaction times. In contrast, EXAFS results indicate that
formation of IS Co surface complexes at the edges of hectorite
particles occurs at both high and low ionic strengths. EXAFS
results do not preclude the occurrence of OS complexes at low
ionic strength, but such complexes are clearly not of paramount
importance. For further discussion it is important to note that
EXAFS measurements were preceded by at least 6 h of reac-
tion time.

Both retention of Mg ions released by hectorite dissolution
(Fig. 9a) and rapid sorption kinetics of Co for 0 =< ¢t < 5 min
(Fig. 7a) point to the importance of cation exchange for diva-
lent solute cations at low ionic strength. Cation exchange is
known to occur very rapidly and reaches equilibrium within
minutes (13). Thus, any increase of [Cojy] results in nearly
simultaneous adsorption of Co on exchange sites, according to
the reaction

2 XNa + Cof, & X,Co + 2 Na,,, 2]
where X~ refers to one mole of exchange sites. As a result,
after a given reaction time, the amount of exchangeable Co
corresponds to an equilibrium value with respect to [Cojy]
(which has been shown equal to [Col,,, within uncertainty).
This value can be calculated using the equilibrium constant for
reaction [2], which can be written in the Vanselow approach
(15, 31, 74),

. (X, Co)[Nag,]?

NaCo = m, [3]
where Ky,_q, is the conditional exchange constant for given
exchanger and solute compositions, (X,Co) and (XNa) are the
activities of exchangeable cations, which are given in the
Vanselow approach by (74)

[X,M]

(XmM) R
zk‘/[ka Mk]

[4]

where [X,,M] is the molar concentration of M™* ions adsorbed
on exchange sites and the summation is taken over all ex-
changeable cations. In the present system, exchangeable cat-
ions include not only monovalent Na and divalent Co, but also
divalent Mg released by the dissolution of hectorite. The ex-
changer is not a binary, but a ternary system. It is therefore
necessary to calculate first the amount of exchangeable Mg.
This can be done, based on the equilibrium constant for
Mg-Na exchange:

_ (X,Mg)[Na (Zq}] 2
NaMg — ngzf [5]

(aq).

At f < 0, only Na and Mg cations were present on the
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exchange sites. It is thus possible to calculate Ky, provided
that [Mgg.,] and X,Mg can be determined (as stated above,
Mgih] =~ [Mgl.,,). The amount of exchangeable Mg has not
been measured directly. It can be calculated however, from the
difference between observed [Mg],,, and the theoretical
amount expected if no Mg were retained on exchange sites.
This last value was obtained by summing the initial excess of
Mg present in the suspension (~77 wM) to Mg released upon
hectorite dissolution, assuming congruent release of Si and Mg
(e.g., ~226 pM at r = 0). Comparison to observed [Mgl.q,
(=75 uM) indicates that ~228 uM of Mg out of a total of 303
uM (ie., 75%) was adsorbed on exchange sites. Equating the
amount of X sites to the measured cation exchange capacity of
the clay (=840 pmol g '), enabled us to calculate Ky, . The
obtained value (0.34) is low compared to what is usually
obtained for aluminum smectites (e.g., Kyom, =~ 5.8-0.7 for
Wyoming montmorillonite; (75)), but, to our knowledge, no
other Na-Mg cation exchange coefficient for trioctahedral
smectites has been measured yet. The amount of exchangeable
Mg can be calculated from [Mgl,, for ¢ > 0, under the
assumption that Co addition had little impact on the Ky, m,
value, i.e., that the value of the exchange constant remained
roughly the same in binary and ternary systems. Assuming that
Co uptake within the first 5 min of contact time was solely due
to cation exchange at / = 0.01 M and that [Co(z,,;] =~ [COl.qn
K u—c, 1s found to be equal to 0.18. Finally, for ¢ > 5 min, the
amounts of exchangeable Co and Mg in equilibrium with
solute concentrations can be calculated using the Na-Co and
Na-Mg exchange constants calculated above, assurning that the
cation exchange coecfficients are constant. Although this ap-
proximation is valid for an only limited range of solute chem-
ical compositions (15), it can provide useful insight into the
behavior of the present system. Indeed, calculations indicate
that the amount of exchangeable Co did not remain constant
but decreased as the total amount of sorbed Co increased with
time (Fig. 10). For example, for TotCo = 100 uM, the amount
of Co adsorbed on exchange sites decreased from 29.7 pmol
27! (100%) at t = 5 min to 19 pwmol g™' (50%) at t = 6 h, and
11 wmol g™ (28%) at ¢+ = 72 h. Hence, the decline of Co
adsorption on cation exchange sites and the rise of one or
several additional uptake mechanisms occur in conjunction.
This inference can be further scrutinized by subtracting the
contribution of cation exchange from the total amount of
sorbed Co at low ionic strength (Fig. 10). The striking likeness
between this kinetic pattern (Fig. 10) and those for Co sorption
at high ionic strength (Fig. 7b) suggests that the same specific
sorption mechanism takes place in both cases. EXAFS results
confirm the formation of IS surface complexes on the edge of
hectorite platelets after more than 6 h of reaction time and,
hence, reveal that the reactivity of edge sorption sites is not
altered upon modification of the ionic strength. This edge
sorption mechanism'invites comparison with the sorption prop-
erties of oxide minerals.

The mechanism of Co sorption at low ionic strength can now
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FIG. 10. Concentrations of adsorbed Co species as a function of time for
TotCo = 100 uM and 7 = 0.01 M. (V): Co adsorbed on cation exchange sites,
assuming a Na-Co cation exchange coefficient Ky, ¢, = 0.18; (O): Co assumed
to be adsorbed on edge sites. (4): Total amount of sorbed Co.

be deciphered from complementary EXAFS and solution
chemistry results. Rapid Co uptake occurs first by cation ex-
change. After 5 min of contact time, the exchange reaction can
be assumed to be near equilibrium, yet high amounts of solute
Co are still present (—~40 puM for TotCo = 100 pM). IS surface
complexes are then forming on the edges, but this sorption
mechanism is much slower than cation exchange (compare
kinetics trends at 7 = 0.01 M and / = 0.3 M; Fig. 7a), and
near-equilibrium conditions are attained only after several
hours of reaction time (Fig. 7b). Hence, [Col,,, steadily de-
creases as a consequence of edge sorption (Fig. 10). This
decrease of [Co],,, leads in turn to release of Co from cation
exchange sites into solution, as a consequence of fast cation
exchange reactions. Steady-state conditions are eventually at-
tained when [Co],,, is at equilibrium with both exchangeable
and edge-sorbed Co ions.

In conclusion, although the total amount of Co sorbed on
hectorite at I = 0.01 M varies by only 15 wmol g~' between
t = 5 min and 120 h, the amount of edge-adsorbed Co is
inferred to increase by more than 30 wmol g~'. Co ions initially
adsorbed on exchange sites are transferred to IS edge sites (Fig.
11). Exchange sites act as an extemporaneous cation buffer
system, which is able to control the concentration of solute Co.
Furthermore, all of these computations were performed assum-
ing that edge-adsorption started after only 5 min of contact
time, although the onset of this adsorption mechanism proba-
bly coincides with ¢ = 0. Thus not all sorbed Co at t = 5 min
are present as OS surface complexes, and, according to Eq. [3],
this implies that the amounts of exchangeable Co calculated
above are slightly overestimated and should be regarded as
upper limits.

Structure of 1S Surface Complexes at Low lonic Strength

Cation exchange considerations indicated that the fraction of
Co adsorbed on exchange sites does not decrease below ~20%
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FIG. 11. Proposed mechanism of Co sorption at low ionic strength. (1)
Dissolved Co. (2) Co adsorption as an outer sphere surface complex on the
basal planes of hectorite. (3) Transfer and adsorption of Co on layer edges as
inner sphere surface complexes.

at I = 0.01 M (Fig. 10) and therefore that OS surface com-
plexes do coexist with IS edge complexes in the samples
probed by EXAFS. As stated previously, EXAFS spectroscopy
averages the contribution of Co atoms present as OS surface
complexes, for which there is no nearest cationic shell, and
those present as IS surface complexes. Because the OS com-
plex contribution increases as ionic strength decreases, the
average Ny and Ng™™ should be smaller at lower ionic
strengths, provided the number of sorbent cation neighbors in
IS surface complexes does not change. This runs counter to the
similarity of Ny, and N5 values obtained at high and low
ionic strengths (Table 1). Therefore, higher numbers of Mg and
Si neighboring atoms surrounding edge-sorbed Co (Ny;, and
N, respectively) are required to account for N¥* values
observed at low ionic strength. Ny, and N§ can be estimated
from Ny "™ and Ng™™ and from the fraction F of Co adsorbed
on edge sites, according to

EXAFS
Ng

NE=—%—. 18]

Values of F at I = 0.01 M obtained from Ky,_o, = 0.18 are
0.50 atf = 6 hand 0.72 att = 72 h, which gives Ny;, = 3.2 =
08, Ng =44 * latt = 6h,and Ny, = 2.7 + 0.6, N =
3.6 £0.7att = 72 h. Comparatively, at/ = 0.3 M, F = 1.0
results in Ny, and Ng equal to 1.6 = 0.4 and 2.2 + 0.5,
respectively (Table 3). The dependence of Ny, and N§ on ionic
strength contrasts with the likeness of raw EXAFS spectra at
different ionic strengths.

The above line of evidence suggests that the first-formed
edge Co surface complexes have a higher number of Mg and Si
neighbors (the so-called “high-energy sites” (76)). These sur-
face complexes could be S5 i on (010) planes (Fig. 6). Then
Co surface complexes having lower numbers of Mg and Si

neighbors, such as §{g4)c, would be formed at increasing load-

ings. The kinetically favored formation of S$ifsc over S\ipiac
can be contrasted to purely structural considerations (Fig. 3)
suggesting that S 1}c and § {35 surface complexes could form

in approximately equal amounts.

Impact of Co Adsorption on Dissolution of Hectorite

Short-term release of Mg upon Co sorption. The increased
release of Mg correlated to Co sorption at £ > 0 was unex-
pected and deserves further discussion. Tiller (45) also de-
scribed an excess release of Mg upon sorption of metal cations,
but he did not observe the simultaneity of both phenomena.
Valsami-Jones and co-workers (77) noticed that the adsorption
of Pb on hydroxylapatite resulted in an equimolar release of Ca
in suspension. They correlated this release with the formation
of Pb hydroxylapatite. Van Cappellen and Qiu (71) observed
an enhanced release of dissolved silica in the first 6 h of Co
uptake on biogenic silica and attributed it to an exchange
reaction. The replacement of edge-exposed Mg by adsorbing
Co could account for the observed near-equimolarity between

F— TotCo — [CoJy, — [X>Co] [6] Co sorption and Mg excess release (Fig. 9a). The replacement
TotCo — [Col.q, could be favored when chemical bonds between edge-exposed
EXARS Mg and bulk hectorite are weakened. For example, protonation
NS — Nig (7] of surface octahedral cations is known to promote their detach-
Me F - ment from smectite edges (49, 67, 72, 73). The higher lability
TABLE 3
Calculated Number of Mg and Si Neighboring Cations for Edge-Sorbed Co as a Functijon of Edge Coverage
Sample name Edge site coverage (umol g7) Fraction of sorbed Co on edge sites NE. N§

#0.3M-120h 37 0° 1.6 (£0.4)" 2.2 (+0.5)"

#0.01M-6h 19 0.5° 3.2 (+0.8)" 44 (1)
#0.01M-72h 34 0.72" 2.7 (*0.6)" 3.6 (£0.7)"

“ Cation exchange is assumed to be completely inhibited.

¥ Derived from the total Co uptake and the conditional cation exchange constant calculated after 5 min of contact time at [ = 0.01 M,
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of protonated surface Mg octahedra is a feasible explanation
for the observed simultaneity between proton release, Co ad-
sorption, and Mg-enhanced release.

Long-term inhibition of hectorite dissolution by Co sorption.
As apparent in Fig. 9, the release rate of Si markedly dimin-
ished after addition of Co to the suspension. One could see in
this apparent inhibition an effect of the coprecipitation of Si
and Co to form a Co-rich clay mineral. However, EXAFS
results unequivoqually show that such a precipitation process
does not occur. It may also be assumed that the higher amount
of Mg in the supernatant, resulting from Co adsorption, caused
a slowing of hectorite dissolution rate due to the saturation
state effect (78). However, this hypothesis implies that high
concentrations of dissolved Mg at constant [Si],, have an
impact on the apparent dissolution rate of hectorite, which runs
counter to previous evidence for unchanging Si release rates
with [Mgl,,. increasing up to 0.05 M (79). Dissolution inhibi-
tion may instead be a direct consequence of the incorporation
of high amounts of Co at layer edges of hectorite. Because
Co-clays have been shown to be more stable than Mg-clays
(80), the adsorption of Co likely results in the formation of Co
edges of higher stability than Mg edges with respect to disso-
lution. As a consequence, Co adsorption would limit the extent
of layer edges accessible to dissolution, thus causing the mea-
sured decrease of dissolution rates.

CONCLUSION

The combination of EXAFS spectroscopy and kinetics
chemical studies proved crucial in the elucidation of the Co
sorption mechanism on hectorite at 7 = 0.01 M. Whereas a
very rapid cation exchange reaction on hectorite exchange sites
(within minutes) was substantiated by kinetics results, EXAFS
spectroscopy confirmed the formation of IS Co surface com-
plexes on edge sites for reaction times longer than 6 h. The
interpretation of kinetics measurements in the light of struc-
tural results showed that, at low ionic strength, cation exchange
sites act as a transient cation buffer, from which initially sorbed
cations can further migrate to hectorite edge sites. Edge-sorbed
Co form various IS Co surface complexes in the continuity of
hectorite octahedral sheets.

Co adsorption on edge surface sites correlated with (a) an
initial excess of Mg release with respect to dissolution of pure
hectorite (0 = ¢ = 12 h) and (b) a longer-term inhibition of
Mg and Si release rates (¢ > 12 h). The complexity of the Co
sorption mechanism and its impact on hectorite stability would
not have been reckoned from the sole determination of the
average structure of Co surface complexes as obtained from
EXAFS spectroscopy. This work therefore emphasizes the
importance of coupling chemical and spectroscopic studies to
better understand the role of chemical parameters such as
sorbate concentration, ionic strength, residence and reaction
times on the mechanism rate and reversibility of trace metal
uptakes in natural systems.
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5. Adsorption de Zn sur I’hectorite a pH <6,5

7n sur ’hectorite a été étudiée a deux forces

La cinétique d’adsorption macroscopique de
ion totale en Zn (TotZn)

joniques (NaNOs 0,01 et 0,3 M) et deux pH (pH 6,5 et 4), pour une concentrat
nces ont été réalisées a des teneurs en hectorite de 1,95 g L' (pH6,5) et22 g

ces chimiques Zn, Mg, et Si ont été mesurées pour

urface formés a pH 6,5 a été
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des temps de réaction croissants. La nature des complexes de s
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déterminée par spe
étaillés dans I’article intitulé « Adsorption mechanism of

pates humides. Les résultats obtenus sont d

7n on hectorite as a function of time, pH, and ionic strength » situé a la fin de cette section.

5.1. Cinétique d’adsorption macroscopique

A basse force ionique, une proportion importante de Zn est adsorbée pendant les cinq premieres
minutes de réaction, quel que soit le pH (fig. 5. 1).
adsorption sur les sites d’échange cationique. Aprés cette éta
se poursuit 4 une vitesse plus faible a pH 6.5 (fig. 5.1.b) alors qu’'a
olution (fig. 5.1.a). L’inhibition de 1’échange cationique a haute force

ation de Zn sur une échelle de temps plus longue,

Cette cinétique trés rapide est caractéristique d’une
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I"hectorite pH 4 1Zn est

progressivement relaché en s
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Figure 5.1. Cinétique d’ adsorption de Zn sur I’hectorite en fonction du pH dans un fond ionique de

NaNO; 0,3 M () et 0,01 M (A). (a) pH 4. (b). pH 6,5.

de dissolution de I’hectorite en présence de Zn est
que I’adsorption de Zn a ce
6,5 est

A pH 4 et & haute force ionique, le taux
légerement inférieur au taux de dissolution en absence de Zn, suggérant
a cinétique de dissolution. La cinétique de dissolution de I’hectorite & pH
addition de Zn. Ces modifications sont similaires a celles
inhibition immédiate et durable du

pH ralentit un peu |
par contre fortement modifiée par I’

observées lors de I’addition de Co (fig. 4.6) avec, d’une part, une
on de Si, et, d’autre part, une libération de Mg accélérée durant les premieres heures

taux de libérati
s environ 24 h de contact. Les résultats obtenus de cinétique

d’adsorption de Zn, puis inhibée apré
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haute force ionique sont semblables i ceux obte
les CST observés par

maniére monotone (fig. 5.3). Cela indique que le zinc adsorbé
accord avec les résultats

cationique. Pour des temps de réaction croissants (t=
fréquences d’

EXAFS est comparable 3 celuj d’

d’adsorption du zinc, et de I"impact de cette adsorption sur Ja stabilité de I’hectorite, présentent donc
des similitudes importantes avec ceux obtenus pour le cobalt.

5.2. Structure des complexes de surface 3 pH 6,5

Afin de caractériser Penvironnement cristallochim
d’hectorite ayant réagi avec Zn i pH 6,5

enregistrés a haute et basse force ioniqu

ique du Zn adsorbé, des films auto-supportés
ont €té caractérisés par spectroscopie P-EXAFS. Les spectres

€, et pour des temps de réaction en solution de 6 h ou plus,

présentent tous une dépendance angulaire semblable 3 celle observée pour le cobalt, ce qui indique

que les environnements structuraux de ces deux cations sont comparables. Les TF de ces spectres

présentent plusieurs pics provenant des contributions de

$ couches atomiques entourant e zinc (fig.
5.2). L’analyse de ces contribution

s montre que les cations Zn

sont hexacoordonnés et entourés d’une
couche de 1,5-1,8 (+ 0,5) Mg a environ 3,08 A dans

le plan du film, et d’une couche de 1,8-2,7 (x0,5

nées structurales indiquent que le zinc forme des
CSI localisés en bordure des feuillets d’hectorite, en continuité structurale de la couche octaédrique
(Mg, Li), comme dans e cas du cobalt.

Figure 5.2. Modules des TF des
spectres P-EXAFS enregistrés sur
un  film auto-supporté de Zn
adsorbé sur I’hectorite 2 haute

............... -0 = 80°
force ionique. T ——
ye [hectorite] = 1,95 g -1
¥ NaNO3; 0,3 M
g pH 6,5
|_

R+ AR (A)

Les spectres EXAFES enregistrés sur des pates humides d’hectorite ayant réagi avec le Zn 3

a
nus pour les films auto-supportés. Ceci confirme que

spectroscopie P-EXAFS i haute force ionique se sont formés lors des réactions

d’adsorption en suspension. En revanche, le spectre enregistré sur une péte humide pour une basse
force ionique et pour un temps de réaction en solution court (t
spectre de Zn hydraté -

=5 min) a pH 6,5 est semblable au
tous deux ne présentent qu’une seule fréquence dont I"amplitude décroit de

dans ces conditions forme des CHS, en

de I'étude cinétique montrant une adsorption initiale rapide par échange

6 het 96 h), les spectres présentent de nouvelles
amplitude de plus en plus importante, et
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Ces résultats démontrent que le zinc adsorbé initialement sur les.sires c.i’échang-:e czzzn:j:u;ez
H 6.5 est transféré ultérieurement sur les sites de bordure de 1’hectorite, soit p'ar mlg(;z}qo t.ion -
plalls’ de base depuis les sites d’échange cationique vers les sites de b?rdure, SOllt :;:t (t;gq; o
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cinétique du premier mécanisme n’est pas connue, celle du
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ces deux mécanismes, la quantité de Zn ¢changeable aprés un temps de réaction donné peut &tre
calculée en prenant un coefficient de sélectivité pour I'échange Na-Zn de K§, ,. = 0,41 + 0.06. Ce
calcul montre que la quantité de Zn echangeable & I’équilibre avec le Zn en solution diminue avec le
temps, jusqu’a devenir négligeable au bout de 96 h (moins de 5 % du Zn adsorbé). Les données

EXAFS obtenues sur des pates humides a des temps de réaction croissants confirment que la fraction

ssante de yine Ficia e s iy ; o RITE AS A FUNCTION !
croissante de zinc fixée par I’hectorite et non €changeable est adsorbée sur les sites de bordure des ADSORPTION MECH ANISM OF ZN ON HECTO l
feuillets d’hectorite. La cinétique (calculée) de cette adsorption spécifique de Zn 2 basse force ionique |
(fig. 5.4) semble un peu plus lente qu'a haute force ionique. Cette observation montre que le OF TIME, PH, AND IONIC STRENGTH

mécanisme de migration du zinc €changeable vers les sites de bordure n’est pas significativement plus |
rapide que le mécanisme d’adsorption directe. On pourrait expliquer cela par I'existence d’une étape

cinétiquement limitante unique et commune a ces deux mécanismes.
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Figure 5.5. Mécanisme d’adsorption du zinc sur I’hectorite i pH 6,5 et basse force ionique. Le Zn est
adsorbé initialement sur des sites d’échange cationique ot il forme des complexes hors sphére
(CHS). Il est ensuite transféré des sites d’échange vers les sites de bordure des feuillets, ou il
forme des complexes de sphére interne (CSI).

(Adsorption mechanism of Zn on hectorite as a function of time, pH, and ionic strength. Article

soumis a American Journal of Science)
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ABSTRACT

The mechanism of Zn uptake in dilute suspensions ( ~2 g L) of hectorite was investigated by kinetics

chemical experiments and extended X-ray absorption fine structure (EXAFS) spectroscopy on wet pastes

and self-supporting films of Zn-sorbed hectorite. Kinetics experiments were performed at various pH (4 and

6.5), ionic strengths (0.3 and 0.01 M NaNO;), and at a total Zn concentration of 100 UM,

At low ionic strength (0.01 M NaNOs), an important Zn uptake occurred within the first 5 min of

reaction, whatever the pH. This rapid kinetics is consistent with Zn adsorption on exchange sites located on

basal planes of hectorite. After this fast sorption, the amount of sorbed Zn either slowly increased (pH 6.5)

or decreased (pH 4). At high ionic strength (0.3 M NaNOs), Zn uptake within was less rapid than at low
ionic strength the first 5 min, and the amount of sorbed Zn gradually increased afterwards at both pH 4 and
6.5, with higher uptake being observed at higher pH. This behavior is consistent with Zn adsorption on pH-
dependent sites. The dissolution of hectorite was monitored during Zn sorption. At pH 6.5 and 0.3 M
NaNOs, an initial correlation was observed between Zn uptake and an excess release of Mg relative to pure

hectorite suspension. In contrast, Si release was inhibited immediately after Zn addition. At pH 4, the
dissolution of hectorite seemed unaffected by Zn addition.

At pH 6.5, similar polarized-EXAFS (P-EXAFS) spectra were obtained on self-supporting films for

the two ionic strengths (0.01 and 0.3 M NaNO;) and for reaction times comprised between 6 h and 120 h,
suggesting a similarity in the crystallochemical environment of Zn. Four atomic shells were identified from
the quantitative analysis of P-EXAFS spectra: a nearest O shell at Ry, o =
=3.06-3.09 £ 0.03 A, a Si shell at Ry, s;
+0.06 A. Rypmy and Ry,

2.06 +0.01 A, a Mg shell at Ry,
=3.23-3.26 + 0.03 A, and a next-nearest O shell at Rzno =3.69-3.74
values are characteristic of edge-sharing linkages between Zn and Mg octahedra,

sharing linkages between Zn octahedra and Si tetrahedra, respectively. The angular
dependence of the Zn-Mg and Zn-Si contributions

and of corner-

indicates that Zn-Mg pairs are oriented parallel to the film

plane, whereas Zn-Si pairs are not. These results are indicative of the formation of Zn inner-sphere (IS)

sheets. Magic-angle
supporting films obtained at pH 6.5 and 0.3 M NaNO; bear

confirming the validity of this IS uptake mechanism under full wet conditions at high ionic
strength. At 0.01 M NaNQs,

surface complexes at layer edges of hectorite platelets, in continuity to octahedral
EXAFS spectra recorded on wet pastes and self-

strong similarity,

a continuous evolution with increasing reaction time from predominant outer-
sphere (OS) to predominant IS complexes was observed for wet pastes. A two-step sorption mechanism is

proposed from the combination of structural and chemical results at 0.01 M NaNO; and pH 6.5: solute Zn

initially sorbs as OS exchangeable complex on interlayer sites, and then migrates to layer edge where it
forms IS surface complex.
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SYMBOLS

outer-sphere

inner-sphere

extended X-ray absorption fine structure

polarized extended X-ray absorption fine structure

Fourier transform of the EXAFS spectrum

radial structure function

angle between the X-ray polarization vector and the phyllosilicate plane
angle between the ¢* axis of the phyllosilicate layer and the vectors connecting the X-ray
absorbing atom to backscattering atoms in the j shell

modulus of the wavevector in EXAFS spectroscopy

EXAFS function

EXAFS contribution of a j shell at the o angle

EXAFS contribution of a j shell at the magic angle

apparent number of backscatterers in the j shell at the o angle
structural number of backscatterers in the j shell

EXAFS-derived interatomic distance between Zn absorber and backscattering atoms in the j

shell

Debye-Waller term in EXAFS spectroscopy. Account for the atomic disorder

amplitude reduction factor in EXAFS spectroscopy

reliability factor used to adjust model to sample EXAFS spectra
Zn-containing kerolite

7Zn-kerolite Zn3Si;010(OH)2:nH,O

Zn-containing kerolite Zng7Mg23S14010(OH)2-nH;0
Zn-containing kerolite Zn0.03Mg2.97514016(OH)2-nH,O

edge-sharing linkage
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C linkage corner-sharing linkage

I = ionic strength

7ii (23;) = fully solvated Zn*" cation

[Z01 }ag 00 = concentration of Zn in the supernatant
[Si]ag,tot = concentration of Si in the supernatant
[Mglag ot = concentration of Mg in the supernatant
TotZn = Total Zn concentration in the suspension
TotCo =

Total Co concentration in the suspension
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INTRODUCTION

At low concentration, Zn is a micronutrient for living organisms (Stout, 1956; Reed and Martens,
1996). Because plants absorb Zn from soil solution, maintaining adequate levels of dissolved Zn in soils is
essential to the optimal growth of crops (Reed and Martens, 1996). At high concentration, this element can
accumulate in organic matter and reach toxic levels, causing for example leaf chlorosis and necrosis, plant
death, and articular diseases to vertebrate organisms (Beyer and Storm, 1995). High Zn levels in the
environment can result from sewage sludge deposition, smelter emission, mine drainage, and industrial
waste dispersion (O'Neill, 1993; Reed and Martens, 1996). To satisfy both agricultural requirements and
public health policies, it is important to understand the mechanisms regulating the solute concentration and

bioavailability of Zn in soils.

It is currently admitted that the fate of Zn in natural systems is mainly controlled by reactions with
both organic matter and mineral surfaces (Sposito, 1984; McBride, 1994). At low concentration and low pH,
7n is complexed by organic matter or held up by clay minerals in an exchangeable form (McBride, 1994;
Sarret, 1998). At higher concentration, or higher pH, the solute concentration of Zn is thought to be
controlled by sorption on (hydr)oxide minerals (McBride, 1994) or precipitation of Zn hydroxycarbonates
(Schindler, 1991). Structural association of Zn with smectite minerals was also inferred (McBride, 1994),
and was recently observed in contaminated soils (Manceau and others, 2000c). The high affinity of Zn for
phyllosilicates in natural systems (Ross, 1946; Riviére and others, 1985; Manceau and others, 2000c) agrees
with the relatively low solubility of synthetic Zn-containing phyllosilicates (Decarreau, 1985; Manceau and
others, 2000¢). This affinity appeals for a detailed characterization of the possible interactions between Zn

and phyllosilicates, such as smectites.

Like many divalent cations, the retention of Zn on smectites can be achieved by various molecular
mechanisms. Divalent metal cations can adsorb as outer-sphere (OS) surface complexes on basal planes to
balance the structural layer charge (McBride, Pinnavaia, and Mortland, 1975; McBride, 1979; MacEwan
and Wilson, 1980; McBride, 1982; Dent, Ramsay, and Swanton, 1992; Papelis and Hayes, 1996; Muller and
others, 1997). The exchangeability of interlayer cations depends on their hydration enthalpies, the cationic
composition and concentration of the solution (fig. 1), the phyllosilicate concentration, and the location of
the charge deficit in the phyllosilicate structure (Vanselow, 1932a, Vanselow, 1932b, Gapon, 1933, Jenny,
1938, Kelley, 1948, Gaines and Thomas, 1953, Maes, Stul, and Cremers, 1979, Sposito, 1984, Laudelout,
1987, McBride, 1994). The kinetics of the cation exchange is fast, and the steady-state aqueous
concentration of the sorbate is attained within a few minutes (Tang and Sparks, 1993; Sposito, 1994;
Verburg, Baveye, and McBride, 1995). Divalent metal cations can also sorb on smectites via a pH-
dependent mechanism, as on oxide and hydroxide mineral surfaces (Peigneur, Maes, and Cremers, 1975;
Egozy, 1980; Inskeep and Baham, 1983: Charlet and others, 1993; Stadler and Schindler, 1993; Zachara and
McKinley, 1993; Zachara and others, 1993; Degueldre, Ulrich, and Silby, 1994; Zachara and Smith, 1994;
McKinley and others, 1995; Scheidegger and Sparks, 1996; Bradbury and Baeyens, 1999). At pH, in figure
1, only a small fraction of Zn is retained by this sorption mechanism, and this amount can fluctuate, owing

to competitive sorption by cation exchange. At pH; > pH,, nearly 100 percent of Zn is adsorbed, whatever
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the ionic strength, This pH-dependent uptake is interpreted at the atomic scale by the formation of inner-
sphere (IS) complexes on oxygen dangling bonds at the edges of smectite crystallites (Charlet and others,

1993; Stadler and Schindler, 1993; Zachara and McKinley, 1993: Zachara and Smith, 1994: McKinley and

others, 1995: Kraepiel, Keller, and Morel, 1999: Schlegel, Charlet, and Manceau, 1999; Schlegel and others,

1999). The increase in PH and sorbate concentration can also lead to the formation of sorbate-containing

precipitates (Scheidegger, Lamble, and Sparks, 1997; Ford and Sparks, 1998: Scheidegger and others,

1998), and, therefore, to the long-term occlusion of Zn from soil solutions (O'Neill,
others, 2000c).

1993; Manceau and

g ; Scheidegger and others
1998). Conversely, sorption mechanisms of divalent cations on clay minerals can be studied directly at the

molecular level by extended X-ray absorption fine Structure (EXAFS) spectroscopy (Scheidegger, Lamble,

and Sparks, 1997; Scheidegger and others, 1998; Schlegel, Charlet, and Manceau, 1999; Schlegel and

others, 1999). The structural information (interatomic distances and the nature and

» 1990). In an effort to overcome this limitation,

Manceau and coworkers (Manceau and others, 1988; Manceau and others, 1990) performed polarized-

EXAFS (P-EXAFS) experiments on biotite single crystals (fi g. 2). In P-EXAFS, the contribution of (Si, Al)

cations in tetrahedral sheets is minimized and the contribution of (Fe, Mg) cations in the octahedral sheet

enhanced, when the experimental angle o between the X-ray polarization vector and the phyllosilicate plane
equals 0° (parallel orientation; fig. 2, left). Conversely,

the contribution of (Fe, Mg) cations is extinguished,
and that of (Si, Al) cations enhanced, for o, = 90° (norm

al orientation; fig, 2, right). Magnifying alternatively

the contributions of octahedral and tetrahedral shells increases the precision on structural parameters. P-

tly to fine-grained layer minerals (Manceau, Chateigner, and Gates, 1998:

Manceau and others, 1999a), and successfully applied to the crystal chemistry of oxidized and reduced

nontronite (Manceau and others, 2000a; Manceau and others, 2000b), to the sorption mechanism of Co on

the phyllomanganate buserite (Manceau and others, 1997) and on the trioctahedral
(Schlegel and others, 1999), and to the Speciation of Zn

smectite hectorite

in soils (Manceau and others, 2000c). These studies

showed that P-EXAFS on self-supporting films of fine-grained minerals allows the characterization of the
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EXPERIMENTAL

Hectorite purification and characterization

Hectorite Na[]_40(Mg2_65Li0_35)(Si3_95AlU_05)0|0(0H)2 was purchased from the Clay Mineral Repository
(SHCa-1). (Mg, Li) atoms are located in the octahedral shect and (Si, Al) atoms in the tetrahedral sheets of

the magnesian smectite. Approximately 25 g of the raw material were suspended in 1 L of deionized Milli-Q

water, and shaken at 180 rpm for 48 h. The <2 pum fraction was extracted by sedimentation techniques,

treated several times with a 10 mol L™ (M) HNOs, 0.5 M NaCl solution to remove carbonate minerals, and
subsequently washed five times with a 0.5 M NaCl solution to exchange interlayer cations with Na. No
concentrated inorganic acid solutions were used, because hectorite dissolves quickly in strong acidic media
(Kreit, Shainberg, and Herbillon, 1982; Komadel and others, 1996). Afterwards the clay suspension was
treated for 1 h with a 5.10° M dithionite, 0.2 M citrate, 0.1 M bicarbonate, 0.5 M NaCl solution at pH 6.5
and room temperature to remove possibly remaining ferric oxides, and for 1 h with a 3 percent H;O,, 0.5 M
NaCl solution at 50°C to remove organic matter (Jackson, 1964; Zachara and Smith, 1994). Remaining H,0,
was destroyed by heating the suspension for more than 1 h at 70°C. Dialysis against Milli-Q water was then
performed until no CI” anions could be detected (AgNO; test). The final 2 percent weight stock suspension
was stored at 4°C in the dark prior to use. Measurements of aqueous Si(OH), released during the
purification procedure showed that the amorphous-SiO, solubility limit was never reached. The purified clay
suspension was characterized by X-ray diffraction on a Siemens D-500 X-ray diffractometer. No trace of

crystallized carbonate mineral could be detected. The cation exchange capacity (CEC), measured by Cs

exchange (Anderson and Sposito, 1991), is 840 meq kg, and the specific surface area measured by BET
equals 114 m* g,

Zn sorption experiments

All solutions were prepared with Milli-Q water and chemicals of ACS reagent grade. Sorption

experiments were conducted at 25°C ( +0.1°C) in polyethylene vessels immersed in a thermostatic water

bath. Polyethylene was chosen to avoid interactions of dissolved cations and silica with the vessel walls. A
Teflon-coated rotating magnetic bar ensured vigorous stirring of the suspension. A water vapor-saturated
inert atmosphere was maintained by bubbling humidified Ar that had passed beforehand through a
purification setup (10 percent H,SOy, then 0.1 M NaOH, and finally NaNOs at the ionic strength of the
suspension). Constant concentrations of the background NaNO; electrolyte were maintained throughout the
experiments by preparing the working solutions with the appropriate amounts of NaNOs salt (Fluka). pH
measurements were performed with a Metrohm combined electrode connected to a Metrohm pH-meter. This
electrode was calibrated with buffers (Merck, titrisol), and recalibrated at least every 72 h. During kinetics
experiments, the pH of the suspension was maintained at the desired value 0.05 (pH 4 or 6.5) by a PC-
controlled pH-stat that delivered small aliquots of acid (0.1 M HNO;) or base (0.01 M NaOH) solutions
adjusted at the Na concentration of the suspension, as needed. The base solution was prepared with CO,-

free
deionized water. The hectorite concentrations in suspensions were 1.95 g L' (pH 6.5), and 2.2 g L' (pH 4).
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(pH 3.7, ionic strength of 0.0015 M) were chosen to favor the formation of OS Zn surface complexes on

cation exchange sites. For all wet pastes, more than 95 percent of total Zn was sorbed on hectorite. Hence,

the EXAFS signal from the Zn fraction present in the residual supernatant is negligible. Chemic

al conditions
for samples studied by EXAFS are summarized in table 1.

Reference compounds

General considerations.-The structural environment of sorbed Zn depends on the sorption
mechanism, which can be (1) a cation exchange, (2) a specific adsorption, (3) a lattice diffusion, and (4) a
precipitation of a new solid phase (Charlet and Manceau, 1993; Manceau and others, 1999b). Zn adsorbed

on cation exchange sites retains its first hydration sphere, and nearest cations are repelled at distances
greater than 4 A (Manceau and others, 1999b; Schlegel and others, 1999). Thus,

the Zn EXAFS spectrum of
this OS complex should resemble that of solvated Zn(za';). Zn adsorbed on specific adsorption sites of

hectorite is likely located in a phyllosilicate structural environment, as observed for divalent Co (Schlegel
and others, 1999). The Zn EXAFS spectrum should then resemble that of a Zn-doped magnesian

phyllosilicate, such as kerolite (Mg3S14016(OH),-nH,0). Zn diffused in the octahedral sheet of hectorite also

has a typical phyllosilicate short-range order. Finally, a poorly crystallized kerolite-like mineral (hereafter

referred to as ZnKer) may form by a coprecipitation of Zn and Si, possibly together with Mg. Consequently,
a preliminary EXAFS study of Zn (2;1) and various ZnKer references is warranted to assist us in the

discrimination of the possible Zn sorption mechanisms on hectorite.

Preparation of references.-OS complexes were modeled with a solvated Zn(zﬂg) reference obtained by

dissolving Zn(NOs); in bidistilled water to a total Zn concentration of 0.1 M. This solution was acidified to

pH 4 to prevent any polymerization. A series of ZnKer minerals of formula ZnMg3,S14019(OH),-nH,0O {(x=
3: ZnKer300; x = 0.7: ZnKer070; x = 0.03: ZnKer003) was prepared by aging fresh (Zn, Mg,

Si) precipitates
of the desired chemical compositions at 75

°C for 15 days (Decarreau, 1981; Decarreau, 1985). The purity

e (4 ¥ i i Yy bCfOI‘B and

~50 percent after the sample entry.

EXAES data were reduced with the SEDEM software (Abt.:rda.m, 1998). As a ifelil:umTar;e :lt::)d
absorption spectra were given the shape of the Stobbe function,. which is a quan;umfr;ec( k(;nbethen e
formula for atomic absorption at the K-edge. Fourier transfzrzau(;n wa}sg;;zr)fo:;ilt;ng | r)l( 10 beneen 2 n

A" usi ai dization window (Manceau and Combes, A .
;:nf:io;igilj)l Ei::rdis[zz(jnce space. RSF peaks are located at apparent absorbﬂer—back?cgagg:)re; s;::::;z S:l
+ AR), which differ from interatomic structural distances (R) by AR' ~-03-04 A (Tef), .ﬂ N

i ¢ were windowed and Fourier back-transformed in k space by using a software p - g
Peajis Ofnltzle:)e; D. Bonnin (ESPCI, Paris). R values and numbers of atomic neighbors (N) were determined
E;]pl:;zisquares fitting the Fourier-filtered expeﬂmenii:bcontribzti;):si l?q(:;,(kl);;;;thartlt;ezzzt::lla]ihzzz a;:i

i unctions calculated with FEFE7.02 (Rehr, ers, an sky, - ; - . -
Z?;:zu:;:srite as model structures for Zn-O, Zn-Mg and Zn—S-i pairs (Obe.rlmfan[d MSe;‘lrf;Sl z:f;OK;dg;
Hanifi and Mering, 1972; Rayner and Brown, 1973). The amplitude reduction fac Of 01(: e 0
(O’Day and others, 1994; Manceau, Chateigner, and Gates,. 1??8). The goo::n;ss;d .
experimental Yexp(k) and model Ycaic(k) was quantified by the reliability factor Rp, defin

T -k?- expk ’
_zk‘(k Lo () = K - T () | 0

R 3 (1 Ay ()]

k

TABLE 1

Zn-sorbed hectorite samples analyzed by EXAFS spectroscopy

; : EXAFS
S 1 [hectorite] TotZn pH Tonic Reaction Sample
es T
and crystallinity of these references were checked by X-ray diffraction, and b unit-cell parameters were . (1 (uM) strength (M)  time (h) type agqulSlthHp
calculated from the position of (060) diffraction peaks. 0.0015 0.5 wet paste MA-EXAFS
#H001_30min WP 2.0 e 2 ' t paste MA-EXAFS"
0.01 0.08 we
EXAFS data collection and reduction #HO1_Smin_WP 1.95 100 6.5 1 ) wet paste MA-EXAFS? |
0 65 0.0 |
#H01_6h_WP 1.95 10 ing film P-EXAFS™ |
- 01 6 self-supporting film
Zn K-edge EXAFS spectra (x(k)) of Zn-sorbed hectorite films and pastes, and of ZnKer070 and #HO1_6h_SSF 1.95 1 83 " 96 wet paste MA-EXAFS"
ZnKer003 references, were recorded at ESRF, France, on the BM32 CRG/IF station. Clay films were #H01_96h_ WP 1.95 100 65 o i ting film P-EXAFS™
; : o 6 self-suppo i
mounted on a goniometer, and EXAFS spectra were recorded at o = 0°, 35°, 55°, and 80° in fluorescence 4#H01 96h SSE 1.95 100 6.5 0.01 9 ) MAEXARS
-~ wet paste 2
detection mode with a 30 element array Ge detector. EXAFS spectra for wet pastes and reference powders #H30 6h WP 1.95 100 6.5 0.3 6 P } bb |
; , T 6 self-supporting film ~ P-EXAFS
were recorded at the magic angle (o = 35°% (Manceau and others, 1990). At this angle textural effects are 4130 6h SSF 1.95 100 6.5 0.3 " 1
g o o . - 120 wet paste MA-EXAFS 1
cancelled, and, therefore, %**'(k) is identical to the Spectrum obtained for a perfectly isotropic powder #1130 120h WP 1.95 100 6.5 0.3 |
(x*°(k); (Manceau and others, 1990). Recording conditions for B N

sorption samples are summarized in table 1.
MA-EXAFS spectra of Zn (2:]; and ZnKer300 references were recorded in transmission mode at the LURE
synchrotron radiation facility, France, on the D42 st

3 . bp
SSF 1.95 100 6.5 0.3 120 self-supporting film P-EXAFS
#H30_120h_ ! :

b Measurements performed at the magic angle (o= 35 0)
PP Measurements performed at o= 0°, 35°, 55°, and 80

ation. Measurements were performed with gas ionization
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RESULTS AND INTERPRETATION

Chemistry
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Fig. 3. S?rpti(.)n of Zn on hectorite at high (0.3 M NaNOx: <>) and low (0.01 M NaNO
as a Tunction of pH and reaction time, for a tot : i ; y
: _ ; al Zn concentration of TotZn =
[hectorite] = 1.95 g L. (B) pH 4, [hectorite] =2.2 g L." vt i

/\) ionic strength

100 uM. (A) pH 6.5
. (A) and (B) have distinct time scales. ’

K”IEILCS a 22}1 \YoJ EOJ'I.—DI t]I]Ct klllethS tle]ldb “I ;:“ l]I’td (& b,’ hCLtOIlte are “h ]\JE3(| l[l)(”

variations of pH and ionic strength (fig. 3A and B). At 0.01 M NaNO; an important Zn uptak d
within the first 5 min of reaction tim b §
3 e at pH 4 and 6.5, leadin
s g to a Zn uptake of 72 percent (pH 4
percent (pH 6.5) of TotZn. The rapi e
: pid uptake was strongly reduced at higher ioni i
e (oH o ! . gher tonic strength. This sorption
r is typical of a cation exchange mechanism, resulting in the formation of Zn OS complexes on basal
asa

lanes of hectori i 3 i
P ctorite (Sposito, 1984; Sposito, 1994). Following this fast reaction step, uptake still went on at

0 0 p]:I 6.‘; el !) 4

slowly desorbed consecutively to the fast initial uptake (fig. 3B). At 0.3 M NaNOs, the kinetics of Z k
j . 3, ctics of Zn uptake

was slow at —_—
oo 3(1 pH 6.5 and pH 4. After 48 h of equilibration time, nearly 100 percent of TotZn was sorbed at pH
S (fig. 3A : 5 , a : P
g. 3A), and only 35 percent of TotZn at pH 4 (fig. 3B). The higher uptake at higher pH is typical of

edges of hectorite platelets at both pH (Charlet and others 1993)
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At pH 6.5, identical amounts of base (37 umol NaOH per g hectorite) were added at high and low
ionic strengths to prevent a pH shift to lower values after Zn addition. The amounts of acid introduced with
7n spikes (0.24 pmol HNO; per g hectorite) were too low to account alone for the excess of protons in
suspensions. It is thus assumed that this proton release resulted from Zn sorption, a phenomenon which is
characteristic of an oxide-like sorption mechanism. Consequently, the pH-dependent sorption mechanism

observed at high ionic strength probably also occurred at low ionic strength and pH 6.5 after the fast initial

cation exchange.

Impact of Zn addition on hectorite stability.-The impact of Zn sorption on the dissolution of hectorite
at pH 6.5 was assessed by following Mg and Si release rates before and after Zn addition (fig. 4A and B). At
0.3 M NaNO and t < 0, the ratio of Mg (0.56  0.09 pmol h” g") to Si (0.82 + 0.09 pmol h™' g") release
rates (0.68 + 0.13) was close to the atomic Mg/Si ratio of hectorite (0.67), but the [Mg]aqor/[Silagot ratio at t
= 0 was significantly higher (1.02 + 0.02). As discussed by Schlegel and coworkers (Schlegel, Charlet, and
Manceau, 1999), this arose from an excess of [Mglug.ot likely caused by a partial exchange of interlayer Na
by Mg cations during the dialysis stage of the hectorite purification. At t <0, lower amounts of [Mg]aq.wo
were found at low than at high ionic strength for similar [Silaquon (fig.4: see data at pH 6.5 and t = -24 h),
owing to the probable readsorption of dissolved Mg on cation exchange sites of Na-hectorite. Higher Si
release rates were observed at low ionic strength (1.56 £ 0.09 pmol h' g’ at t =0 and 0.01 M NaNO3), in

keeping with previous results on hectorite dissolution (Kreit, Shainberg, and Herbillon, 1982).

Adding Zn induced a change in Mg and Si release rates at pH 6.5 and 0.3 M NaNO; (fig. 4A). The Si
release rate slowed down from 0.82 =+ 0.09 umol h'g'att<0,to0.24 = 0.09 pmol h'g'att=24h,and to
0.13 + 0.03 at t = 120 h. In contrast, the release rate of Mg abruptly increased following Zn addition, from
0.56 + 0.09 pmol h'g'att<0to2.05x0.4 pmol h' g' at t = 3 h. The excess of Mg release for t> 0 can be
calculated from the difference between experimental  [Mglagot and theoretical [Mgligo Obtained by
extrapolation of the Mg release rate measured at t = 0. The excess of Mg equals 24.2 + 4 pmol glatt=6h,
and is of the same order, though significantly lower, than the amount of sorbed Zn (35.4 = 1.5 umol 5
Both Zn sorption and excess of Mg release occurred simultaneously, suggesting a replacement of layer edge-
exposed Mg by sorbed Zn. For t = 6 h, the Mg release rate gradually decreased to reach at t = 120 h a value
(0.09 = 0.04 pmol h' g') lower than at t = 0. Therefore, the adsorption of Zn via a pH-dependent
mechanism (pH 6.5, 0.3 M NaNO;) seems to result in a long-term inhibition of hectorite dissolution. At 0.01
M NaNOs, a decrease of the Si release rate (from 1.56 = 0.09 pmol h™' g att=0to 0.56 = 0.09 umol h'g!
at t = 96 h) was observed, as for 0.3 M NaNOs (fig. 4B). However, there was no abrupt enhancement of Mg
release after Zn addition. The high uncertainty on release rates for Mg (0.12 + 0.9 and 0.10 = 0.09 pmol h’

g att=0hand96h, respectively) hampers any interpretation.

At pH 4 (fig. 4C and D), neither Mg nor Si dissolution rates changed significantly during Zn uptake,
which is at variance with results at pH 6.5. Mg and Si dissolution rates at 0.3 M NaNO; fort =224 h (7.6 =
0.1 and 11.1 0.2 pmol h' g, respectively) are only slightly lower than those of pure hectorite at the same
jonic strength (8.2 £0.5 and 12.2 £ 0.9 pmol h' g, respectively; data not shown). Therefore, even if some

specific adsorption likely occurred on layer edges at 0.3 M NaNO; and pH 4, this adsorption had little effect
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on the dissolution rate of hectorite. At 0.01 M NaNO;, the release rate of Mg and Si for t > 24 h (9.7+0.2

and 16.4 + 0.4 umol h' g are significantly higher than at 0.3 M NaNO;. A similar behavior was observed 1 Zn(aq) #
for Si at pH 6.5. The ratio of Mg to Si release rate was lower at 0.01 M NaNQOj; than at 0.3 M NaNO, /\ /\ ;
(respectively 0.59 + 0.02 and 0.68 + 0. 02). This likely results from readsorption of dissolved Mg on cation 0 / S \% i
exchange sites, as observed at pH 6.5 and low ionic strength. I
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Fig. 5. k>-weighted Zn K-edge EXAFS spectra for Zn(lq) , Zn-doped kerolite (ZnKer003), (Zn,Mg)-kerolite
(ZnKer070), and Zn-kerolite (ZnKer300). All spectra were recorded at the magic angle to prevent

texture effects.
l
‘ Reference compounds

EXAFS spectroscopy

(k) for model compounds can be used to fingerprint the structural

envi 2 i A |
nvnr.onment of Zn. The EXAFS spectrum for Zn(a;) has a single wave frequency for k > 3 A , and its All Fourier transforms (FTs) display a first RSF peak (labeled A) located near R+ AR =1.6 A,
‘ amplitude decreases

| monotonously with k (fig. 5). This spectral feature is consistent with the presence of

corresponding to the EXAFS contribution of nearest oxygen atoms coordinated to Zn (fig. 6). Two RSF
| only one ordered coordination sphere (i.e., 6 H;0) around Zn>* s
aq

Instead, EXAFS spectra for clay minerals peaks at R + AR = 2.9 and 3.8 A are observed for Zn?;). They were tentatively assigned to MS
1 contain wave frequencies (arrows in fig. 5) which are absent in Zn( y*
ay

ttiol Hence, they do not arise from contributions ‘within the first hydration sphere (Kuzmin and Grisenti, 1994), and to single-scattering
. multiple sc

| attering (MS) paths within the first coordination sphere of Zn, but rather from the contribution of
| higher shells. i . _— .
"' ) 1995). However, ab initio FEFF6 calculations suggested that the single scattering contribution of the second

contributions of the second hydration sphere at ~4.1 A (Munoz-Paez, Pappalardo, and Sanchez Marcos, h

oxygen shell is canceled by double scattering paths between oxygens in the first and second shells (Kuzmin,

Obst, and Purans, 1997). Thus RSF peaks at R + AR =2.9 and 3.8 A for Zn?“ﬂ:” are likely dominated by MS
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Fig. 6. Zn K-

contributions. The RSFs for Zn-containing kerolites

display maxima at R + AR = 2.7-2.9 (peak B) and 3.8 A
(peak C). Their high amplitude, compared to Zn(zﬂ';),

indicates that they correspond essentially to single
scattering contributions beyond the first oxygen shell. Their structural origin was determined by combining
P-EXAFS measurements and FEFF7.02 calculations (Manceau, Chateigner, and Gates, 1998: Manceau and
others, 1999a; Manceau and others, 1999b). Peak B corresponds to the mixed contribution of the 6 nearest

octahedral (Octl) and 4 nearest tetrahedral (Tetl) cations, and of higher oxygen shells (table 2). Its

amplitude depends on the Zn/(Zn + Mg) ratio in the octahedral sheet of ZnKer (fig. 6). Not only do the

amplitudes vary, but imaginary parts of FTs for ZnKer003 and ZnKer300 are almost out-

Manceau and Calas (1986) related this phase contrast to the 7-
backscattered by Mg,

of-phase (fig. 7).
dephasing between EXAFS waves
one the one hand, and by transition elements such as Fe, Ni, and Zn, on the other hand.

The sensitivity of the imaginary part of the FT to the relative proportion of Mg and Zn atoms in the Octl
shell can be used to identify the nature of the predominant backscatterer in Zn-sorbed hectorite. Peak ¢
originates from the contribution of next-nearest Si cations (Tet2), and from higher oxygen shells (table 2)
(Manceau and others, 1999a; Manceau and others, 2000c). It has a large amplitude in trioctahedral layer
silicates (Manceau and others, 1999b), and neither its amplitude nor imaginary part significantly ch

ange
with the chemical composition of the clay, in contrast to peak B (fig. 7).

[~ & & I D B Bt B e e e T’T
2.
ZNiaq)

_ B &

3?: ZnKer003

Ed S S ;:ijl:
C

ZnKer0Q70

o B i
C ZnKer300

0 1 2 3 4 5 6
R+ AR (A)

edge kz-weighted radial structure functions (RSFs) for Zn.*

ag » ZnKer003, ZnKer070,. and
ZnKer300.
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TABLE 2

Successive atomic shells surrounding Mg in hectorite

(Kadi-Hanifi and Mering, 1972, Oberlin and Mering, 1960)

Shell Element N R (A) B (deg)”
01 0 6 2.05 58.7
Octl Mg 6 3.03 90
Tetl Si 4 3.23 32.8
02 0 . 3.47 19.5
03 0 6 3.66 73.2
04 0 2 3.79 30.2
05 0 2 4.01 35.3
Tet2 Si 4 4.43 5203
06 0 2 4.54 44.0
07 0 12 4.75 T

P Angle between ¢* and the vector binding Mg to the atoms in the shell

T \I'illI
RS BT B S AL A

Fig. 7. Moduli (RSFs) and imaginary parts i \a ,’f\ & s
of the k*-weighted Fourier transforms 40 \‘ F i i
for ZnKer003 and ZnKer300. Note the
good similarity of peaks C.

FT(k?y)

For all kerolites, an EXAFS-derived REXSS value of 2.07 A typical (;i :F);ygen—hexacoord-inatecz an
was obtained (table 3; (Kuzmin, Obst, and Purans, 1997). The precision on Ry, " and ‘No wasoelst;kma}tjﬂ 03;
successively varying and fixing these structural parameters during the least-squares .frt. A 0.time iz e
RIS from its best-fit value, or a decrease of No from 6 to 5 (20 percent), resulted 1r‘1 af't:; o
of R,. The Fourier-filtered EXAFS contributions corresponding to p-eak B, xg(-ll(), weleNl “ ayn d_N =
only cationic (Mg, Zn, Si) backscatterers. The numbers of nearest cations were fixed toﬁ Zn = o ba;;z ”
for ZnKer300, Nz, = 1.4 and Ny, = 4.6 for 7ZnKer070, and Nz, = 0 and Ny, = 6 for ZnKer E;AFS o
chemical compositions. Optimal spectral simulations were obtained (0.002 < R, < 0.032) for R, "/ = 3.

iffracti alues of 3.08 and
A and REATS —3.7.3.08 A (table 4 and fig. 8), as compared to X-ray diffraction (b/3) values o

Zn—Mg
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3.06 A, respectively. The systematic difference in distance likely originates from uncertainty in theoretical

phase shift functions

1999). Interestingly, RFEXAFS

zn-si  markedly decreased with increasing Mg/(Zn + Mg) ratio from 3.30 A for
ZnKer300 to 3.20 A for ZnKer003 (table 4). This 0.10 A reduction in distance is hardly accountable for by
the difference of ionic radii between Zn and Mg (that is, the contraction of the

EXAFS
R

za-mg differ by only 0.03 A. Instead, the observed correlation between RL*ATS

to a large uncertainty on EXAFS-derived distances for this

Nz,, Ny, and Ng; to + 0.5.

Quantitative EXAFS analysis of the first Zn-O coordination shell

aezn and RS
TABLE 3

Zn-Si

waves are in-phase (Scheidegger
and others, 1998; Manceaun and others, 1999b; Schlegel and others, 1999). The uncertainty

EXAFS ( £0.03 A) because ys;
Gates, 1998). The uncertainty on R

for these particular atomic pairs (Vaarkamp and others, 1994: Schlegel and others,

unit cell), as R

and Mg/(Zn + Mg) is due

particular shell (+ 0.06 A). The uncertainty
occurs because the yg; and Amg waves are out-of-phase and the ¥si and Yz,

were evaluated to + 0.03 A, and the uncertainty on

is lower in P-
is singled out in the perpendicular orientation (Manceau, Chateigner, and

o IFT range” 7n-O shell AE,™®
A  RA N o@A) R, (eV)
References
Znl 35 1021 207 60" 009 0.001 J.d
ZnKer300 35 1122 207 60" 009 0002 2.6
ZnKer070 35 L1222 207 60" 0.10 0003 29
ZnKer003 35° 1122 207 60" 0.0 0003 -3.6
P-EXAFS samples
#H30_6h_SSF 0° 1.1-23 206 48 0.10 0.004 25
80°  1.1-222 206 44 0.0 0.006 5.5
#H30_120h_SSF  0° 1.1-22 2,06 48 0.10 0.004 2.5
80° 1122 206 44 010 0.006 25
#HO1_6h_SSF 0° 1.1-22 206 47 0.10 0.003 -1.6
80°  L1-21 206 46 0.10 0.002 -1.6
#HO1_96h_SSF 0° 1.2-21 206 55 0.10 0.002 -1.4
80°  1.1-23 206 54 0.0 0.009 1.4

b R+ AR intervals for inverse Fourier transforms (IFTs)
PP The threshold energy E, was taken at the half-height of

the absorption edge (Au/2)

T Value held fixed during the fitting procedure
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Fig. 8. Comparison of experimental (solid line) and simulated (dotted line) Fourier-filtered EXAF
.contribution of peak B (;(k)) for ZnKer003, ZnKer070, and ZnKer300.

P-EXAFS of self-supporting films.-Figure 9A shows P-EXAFS spectra -for a short contact time ;t Z:S
h) at 0.3 M NaNO; and pH 6.5 (#H30_6h_SSF; tablel). Several frequencies are observed up ftc;: XAFS,
suggesting the presence of several backscattering shells around Zn. Tf{e. angular clepl:‘::rsldf:nciell:t N
spectra is clearly apparent from the variations in amplitude a‘nd position of EXA - 0SC ears..g )
example, the wave maximum near 5.2 A" gradually increases with o, whereas the IT]aleuT nf SOrb.Ed o
drops and shifts to higher k. This angular dependence indicates that the'structural en\n.rmfmfen1 ct) onet
is anisotropic, and suggests that sorbed Zn atoms are structurally associated to hectorite platelets. g

. e
the axisymmetrical symmetry of the self-supporting film (Schlegel and others, 1999), the polarization

dependence of K-edge EXAFS spectra can be written:

2 2
N XHCOSZOL i XJ'SiIlz()L = xJ_ " (xu B xl)cos - 2)

o i arallel (o =
where ¥" is the P-EXAFS spectrum at any o value, and x" and " are P-EXAFS spectra in the parallel (

i i i * and cos’o.
0°) and perpendicular (¢ = 90%) orientations (fig. 2). A good linear correlation between Y
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equation 2) is ° ° (fi
(equation 2) is observed for 35° < o, < 80 (fig. 9B and C), thus attesting for the good quality of the data and

th I. sy s - . ©
¢ reliability of the EXAFS normalization. However, " (k) significantly deviates from regression lines

Figure 9A iati
gu shows that these deviations are due to the poorer quality of this particular spectral record. The

p

= @ < 80°. Schlegel and others (1999)
- ' : showed that
experimental and recalculated ¥” have similar uncertainties. Experimental (35°

(o = 0°) P-EXAFS spectra for all self-

recalculated from linear regressions of x” for 35°

| < o < 80°) and recalculated
o supporting films are shown in figure 10. At given o, only minor
iffer 8. 2 ,

ences are observed from one sample to another, although they were prepared under contrasted

chemi T . .
ical conditions (table 1). This observation suggests that the crystallochemical environments of

Zn are similar sorbed

. L35
in all samples. %™ (k) spectra clearly do not resemble ZnKer300 (fig. 5), indicating that

orbed Zn di Cipi ; i i
sorbed Zn did not precipitate as Zn-rich kerolite. Instead, Zn-sorbed hectorite and Zn doped kerolit
-dope ite

TnK i G
(ZnKer070, ZnKer003) bear strong spectral similarities, which suggests that sorbed Zn is located, at least
; eas

partly, in a phyllosilicate structural environment.
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Fig. 10. k*-weighted P-EXAFS spectra at o angles of 0°, 35°, 55°, and 80°. The 0° spectra were obtained by
ental data for 35° < o < 80° and extrapolation to o = 0. (A) Reaction time t =6 h,

ionic strength 0.3 M NaNO;. (B) t =120 h, 0.3 M NaNO;. (C) t = 6 h, 0.01 M NaNO;. (D) t =96 h, 0.01
M NaNQOs.

regression of experim

Polarized-RSFs (P-RSFs) exhibit several intense peaks at R + AR distances near 1.6 A (peak A), 2.6~
2.8 A (peak B1), 3.2 (peak B2), and 3.8 A (peak C) (fig. 11). The position and imaginary part of peaks A
coincide with those in ZnKer003, implying that Zn is hexacoordinated to oxygen atoms in sorption samples,
as in the reference (fig. 12A). The quantitative analysis yielded R;?ff‘gs = 2.06 A for all sorption samples
and o values (Rp < 0.009; table 3). The relatively high © values (6 = 0.10 A), and the low numbers of
oxygen atoms (NE° <5.5) can be explained by the coordination of Zn to distinct chemical entities, such as
H,0 molecules, OH groups, and possibly O atoms of the sorbent surface (Schlegel and others, 1999). The
position and imaginary part of peaks C in sorption samples also coincide with those in ZnKer003 (Tet2
shell, predominantly; table 2 and fig. 12A). The noteworthy angular invariance of this peak (fig. 12B and C)
indicates that Zn-Tet2 pairs are inclined by B = 54.7° with respect to ¢* (the “magic angle”; Manceau and
others, 1990), that is, to a value close to Brew in phyllosilicate structures (table 2). This result strongly
supports a phyllosilicate environment for sorbed Zn. The lower amplitude of peak C in sorption samples as

compared to clay references (fig. 12A) results either from an increase in structural disorder, or a decrease of

the number of next-nearest Si atoms.
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Fig. 12. (A) Comparison of Fourier

transforms (FTs) at o = 35° (magic A
angle) for  #H30_6h_SSF  and ____#H30 6h SSE
— ZnKer003

7ZnKer003. (B, C) Angular dependence
of moduli (RSFs) and imaginary parts
of FTs for Zn sorbed hectorite at 0.3 M

@
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Fig. 11. L:olarization dependent RSFs for Zn-sorbed hectorite at o angles of 35°, 55°, 80° (experi al
and 0° (extrapolated). (A) Reaction time t = 6 h, ionic strength 0.3 M NEINE)} (iS) t = 150 hmf)n?fdlal,

NaNO;. (C) t = 6 h, 0.01 M NaNO;. (D) t = 96
; 49 ; =96 h, 0.01 M NaN N -4
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dependence of the EXAFS contribution for a j shell (x§ ) can be written: gplat
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(3 cos” B, - l)(i%cos2 o — l)
2

3)

o iso_l_

From equation (3), the amplitude of )(ij increases with increasing o for B; values lower than the magic angle
(54.7°), and decreases with increasing o for [B; values higher than 54.7°. The apparent number of
backscatterers in the j shell as a function of o (N?) is (Manceau, Chateigner, and Gates, 1998; Schlegel and
others, 1999)

(30032 By~ 1)(3c052 o — 1)
2

“)

N* =N -|1-

where N}S" is the crystallographic value obtained in MA-EXAFS. These theoretical considerations can be
exemplified by taking prochlorite as a case study (Manceau and others, 1988). This phyllosilicate contains
divalent Fe dispersed in magnesian sheets with ~75 percent of Fe located in the octahedral sheet of the TOT
layer and ~25 percent of Fe located in the interlayer brucitic sheet (fig. 13A). Hence, Fe is surrounded on
average by 6 in-plane Mg neighbors in TOT and brucitic octahedral sheets (§ = 90°) at R ~ 3.05 A, and by
4%0.75 = 3 out-of plane (Si, Al) neighbors in tetrahedral sheets (B = 33°) at R ~ 3.25 A. Therefore, Ny;, =6
and N;:'Al = 3. From equation (4), Ngi,\, =14, Ng?ll =6.3, Ng:g =09, and NR,?; = 0. As divalent Fe and Zn
have a similar number of electrons and ionic radius (Shannon, 1976), their EXAFS signals are similar for a
comparable structural environment. Therefore, the similarity in position and imaginary parts of peaks B and
C for prochlorite and Zn-sorbed hectorite at o0 = 90° observed in figure 13B offers evidence for the presence
of nearest (TeT1) and next-nearest (Tet2) Si shells in sorption samples. In contrast, the amplitude, position
and imaginary part of peak B in prochlorite differ from those of peaks B1 and B2 in sorption samples at &t =
0° (fig. 13C). The nature of in-plane nearest atomic neighbors is determined below from the hectorite

structure (table 2) and spectral simulations.

As expected from the comparison with prochlorite, Fourier-filtered xgﬁz(k) for all sorption samples
were successfully fitted (0.005 < Rp < 0.015) with a Si shell of 3.5 to 4.5 atoms at REXAFS — 393326 A
(fig. 14; table 4). x?;mz (k) could not be fitted with a combination of only Mg as Octl and Si as Tetl shells,
and a third shell, corresponding to peak B2, had to be added. The fading of peak B2 at high o values
indicates that this shell has a B value greater than 54°. A previous P-EXAFS study on nontronite, a ferric
dioctahedral smectite, showed that the O3 shell at R ~ 3.7 A significantly contributed to the EXAFS signal
and had to be added to Octl+ Tetl contributions during the spectral simulation (Manceau, Chateigner, and
Gates, 1998). To decrease the degree of freedom of the spectral fit, the three-shell fits were performed by
fixing RE&F,S and O to their values at oo = 80°. Correct fits were obtained with Rﬁf;‘f&‘; and REXAES
values comparable (within uncertainty) to those in clay references, and in hectorite (table 2 and 4; fig. 14).
Adding even a small )z, contribution at R ~ 3.10 A to the spectral model did not improve the quality of the

simulation, leading to the conclusion that Zn-Zn pairs are marginal, if not absent.
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Eige . . . . . 35° 5°
angular magnification of cationic contribution, N, , N&

350 :
mg: Ngi , and Ng; can be accurately determined from

values obtained at o = () and 80° by using equation (4) (table 5).

o
»

o

Fourier-filtered k2 y (k)

#H30_6h_SSF |

o
B
[T

1 ' L ; ; \ N

4 6 8 10
k (A1)

Fig. 15. Comparison of %%, . (k) for o= 0°, 35° and 80°. Note the extinction of Xor 52(k) for3<k<7A,

B1,B2

TABLE 5

Calculated number of neighbor atoms at 35° for self-supporting films

P-EXAFS samples Ny Noct” NE N
#H30_6h_SSF 1.6 1.8 25 3.1
#H30_120h_SSF 1.5 1.7 2.4 2.3
#HO1_6h_SSF 1.6 1.8 1.8 3.1
#HO01_96h_SSF 1.8 2.0 2.0 25

b Calculated as N, = Niy, ¥3/2.65

Structural environment of Zn in self-supporting films.-P-EXAFS results indicate that sorbed Zn

octahedra are surrounded by in-plane Mg and out-of-plane Si atoms at Rfﬁ&z and Riffgs distances

matching those in ZnKer and characteristic of edge-sharing (E) linkages with Mg octahedra and corner-
sharing (C) linkages with Si tetrahedra. That Si tetrahedra are not isolated, but polymerized in a tetrahedral

framework as in phyllosilicate structure, is supported by the detection of the next-nearest Si shell (Tet2). In

addition, the angular dependence of EXAFS spectra provides strong evidence for a physical association of

Zn atoms to the clay sorbent, and indicates that the Mg, Si (Tetl + Tet2) and O3 shells

belong to hectorite.
Consequently,

this whole set of results demonstrates that Zn octahedra are located in structural continuity of

the hectorite octahedral sheet. As EXAFS is not sensitive to Li, the actual number of nearest octahedral

cations sharing edges with Zn octahedra (Noot) is probably higher than N i;; . From the structural formula of

hectorite, and assuming a random distribution of Li within the octahedral sheet, Noow = N3 *3/2.65 (table's),

Noo ranges between 1.7 and 2.0 ( £0.8), and is significantly lower than if all Zn had diffused in octahedfal
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sheets of hectorite (Now = 6). A fraction of Zn could have migrated into octaheital sheets while TO:]E,:Y
‘would form OS complexes on hectorite basal planes, but in tﬁisu case Noo/ Ng, = 6/4 = 1.5, w 1(;~ le
significantly different from experimental values (0.7 < Noo/ Né:’ = 1.0).'Only the attachment (; r;
octahedra at the edges of hectorite platelets complies with both a clay-like en-v1r0nment and a low nurrl]1 rezr Zo
neighboring sorbent cations. Consequently, it is concluded from the analysis of P-EXAFS spectra that Zn

Y l - i 5 SChle e

and others, 1999).

010 {010}
SgEH{C S 1E+2C b

S 3E+3C ” /

110
SEE-!-}IC

8{100} A/
SE+2C /

S {100)
2E+2C

Fie. 16. Possible structures of mononuclear Zn surface complexes on the edges of hectorltei pla:eilet:q[.] ('ﬁg
lg-{Oll()} layer edges. (B) {110} layer edges. (C) {100} layer edges. Zn octahedra are located 1

continuity of the (Mg, Li) octahedral sheet.

The structure of Zn surface complexes depends on the morphology of hectorite layer edges. Hectorite
. J : 100
latelets have a lath-type morphology, and their {001} basal faces are bounded by {010}, {110} and {100}
ple 8 . | |
edge faces (Mathieu-Sicaud, Mering, and Perrin-Bonnet, 1951; Oberlin and Mering, 1966; Bosbach and
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others, 1999). Several types of Zn surface complexes, having distinct numbers of nearest sorbent cations,

can form on a given edge face. For instance, figure 16A shows the formation of Siﬂﬂc and S,EL}C surface

complexes on {010} planes. Other surface complexes can form on the {110} and {100} faces (for example
{110} {100}
S

IE+1C 5 Sggﬁc »and S;p5c ; fig. 16 B and ). It is possible to account for experimental N, and N3 values

for each film sample (table 5) by assuming adequate combinations of Si%lﬂc, nglfz}(;, 1:zl+01](: , S‘;'E'flﬁ , and

nggc surface complexes (Schlegel and others, 1999).

The identification of IS Zn complexes in self-supporting films at PH 6.5, low ionic strength (0.01 M

NaNOs), and for relatively short reaction times (t = 6 h) is the most salient result of P- EXAFS. The
formation of these complexes is consistent with kinetics results (that is, slow Zn uptake for t > 5 min and

proton release) , which suggested a pH-dependent sorption of Zn even at low ionic strength. However, the

coexistence of IS and OS complexes at low ionic strength cannot be precluded, as
complex would simply lower N, and N

obtained on fully hydrated samples.

the presence of OS
This issue is addressed below by the analysis of EXAFS spectra

MA-EXAFS of wet pastes. -Figure 17 compares MA-EXAFS spectra for wet pastes of Zn-sorbed
hectorite. At pH 3.7, 0.0015 M NaNO;,

spectrum is nearly identical to th

and 30 min of reaction time (#001_30min_WP) the EXAFS

at of Z n(qq) (fig. 18A), indicating the formation of OS surface complexes
on exchange sites. At pH 6.5 and 0.3 M NaNOs, no spectral evolution with i increasing reaction time (t = 6 h

and 120 h) is observed (fig. 17), and MA-EXAFS spectra resemble that of the self-suppor ting film (fig. 18B)

indicating the presence of IS complexes in wet samples. In contrast, at pH .5 and 0.01 M NaNOs, a

consplcuous spectral evolution is discernible from t = 5 min to t = 96 h- the oscillation maximum near 3.7 A"

(#HOl Smin_WP) progressively splits (#H01_6h_WP and #H01 _96h_WP), and shoulders at 2.5 and 5.3

A show up (fig. 17, arrows). The #H01 5min_WP spectrum clearly resembles those for #H001_30min _WP

and Zn(qq) , indicating the presence of OS surface complexes for short sorption time (t = 5 min). This

spectral likeness decreases with increasing reaction time, and, at t = 6 h (#HO1_6h_WP) and 96 h

(#HO1_96h_WP), spectra increasingly resemble those recorded on self-supporting films, indicating that OS

surface complexes are progressively replaced by IS surface complexes upon aging.
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Fig. 17. k*-weighted magic-angle EXAFS spectra for wet pastes of hectorite reacted with Zn under va
l ) ) ) . .. . - 7
° ionic strength and reaction time conditions. Sorption conditions are listed in table 1.
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DISCUSSION

Zn uptake at high ionic strength

h n adsorption at 0.3 M NaNO; and pH 6.5 is concomitant with an excess of Mg release, which differs
somehow from a true oxide-like sorption mechanism (Charlet and others, 1993). An increased release of
sorbent species upon sorbate uptake was observed for the uptake of Co on hectorite (Schlegel, Charlet, and

Manceau, 1999) and of Pb on hydroxylapatite (Ca-HAP) (Lower, Maurice, and Traina, 1998; Valsami

-Jones
and others, o

1998). In the latter case, this phenomenon was explained by the dissolution of Ca-HAP and

precipitation of Pb-HAP. In the present study, the partial dissolution of hectorite and parallel precipitation of

Zn-rich kerolite can be ruled out owing to the absence of Zn-Zn pairs. Furthermore exchange of Mg b'y Zn

on interlayer sites is unlikely because cation exchange is inhibited at high ionic strength. A third hypothesis
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consists to assume that, prior to Zn addition, Mg cations adsorb and form edge surface complexes on

hectorite like Zn. Yet, as chemical conditions favor hectorite dissolution, these surface complexes would
have a low stability, hence Mg would adsorb and desorb dynamically. The net accumulation of Mg in
solution at the beginning of Zn sorption can then be explained by the preferential sorption of Zn over Mg on
reactive edge sites, owing to the higher stability of Zn phyllosilicates with respect to Mg ones (Decarreau,
1985; Manceau and others, 2000c). The formation of stable Zn fringes should then result in a long-term
‘nhibition of hectorite dissolution, as observed experimentally, since the release rates of Si and Mg at pH 6.5
and 0.3 M NaNO; decrease from respectively 0.82 = 0.09 and 0.56 + 0.09 pmol h' g at t <0 to respectively
0.13 + 0.03 and 0.09 + 0.04 pmol h" g att=120 h (fig. 3A and B).

Cation exchange and Zn uptake at low ionic strength and pH 6.5

At pH 6.5 and 0.01 M NaNOQOs, the proportion of Zn IS complexes increases over that of OS ones with
reaction time, suggesting a quantitative transfer of Zn from exchange sites to edge sites. These EXAFS-
based structural results confirm the sorption mechanism inferred from kinetics sorption data, that is, initial
fast Zn sorption by cation exchange followed by Zn fixation on edge sites. To better link spectroscopic and
macroscopic observations, the time-dependent amount of exchangeable Zn can be estimated from chemical
data. For this purpose, the rapid initial (t <5 min) adsorption of Zn observed at 0.01 M NaNOs is described

by the cation exchange reaction

2 XNa+ Zngy © XoZn+2 Nag, @

where X refers to one mole of exchange sites. This reaction is known to occur rapidly, and to reach
equilibrium within minutes (Tang and Spatks, 1993). For this reason, exchangeable Zn ( X;Zn ) is believed
to be always near, or at equilibrium with [Zn%;])] ( =[Zn)ague), whatever the reaction time. This equilibrium
can be written in the Vanselow approach (Sposito, 1981; Charlet and others, 1993; Sposito, 1994)
2
. (X,Zn)Nagy |

I<N21—Zn = (8)

(XN3)2 [Zn (2;])

where K&, ,, is the Vanselow selectivity coefficient, which depends on both exchanger and solute
compositions, and (X,Zn) and (XNa) are the molar fractions of exchangeable cations. These molar fractions
are calculated from the molar concentrations of Zn and Na adsorbed on exchange sites (respectively [X>Zn]

and [XINa)) as
[XZZH]

_Z[Tmlﬂ ©)

(XZZH) =

and
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Z‘ X‘"fo] (10)

where the summation runs over all M™
J

cations which can sorb on exchange sit ; .
= Na, Zn, Mg, and Li, Thus [X g stios: In the preserit aystern, M

miM;j] must be know
Y n to calculate exch ; . a functi
Solute Na is roughly constant, and [XNa] can b lculated Fpeallp 2 48 @ fiotion of [Zn]ag,t00.
_ ‘ ) & € calculated from the difference bet
concentrati 2 . . ween the tota]
X on of exchange sites and [XLi] + 2 [X,Zn] + 2 [X>Mg]. [XLi] can be neglected, beca Lii
nown to have : i : ’ mse Liag
o ave a lower affinity for exchange sites than Na (McBride 1994), and the sum of exch bl
a : i ! ? “hangea
[I: issolved Li concentrations never exceeded 100 pM, being two orders of magnitude | g X e
alaguo [X:Mg] ¢ el el . it B FRWEL Ui
gio- [XaMg] cannot be neglected, and, in addition, it is not constant because [Mg] increases with
ag,tot 5 Wi

reaction ti : i
ton time. Exchangeable Mg is calculated from [Mglago by using equations similar t
; oe

and taking K quations (8-10)

Na-wy = 0.34 2 0.06 (Schlegel, Charlet, and Manceau, 1999). Then, K¢, = 0.4] + 0.06
> a—Zn — V- + U, was

obtained from chemi
chemical data at 0.01 M NaNO;, pH 4, and t = 5 min, by assuming that all sorbed Zn cations
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Fig. 19. Sorption of Zn as a function of time for pH 6.5 and 0.01 M NaNO
. 3.

Zn. (®): Zn adsorbed on cati ; E .
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(A): Total amount of sorbed
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Figure 19 sh i
ows that the fraction of TotZn sorbed on exchange sites steadily decreased with

. ~ .

A v n t
i g )

First, solute Zn (fi i
n (fig. 20A) rapidly adsorbs as OS complexes on cation exchange sites (fig. 20B). Then, Zn IS
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causes a steadily decrease of [Zn]ug.on
exchange sites
percent) 1

remain

which is immediately balanced by the rapid relecase of Zn from
to solution. After 96 h of sorption reaction, the proportion of Zn retained on exchange sites (4
s well below the detection limit of EXAFS estimated to ~ 20 percent. Therefore, OS complexes

ing at the end of sorption experiments were overlooked in wet pastes and self-supporting films.

~ A

of Zn sorption at 0.01 M NaNO; and pH 6.5. (A) Solute Zn. (B) Zn adsorption

on the basal planes of hectorite, in equilibrium with solute Zn. (C, D) Zn
om a surface diffusion of

Fig. 20. Proposed mechanism
as OS surface complexes
adsorption as IS complexes on layer edges. This second step can result either fr

08 complexes from basal to edge sites (C), or from the direct adsorption of solute Zn (D).

ATS results on wet pastes suggests that a

The agreement between chemical calculations and MA-EX
6 h, pH 6.5 and 0.01 M NaNOs;

fraction of the predominant IS complexes observed on dry samples for t =

(#H01_6h_SSF) formed during the film preparation, because about 37 percent of Zn should be normally

present as OS complexes. This excess of IS complex likely formed during the 6 h of the filtration stage.

Cation exchange at low ionic strength and pH 4

At pH 4 and 0.01 M NaNOs, Zn initially sorbed by a cation exchange mechanism, but, in contrast to

pH 6.5, the amount of sorbed Zn afterwards decreased with increasing reaction time (fig. 3B). The fraction

of exchangeable Zn was calculated with the same set of equations as for pH 6.5. It always represented more

than 87 percent of sorbed Zn, indicating that Zn sorption was mainly controlled by a cation exchange

mechanism of Zn for Na and Mg. The amount of exchangeable Mg calculated from the exchange model

increased from 77 pmol g at t = 5 min (that is, (X;Mg) = 0.11) to = 270 umol g at t = 48 h (X;Mg) =

0.51), because of the increase of Mg in
¢ number of exchange sites accessible to Zn, thus accounting for the

solution due to the fast dissolution of hectorite at pH 4. The increase

of exchangeable Mg reduced th

observed Zn desorption.
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Comparison between Co and Zn sorption on hectorite

The sorpti >chanis y [
orption mechanism of Zn on hectorite at pH 6.5 is qualitatively similar to Co (Schlegel and

others, 1999: S¢ :
9; Schlegel, Charlet, and Manceau, 1999). Indeed, these two cations form IS surface complex on

v 3 1r

sorption kineti : ;
Tption Kinetics are different. Figure 21 shows that for identical chemical conditions (that is, pH 6.5, ionj
strength 0.3 M NaNOs, hectorite concentration 1.95 by , -

3 d total sor 1
or TotCo = and total sorbent concentrations TotZn = 100 uM

)’ y v y 2 i g

of Zn for h i i is i i i
- | I hectorite edge sites is in keeping with the higher stability (that is, lower Gibbs free enerey of
formation) of Zn-kerolite compared to Co-kerolite (Decarreau, 1985) N

()]
o

. I L A AN S m e s s e e 2

T
T

Zn o <&
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<

Sorbed Me
(umol g1 hectorite)
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\v4 v

pH 6.5
0.3 M NE!NOg
[hectorite] = 1.95 g L-1

e e T Sl [N RN | T T J_I_L_J_Lj

<

v

48 72 96 120

on the fate of Zn in soils. Under low

time (h)

Fig. 21. Comparison between kinetics of Zn <

NaNO,), ) and Co (V sorption on hectorite at high jonic (0.3 M

and for total Zn and Co concentrations of 100 MM. [hectorite] = 1.95 g L™

CONCLUDING REMARKS

combination of four factors: (1) the detailed characterization of the complete chemistry of the sorbat

sc.)rbent .system, including the role of chemical parameters such as ionic strength and reaction time‘ (;) ihe-
preparation O_f ap'propriate Zn structural references mimicking the possible sorbate structural cnvir(:nme te
(3) the application of MA-EXAFS to the determination of Zn sorption mechanisms under full :fc:t

conditions, and . :
— and (4) the application of P-EXAFS to the determination of the spatial orientation of
atomic neighbors around sorbed Zn. nearest

The present ighlights I i
p study highlights the importance of PH, ionic strength, and sorbate-smectite contact time

lonic strength conditions, Zn can be temporarily held in an

y S l l 2 Vv i ] y 0 i

such as thos S JF: i i
S¢ present on clay edges and (oxihydr)oxide minerals, or be incorporated in neoformed solids
such as Zn-containing phyllosilicates. Clearly, .

the uptake of trace elements to soil constituents is a time-
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dependent process and the study of natural samples usually provides only a crystal chemical snapshot.

Kinetics studies at macroscopic and microscopic scales are therefore required to improve transfer models of

trace elements in natural systems.
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Discussion et conclusion.

Les résultats de chimie de solution et de spectroscopie EXAFS pour le cobalt et le zinc
montrent que les mécanismes d’adsorption de ces deux cations a pH m?c!ere (6,5) sont compdm'blies,j
A haute force ionique, Co et Zn forment tous deux des CSI locallses\en bordure d'es _fcm ?ts‘
d’hectorite, en continuité structurale des couches octaédriques (Mg, Li?._A basse forc'e 10mq-ue, es
mécanismes d’adsorption de Co et Zn présentent tous deux une étape initiale d’ad'sorptmn raé)lde gar
échange cationique, puis une étape plus lente de transfert des catlf)ns vers }es sites de bor urte :IZ
feuillets. Quelques différences quantitatives entre Co et Zn peuvent et}’e relevées, nota-n-lment :.n -er
de cinétique d’adsorption spécifique et de quantité de cation adsorbé pour des COHdlt]OI:lS ctnt"mlqu::1
identiques. Par exemple, pour une haute force ionique (NaNO; (_)1,3 M), une.c’oncentra.tlon ; a ;’ !
cation de 100 pM, et une concentration en hectorite de 1,95 g L7, les quantités de catwnra scl)lr ées
aprés 120 h de réaction sont égales a plus de 97% de TotZn, et seuie-ment T2% de Tot(?o. Par i; et;)rf:,
la réaction d’adsorption de Zn semble atteindre 1’équilibre (i.e., pratiquement tout le z’mc est a’:solrt Et:)
aprés seulement 72 h, alors qu’au bout de 120 h I’adsorption de C,O 'n"est pas achevée. (;e‘; ;em;llztz
suggerent que I’affinité du zinc pour les sites d’adsorption specflflque en borldu}re es ’e?f- -
d’hectorite est supérieure a celle du cobalt. Un parallle peut &tre fait entre cette différence d’affinité

et la plus grande stabilité (AG) des argiles zinciféres par rapport aux argiles cobaltiferes [164, 165].

Du fait de la mise en ceuvre d’un protocole expérimental relativement 101-1[‘51, et de la volonté d;
controler les expériences du début a la fin, les études cinétiques ont été hmltf’:e.s dans le temps.1
aurait été souhaitable de poursuivre ces études cinétiques sur de plus longues [-JCI'lOdES? pa1: ’exe‘n'lp e,
dans le cas de Co, jusqu’a ce que toutes les réactions d’adsorption du cobalt alen.t att:amt 1 e;qujlbr;z.
Cependant, il n’est pas certain que les résultats alors obtenus eussent perfmsr d afppro} ;)rllo:: dz
compréhension des systémes étudiés. En revanche, la nature des com.ple.xes de surlidc;el 01'1’1'.16 "
I’adsorption spécifique de Zn et Co a bas pH (e.g. 4) et haute force mmquc? rt-astfa a\ etemm;e‘r. V,Shﬁ
probable, mais pas certain, que ces complexes soient des CSI de structure similaire a ceux observe

plus haut pH (i.e., 6,5).

L’étude de la stabilité de I’hectorite avant et apres addition de Co ou Zn a p-ermis de' mettre en
évidence une accélération importante et temporaire de la libération de Mg en solutlfm, el-: dlrecte'ment
corrélée 2 la cinétique d’adsorption des cations métalliques. Cette corrélation pfaut s’expliquer sc’nf Par
des interactions entre adsorption des cations et dissolution de l’hectﬁ)nte, soit par une corTlpet_lt‘lon
entre Mg et les cations additionnés pour I’adsorption sur les mémes s'ltes d?, bordure. Le mecanistmff
moléculaire de cette libération accrue pourrait étre élucidé en étudiant | 1-nﬂuem.:e de paraTe r:{s
susceptibles de modifier les proportions de Mg adsorbé et de sites de dissolution actifs, comme le pH,

= pe e e hec T1LC.
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Quatrieme partie :

nucléation hétérogene et crmssance de
phyllosilicates zinciféres sur I’hectorite et
cobaltiferes sur le quariz

Introduction

L’origine des phyllosilicates présents dans les sols et les profils d’altération a fait I’objet de
nombreuses études [4-6, 166]. Dans les formations superficielles, les phyllosilicates peuvent étre
hérités de la roche-mére, résulter de la transformation a 1’état solide de phyllosilicates instables dans
les conditions physico-chimiques de la surface, ou encore &tre néoformés a partir d’especes chimiques
dissoutes [6, 166]. Les processus de néoformation par précipitation d’éléments dissous sont
susceptibles de piéger les cations métalliques, que ce soit dans les gisements [167, 168], dans les
profils latéritiques [10], ou dans les zones polluées [13]. Ces néoformations de phyllosilicates
s’effectuent généralement par nucléation hétérogéne, soit en continuité structurale d’autres
phyllosilicates (épitaxie), soit a la surface de minéraux d’organisation structurale différente
(topotaxie) [4, 169]. L’identification au laboratoire des conditions physico-chimiques favorisant cette
nucléation hétérogéne permet alors de préciser les conditions géochimiques dans lesquelles ces

processus sont susceptibles de se produire dans les milieux naturels.

Les études d’adsorption de cations sur des phyllosilicates a des pH supérieurs ou égaux a 7 ont
montré qu’il y avait néoformation d’hydroxydes lamellaires simples ou doubles [18, 125, 130, 131,
170]. Ces résultats sont surprenants, car ces hydroxydes sont assez rares dans le milieu naturel, alors
que les phyllosilicates y sont au contraire abondants. Cette disparité pourrait résulter de
concentrations de silice en solution [Sil,, différentes dans les expériences en laboratoire et dans le
milieu naturel. En effet, les valeurs de [Sil,q mesurées (quand elles le sont) au début des expériences
d’adsorption et lors de la nucléation des hydroxydes sont généralement faibles (moins de 100 uM, soit
6 ppm Si0,), et n’atteignent des valeurs de 200-300 uM (12-18 ppm Si0) que lorsque la majeure
partie des cations a déja été adsorbée [18]. Or, plus de 90% des eaux terrestres ont une concentration
en Si0O, dissous comprise entre 180 uM (11 ppm Si0,) et 1300 uM (80 ppm SiO,) [171], ces valeurs
étant comprises entre la solubilité du quartz ([Si(OH)s] = 183 pM; [172]) et celle de la silice amorphe
([Si(OH)4] = 2 000 puM; [173]). La disparité entre les concentrations expérimentales et naturelles de
silice dissoute d’une part, et I’abondance des phyllosilicates par rapport aux hydroxydes lamellaires
dans les milieux naturels d’autre part, suggére que [Sil, pourrait jouer un role crucial dans les

mécanismes de nucléation et de néoformation des phyllosilicates.
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es objectifs de cette partie sont (1) de définir les conditions chimiques (notamment [Si] )
aq

our lesqu ir hété cati i
p quelles on peut avoir hétéronucléation et néoformation de phyllosilicates a la surface de

t‘ S I e ~ e L .

naturelles. Dans |z i i i 3
ans la deuxiéme section (chapitre 7), la néoformation de phyllosilicates cobaltiferes i la

surface du quartz est démontrée en réan

alysant les résultats de chimi i i
e chimie et de spectroscopie EXAFS
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6. Néoformation de phyllosilicates zinciferes sur

’hectorite

Le mécanisme de néoformation d’un phyllosilicate zincifére dans une suspension d’hectorite
(0,65 g L") a été étudié a haute force ionique (NaNOs 0,3 M) afin d’inhiber I’échange cationique, a
pH 7,3, & une concentration totale en zinc (TotZn) de 520 uM (soit plus de 5 fois la concentration de
sites de bordure calculée a partir des données d’AFM; ), et a des valeurs de [Silaq de 30~60 pM
(expérience désignée par H30_Zn) ou 500-550 pM (H30_SiZn). A haute [Si]., une solution de
Si0,.Na,0 0,01 M, NaNO; 0,28 M (silice-base) a été ajoutée durant I’expérience pour maintenir le
pH i la valeur cible de 7,3 et [Sily 3 une valeur élevée. A basse [Silyg, le pH a été régulé a I"aide de
NaOH 0,02 M, NaNO; 0,28 M. Une expérience de contrdle (NoH_SiZn) a été réalisée a une haute
[Silq ( ~540 uM) et en absence d’hectorite, pour vérifier que la disparition de Zn en solution mesurée
en présence d’hectorite était bien due a 1’adsorption de ce cation sur la smectite. La nature des
complexes de surface formés lors de ces expériences a été déterminée par spectroscopie P-EXAFS sur
des films auto-supportés. Les résultats de cette étude sont détaillés dans I’article en préparation
intitulé « Sorption of metal ions on clay minerals. Ill. Epitaxial growth of Zn-rich clay minerals at the

edges of hectorite particles » situé i la fin de cette section.

6.1. Impact de Si sur I'adsorption de Zn

En absence d’hectorite, les concentrations de Zn et Si en solution restent constantes, indiquant
qu’il 0’y a pas de précipitation homogene d’un solide mixte Zn-Si. En présence d’hectorite, et 4 basse
concentration en Si ([Silsq ~ 30-60 uM), une fraction modérée de Zn (5,8% de TotZn) est adsorbée au
cours de trois premiéres heures de contact, ensuite I’adsorption se poursuit lentement, et la quantité de
7n adsorbée au bout de 168 h est inférieure a 15% (fig. 6.1). A haute concentration en Si ([Si]yq ~ 540
uM), la fraction de Zn adsorbée au cours des trois premiéres heures est plus importante (15,2% de
TotZn) qu’a basse concentration en Si, et au bout de 120 h de réaction, plus de 90% de TotZn est
adsorbé. Durant cette réaction, [Sils, reste pratiquement constant en dépit de 'addition de larges
quantités de silice-base (fig. 6.2), ce qui indique que Si est adsorbé en méme temps que Zn. Au-dela
de 9 h de temps de réaction, le rapport Si/Zn adsorbé est constant (1,09 + 0,05), et légtrement

inférieur a celui d’un phyllosilicate TOT trioctaédrique (~ 1,33).

6.2. Environnement moléculaire des cations adsorbés

L’environnement atomique du zinc adsorbé a été déterminé par P-EXAFS sur des films auto-
supportés. Des effets angulaires importants ont ét¢ observés pour tous les films, ce qui suggere une
association structurale entre Zn et les particules d”hectorite. La comparaison de ces spectres avec ceux
de phyllosilicates TOT de synthése, ayant des proportions variables de Mg et Zn, indique que

I’environnement de Zn adsorbé est comparable a celui de Zn dans un phyllosilicate (fig. 6.3).
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L’analyse quantitative des spectres EXAFS montre que pour une valeur de [Si]iq faible et un temps de

réaction de 96 h, le zinc est entouré dans le plan du film par 1,7 + 0.5 Zn et 1.4 + 0,5 Mg a des

distances Ry, .z, et Rznmg de 3,08 A, et par 0,6 + 0,5 Si & Ry, = 3,28 A hors du plan. Ces données

structurales indiquent I’existence de clusters d’octaédres de Zn reliés par arétes en bordure des
q p

feuillets d’octaédres de I’hectorite. A haute concentration en Si et pour un temps de réaction

nettement plus court (t = 9 h), les nombres de voisins Zn et Si sont plus importants (3,8 + 05et1,5+

0,5, respectivement), tandis que le nombre de voisins Mg diminue (0,8 + 0,5). L’augmentation du
nombre de voisins Zn sugggre que le zinc forme des clusters

d’octagdres de plus grande taille qu’a
basse concentration en

silice. D’autre part, la diminution du nombre de voisins Mg indique que la

fraction de Zn attachée directement en bordure des feuillets est moins importante. L’augmentation du

nombre de voisins Si ne peut &tre alors expliquée que par la fixation des tétraddres de Si sur les

couches octaédriques de Zn. Enfin, pour un temps de réaction de 120 h, le spectre EXAFS enregistré

est treés proche de celui d’une kérolite zincifére. Le zinc est alors entouré de 6 + 0.5 voisins Zn 3 Rynza

= 3.10 A dans la direction du plan, et de 3.6 + 0.5 Si 3 Rzasi = 3.26 A orientés hors du plan. Ces

nombres de voisins élevés indiquent que les nucléi de phyllosilicates zinciféres ont un diamétre

moyen supérieur a 30 A [175].

Figure 6.1. Cinétique d’adsorption 100
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Figure 6.3. Comparaison des spectres
EXAFS mesurés a ’angle magique
pour des kérolites zinciferes de
synthése et des échantillon:?‘d’e Zn
adsorbé sur 1’hectorite a dltfergnts
temps de réaction et [Sili.
7nKer300 = Zn3Si4010(OH)2:nH0 ;
ZnKerl35 =
70, 3sMg; 65514010(OH)2nH20. N?-
ter les grandes similitudes en fré-
quence des différents spectres.
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Abstract

lmpa(, 188 (s 1 p o p U to ‘e

N L . ; .

( El{)ﬂ()(MgmgﬁLloAgf})(S13795A10_05)O]0(OH)2) was investigated at pH 7.3, at a total Zn concentration of TotZ

520 puM, and at high ioni J .
! at high ionic strength (0.3 M NaNOs) by combining kinetics chemical experiments and

polarized extended X-ray absorption fine structure (P-EXAFS) spectroscopy

At i ~30- ]
OW [Si]ag, (~30-60 uM), 5.8% of TotZn was adsorbed within the first 3 h of reaction. The sorption

is consistent wi i .
th Zn sorption on pH-dependent edge sites of hectorite platelets. Higher sorption rates wer
: e

systematicall Serve - hi i
y ically observed at high [SiJage ( ~530 uM), the fraction of Zn removed amounting to 15.2% of

TotZn at t = att=
3 handto 90.7% at t = 120 h. After 9 h of reaction time, Si uptake also occurred, and the Si/Zn

uptake ratio (1.0 :
p 0 (1.09 + 0.03) was close to those of TO ( ~0.67) and TOT ( ~1.33) trioctahedral phyllosilicates

T

l (¢] 3y h ag,ts i

surface.

4 b

on

Sl ) S s .
[Silag, and after a long reaction time (t = 96 h), Zn is surrounded by in-plane 1.9 + 0.5 Zn and at 1.4 + 0 5
o =k A4 +0.0 at

3.08 A, and 0. i ¢ i
6+ 0,5 Si at 3.28 A. These results point to formation of small polymers containing 2-3 Zn

cations, and located at the layer edges of hectorite, in
At high [Si],g,,

o structural continuity of the hectorite octahedral sheet
l . - . -
gher number of Zn and Si neighbors, and lower numbers of Mg neighbors, were detected

and at the end of the sorption (t = 120h), Zn is surrounded by 6.0 0.5 Zn at 3.10 A and 3.6 + 0.5 Si at 3.27
: .6 +£0.5 Si at 3.

TOT structure at the edges of hectorite platelets.
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1. INTRODUCTION

Silica is one of the most widespread chemical species at the Barth’s surface. The aqueous
concentration of silicic acid in terrestrial waters typically ranges between 10 and 80 ppm (Davies and De
Wiest, 1966), and is controlled by the dissolution of silicate minerals, such as quartz (Rimstidt, 1997),
olivine, pyroxene, amphibole and feldspar (Drever, 1997), and the dissolution and precipitation of secondary
phases, including phyllosilicates. Heterogeneous nucleation of these phyllosilicate phases is commonly
observed, and clay minerals grow either epitaxially on detrital, inherited, or secondary phyllosilicates (Nagy
et al., 1999; Robarge, 1998), or topotactically on dissimilar phases such as quartz (Davis et al., 1998), silica
(Banfield et al., 1991), and even organic matter (Fortin et al., 1997). These reactions of phyllosilicate
neoformation can significantly affect the cycling of major and trace cationic elements in soils and
weathering profiles (Drever, 1997; Harder, 1977; Manceau et al., 2000b; Righi and Meunier, 1995; Robarge,
1998). Because of this environmental importance, characterization of the mechanisms by which

phyllosilicates nucleate at mineral-water interfaces is warranted.

Recent microscopic and spectroscopic studies on the surface reactivity of silicate minerals in
laboratory conditions (Farquhar et al., 1997; O’Day et al., 1996; O’Day et al., 1994a; Papelis and Hayes,
1996: Scheidegger et al., 1996; Scheidegger et al., 1997; Scheidegger et al., 1998) concluded to the
neoformation of pure, and mixed hydroxide phases. Yet, these compounds are seldom identified in natural
systems. Neoformation of clay minerals upon cation uptake in quartz (Manceau et al., 1999b) and silica
suspensions (Charlet and Manceau, 1994; Espinose de la Caillerie et al., 1995a) was detected by powder
extended X-ray absorption fine structure (EXAFS) spectroscopy. However, the structural information which
can be retrieved from powder EXAFS spectroscopy is limited to the immediate vicinity of the target atom,
which hampers the discrimination between homogeneous and heterogencous nucleation (Manceau et al.,
1999b). Manceau & al (Manceau et al, 1999b) propose to overcome this limitation of EXAFS by
performing polarized EXAFS on highly textured self-supporting films of fine-grained layer minerals. This
method was successfully applied by Schlegel & al (Schlegel et al., 1999) to identify Co sorption sites at the
edges of hectorite, a magnesian smectite (Fig. 1). The contribution from Mg cations of the octahedral sheet
at R ~ 3.03 A was enhanced for parallel orientation between the X-ray polarization vector and the
phyllosilicate plane (o = 0; Fig. 1, left), and extinguished for normal orientation (0. = 90°; Fig. 1, right),
whereas the opposite polarization dependence was observed for Si contributions. Thus, the formation of Co
surface complexes in the continuity of the smectite octahedral sheets was successfully demonstrated. The

ability of PfEXA:FS to identify and characterize highly anisotropic environment can be used to differentiate

~ solids precipitated in the bulk solutions from that neoformed in structural continuity to the smectite layers.

The theory of P-EXAFS and its application to fine-grained minerals are presented elsewhere (Manceau et

al., 1998; Manceau et al., 1999a).

151




@ Absorber

Fig. 1. Application of polarized EXAFS measurements
located at the edges of phyllosilicate platelets,

to the characterization of sorbent surface complexes
Right: € perpendicular to the layer plane.

Left: electric field vector € parallel to the layer plane.

In this paper, P-EXAFS was employed to study the nucleation and growth mechanism of Zn

phyllosilicate on hectorite. Emphasis is placed on the catalytic role of the sorbent surface and the importance

of dissolved Si. The uptake of Zn and Si at near-neutral pH (7.3) and high Zn/hectorite ratio (520 pmol

Zn/0.65 g hectorite) were followed by kinetics chemical methods. Self-supporting films were carefully
prepared from these hectorite suspensions, and the orientation distribution of hectorite crystallites in these

films quantified by texture analysis. Zn-containing solid phases were successfully identified, and their

structural relationship with the hectorite sorbent determined. Based on these results, the impact of dissolved

Si on the structural mechanism of Zn uptake can be discussed. In this paper, “uptake” refers to the

partitioning of dissolved species to a solid phase, regardless of the partition mechanism (i.e., adsorption on a
solid phase or bulk precipitation) (Towle et al., 1997).

2. MATERIALS AND METHODS

2.1. Hectorite purification and characterization

Hectorite Nﬂ(}_40(Mg2_55Li0_35)(Si3_95AIﬂ‘05)01()(OH)2 was purchased from the Clay Mineral Repository

(SHCa-1). 10 g of the raw material was dispersed in 500 ml of milli-Q water. The <2 um fraction was

isolated by centrifugation, treated several times with a 10 mol L' (M) HNO;, 0.5 M NaCl solution to

remove carbonates, and subsequently washed five times with a 0.5 M NaCl

solution to exchange interlayer
cations with Na.

No concentrated inorganic acid was used, because hectorite dissolves quickly at low pH

(Komadel et al., 1996; Kreit ot al., 1982). Then the clay suspension was treated with a dithionite, c'itrate,
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M NaCl solution for 1 h at 50°C to remove organic matter (Jackson, 1964; S.chlegel et. al., ?999; ZaChTa;:i
Smith, 1994; Zachara et al., 1995). Remaining H>O, was destroyed by heating the .?uspens.lon 0(;-;110 eld "
1h at’ 70°C. Finally, hectorite was repeatedly washed with a 0.3 M NaN(O)-5 sl;olutlf)n u;ml no-ﬁed :: .
detected by AgNO; test, and then stored as a 1.3% wt stock suspensm-m at 4°C in dark. T .e I:lzf ) Sm)l/lized
characterized by X-ray diffraction on a Siemens D-5000 X-ray dfffractometer. Ir\Io tr;u:b . Zxchange
carbonate mineral could be detected. The cation exchange capacity (CEC), measured by

2 -1
i 3 ific s area determined by BET equals 114 m™ g .
(Anderson and Sposito, 1991), is 840 meq kg . Specific surface area de

2.2. Zn uptake experiments

All solutions were prepared with Milli-Q water and chemicals of ACS rf:agenl gTade.’ SorpZ:)er:

experiments were conducted at 25°C ( £0.1°C) in polyethylene vessels im;ne'rsed 111‘; tt::r\:c:z:ta:q "
‘ s chosen to avoid interactions of dissolved cations and silica wi ' S.

E;l:;i:; ]:"lzt;:’::eb:,ra;sured vigorous stirring of the suspension. A water vaporﬁsatura.t;a‘d 1:61: 12081()?;;60
was maintained by bubbling humidified Ar that had passed beforehand through a purificatio - :1 o
H,SO0,, then 0.1 M NaOH, and finally NaNOs at the ionic strength of the su?pensmn). A-cons (11 | Z;With
concel;tration of 0.3 M was maintained throughout the experiments by preparing the work-mglso utu;r‘h "
the appropriate amounts of NaNOs salt (Fluka). pH measurements were performed with a comHm'I q
electrode (Metrohm) calibrated with buffers (Mereck, titrisol), and recalibrated at lfaas; e(::r;rd 4;;[; Ii O\fjgulf—i;I
were adjusted by adding small aliquots of acid (0.1 M HNO;, 0.3 M NaNO‘q.), b‘ase ( .d' e C,rir;]emal
NaNQ,), or silica-base (0.01 M SiO,, 0.02 M NaOH, 0.28 M NaNO3) solutions, according p

conditions.

: . ; ) ¢
Th eriments were performed to assess the role of hectorite surface and the importance ?
ree exp ° © . ‘ e
dissolved Si in uptake of Zn. In the first experiment [H30_SiZn], a dilute hectorite suspension ( g
. . ' ixi hectorite stock
with a solute Si concentration, [Silage of ~530 uM was prepared at pH 4 by mixing the e e
. . . : ) o
1 ith acid. silica-base, and NaNOjs solutions. Prior to Zn addition, this suspension was allowe
suspension wi ; se, : | . pemsion s one 9
§ SiZn], a Si-enriche
i i I. In the second experiment [NoH_ ;
react overnight without pH control. | s
1sion was prepared likewise, allowed to react overnight, and then centrifuged (30 min a P
om , id solution, filtered (Millipore 0.05 pm
i i ¢ acidified with 50 ul of the acid solution, {1
100 ml aliquot of the supernatant was aci . | |
ini ite parti k in a clean reaction vessel,
i i : ¢ hectorite particle, poured bac
cellulose nitrate filter) to remove any remaining ‘ | o
d outgassed with humidified Ar for 1 h prior to Zn addition. Hence, NoH_SiZn differs from B 5
and outgassed , | . e
lv by the absence of hectorite particles. In the third experiment [H30_Zn], a hectorite suspension ( lg
On y k . - - 3 . .
L')y ith a “low” [Silaq ( ~30 pM) was prepared at pH 4 by mixing the hectorite stock suspension with only
O, s | i s adj to 7.3 prior
id and NaNO solutions, and allowed to react overnight. In all experiments, pH was adjusted to p
acid and NaNO; ;

i i /n(NO3),, 107 M HNO;
to Zn addition. Zn uptake was then initiated by adding an aliquot of a 0.21 M Zn(NOs),
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solution to obtain a total Zn concentration (TotZn) of 520 uM. The time of Zn addition is hereafter referred
to as t = 0. Following Zn addition, pH was adjusted to 7.3 ( +0.05) within 2 h, and kept at this value by
adding silica-base (H30_SiZn and NoH_SiZn) or base (H30_Zn) solutions at a slow rate (~50 pl min™) to
avoid local supersaturation. At given times, (0 < t < 168 h), 5 ml of the suspensions were withdrawn from
the reaction vessel with a plastic syringe connected to a polyethylene needle, centrifuged, and filtered
(Millipore 0.05 pm cellulose nitrate filter). The first milliliter of the filtered supernatant was discarded to
limit losses due to sorption on the filter. filtered supernatants were acidified with a drop of 0.1 M HNOs, and
stored in the dark. Zn, Si and Mg concentrations in the filtered supernatant ([Zn].q, and [Si].q,, and [MéL 0)
were measured by inductively coupled plasma-atomic emission spectrometry. [Si].q. never exceeded 6180
uM. Therefore, silicic acid was undersaturated with respect to amorphous silica (solubility of ~2000 pM;
(Ller, 1979)), and was assumed to remain predominantly in monomeric form (Stumm, 1992). Zn uptake was’
determined from the difference between TotZn and [Zn],y, taking into account the dilution caused by

addition 5 ilica-bas ilution f: i
of base or silica-base. The dilution factor for the " sample was calculated as

i-1

D =[]

i1

i~ Vsnmple,_i

v
Vi ™ Vsample,j b Vi, (D

where v; is the suspension volume before withdrawing the j" sample, Vamplej is the volume of the j" sample
and vy is the volume of base or silica-base solution added after withdrawal of the j" sample. D = 1 in thei
absence of dilution, and D = 0 for an infinite dilution. Calculations of D; for H30_SiZn yielded D = 0,993 at
t=3hand D =0.952 at t = 120 h. Dilution was less important for H30 Zn (D = 0.996 at t = 168 'h) and
NoH_SiZn (D > 0.999 at t = 125 h). Speciation calculations at t = 0 showed that 94.7% of Zn in the
supernatant was present as Zn (2;4) 1.8% as ZnOH{,,, and 3.7% as ZHZOH?;;) dimers (Baes and Mesmer
1976). At no moment did [Zn]aq, reach the solubility limit of ZnO, the stable precipitated form of Zn ir;
solutions. Possible complexation of Zn by dissolved Si in solution was not considered in these calculations,

because no thermodynamic data are available for such complexes, to our knowledge

2.3. Sample preparation for EXAFS spectroscopy

15 pm thick self supporting films of Zn-sorbed hectorite were obtained by slowly filtering 40 ml of
the suspension withdrawn from reaction vessels at t = 9 h, 120 h (H30_SiZn) and 96 h (H30 Zn) on 0.05 um
Sartorius cellulose nitrate filters. Filtration was performed in a closed filtration vessel un;er a cont-inuous
flow of humidified Ar to limit contamination by atmospheric carbonate. Excess of salt and aqueous Zn were
washed with a few milliliters of Milli-Q water before drying. Previous experiments showed that drying does
not modify the atomic environment of Zn sorbed at hi gh ionic strength (Schlegel et al., 2000). Several slices
of the same film were cut and stacked on a sample holder. Upon stacking, the slices were successively
rotated around an axis perpendicular to the film plane to improve the in-plane disorientation of hectorite

crystallites. A fraction of NoH_SiZnatt= 125 h (NoH_SiZn_125h) was pipetted in a Teflon sample holder
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sealed with kapton windows for fluorescence-yield EXAFS measurements. Chemical conditions for the

preparation of EXAFS samples are summarized in table 1.

Table 1.Samples analyzed by EXAFS spectroscopy.

Samples [hectorite] Zn uptake® ™ (umol g' g7Zn,ue  [Silge Time
g hectorite
(gLh % hectorite) (%) (uM)  (h)
H30_SiZn_%h 0.65 28.4 227 1.43 551 9
H30_SiZn_120h 0.65 90.7 725 4.56 544 120
H30_7Zn_96h 0.65 11.4 91.1 0.57 51 96
NoH_SiZn_125h 0 0 / / 572 125

(a) Initial Zn concentration TotZn = 520 pM.

(b) Ratio of the Zn uptake to the weight concentration of hectorite.

2.4. EXAFS data collection and reduction

7Zn K-edge EXAFS spectra were recorded at the European synchrotron radiation facility (ESRF,
France) on the BM32 CRG/IF station. The optics of the spectrometer consists of a Ni-coated focusing
mirror, and a Si(111) double crystal monochromator. Clay films were mounted on a goniometer, and
EXAFS spectra were recorded at o = 10°, 35° 55° and 80°. The most concentrated sample
(H30_SiZn_120) was recorded in transmission mode by using photodiode detectors. The three other samples
(H30_SiZn_Sh, H30_Zn_96h, and NoH_SiZn_125h) were recorded in fluorescence detection mode, by
using a 30 element array Ge detector. The EXAFS spectrum of NoH_SiZn_125h was recorded immediately

after its transfer to the Teflon cell.

EXAFS data were reduced with the SEDEM software (Aberdam, 1998). As a preliminary step,
absorption spectra were given the shape of the Stobbe function, which is a quantum-mechanically derived
formula for atomic absorption. Fourier transformations were performed on k’x(k) functions between k = 2.5
A'and k= 12 A" using a Kaiser apodization window (Manceau and Combes, 1988). Fourier transforms
(FTs) display amplitude maxima (peaks) located at apparent absorber-backscatterer distances (R + AR),
which differ from interatomic structural distances (R) by AR ~-0.3-0.4 A (Teo, 1986). FTs structural peaks
of interest were selected in the distance space and Fourier-back-transformed in k space by using a software
package implemented by D. Bonnin (ESPCI, Paris). R values and number of atomic neighbors (N) were
determined by least-squares fitting Fourier-filtered EXAFS contributions x (k) with theoretical phase and
amplitude functions calculated with FEFF7.02 (Rehr et al,, 1992), using talc and Zn-doped hectorite as
model structures for Zn-0, Zn-Mg and Zn-Si pairs (Kadi-Hanifi and Mering, 1972; Oberlin and Mering,
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1966; Rayner and Brown, 1973). The amplitude reduction factor SS was set to 0.85 (Manceau et al., 1998:
O’Day et al., 1994b). The goodness of the fit was quantified by the reliability factor Ry defined as

() -k (1))

_ _k

Ry= ; 2)
(2 00)

k

where x*¥(k) andy“*“(k) are the experimental and simulated EXAFS contributions, respectively. The

precision on EXAFS distances (R"™*"™) was estimated to + 0.02 A for RS, £0.03 A for Rgff\;: ,and +

0.03 A for RyXES (Schlegel et al., 2000), and the precision on N to + 0.5 (Schlegel et al., 2000).

2.5. Quantitative texture analysis

Orientation distributions of ¢* axes normal to hectorite particles within the self-supporting films were

determined by texture goniometry on a HUBER Cradle 500 diffractometer. The incident beam (Cu Kor) was
monochromatized and collimated on the sample (1 X | mm slits), with a divergence of 7 X 7 mrad in the
asymmetric reflection mode. Single portions of hectorite films were mounted on a two-circle goniometer.

{004} pole figures of hectorite were obtained by tilting the film normal off the diffraction plane by Ap = 5°

increments over the [-80°, 80°] p-range, and recording the diffraction pattern for each p step over A20 =

120° with a position sensitive curved detector (INEL CPS 120; counting time: 1800 seconds per step). Since

self-supporting films of fine-grained layer minerals have an axisymmetrical fiber-like texture (i.e., with

random in-plane distribution of crystallite a and b axes) the distribution density of c* off the film normal is

simply retrieved from the integrated intensity I(p) of the {004} reflection as a function of p after background

subtraction (Manceau et al., 2000b). Details on the calculation of distribution densities from these net

integrated intensities are given elsewhere (Manceau et al., 2000a).

3. RESULTS AND INTERPRETATION

3.1. Kinetics results

On the one hand, no Zn uptake was observed for NoH_SiZn, even after 125 h of reaction time (Fig.
2). Since this sample was prepared without hectorite, this result indicates that Zn-rich precipitates did not
nucleate in solution, or that such nuclei were too small to be removed by centrifugation and filtration. On the

other hand, Zn uptake was observed for H30_SiZn and H30_Zn, and actually corresponded to a true sorption
process. Distinct kinetics of Zn uptake were observed for H30_SiZn and H30_Zn. When no Si was added
(H30_Zn), 5.8% of TotZn (46.6 pmol g hectorite) were sorbed during the first 3 h of reaction time;

afterwards, Zn sorption slowed on, and only 14.6% of TotZn (116.9 umol g hectorite) were removed at t"=
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168 h. Initial Zn sorption was more rapid for H30_SiZn, as sorbed Zn amounted to 15.2% of TotZn (121.7

y pti i nt on, and as much as 90.7% of Zn were
pmol g hectorite) at t = 3 h. Furthermore, Zn sorption steadily we

removed at t = 120 h. The influence of Zn uptake on the dissolution of hectorite and on the fluctuations of
[Silage Was also examined. In absence of hectorite (NoH_SiZn), [Sl]zjq‘[ an.d [I.\/Ig]'“q.t kept constal.n (cll(dtdtnol
shown). In H30_Zn, [Sila: and [Mglag. steadily increased with time, indicating that hectorite c;z) 203:1
dissolving during Zn uptake (Fig. 3a). The ratio of Mg to Si release ( = (4% = D40 £ 7) = 0.?3 -0_-] t.' )
slightly differs from the Mg:Si ratio in hectorite ( =2.65/3.95 = 0.67), suggesting an uncongruelnt cilss;(:i uS ‘10:
This uncongruence can result either from an excess of Mg release, or from back uptalfe 0?‘" dissolved Si. )
slow increase of [Mgl: Was also observed for H30_SiZn, indicating that the suspension 18 u1'1de.rsaturate

with respect to hectorite, even at “high” [Siluq, (Fig. 3b). In contrast, [Silag, values at- t_he beginning zfnc:! a(;
the end of the H30_SiZn experiment were comparable, although large vol-ume? of silica-base were dc:IeS !
during the whole reaction time to keep the pH at 7.3 (Fig. 3¢). To clarify this [.)omt, let us as:?ume th.at all Si
added with the silica-base had accumulated in the supernatant. Theoretical [Si]uq as a function of. time can
be calculated from the increments of added silica-base, taking measured [Silyg, at‘l; = Oasa startmfg valu:_
Contrasting these theoretical [Sila, to experimental concentrations of dissolved $1 Si shows that Si u?ta; z
occurs during 7Zn uptake. Further contrasting the calculated Si uptake to the experimental Zl-l uptake 1;101 t=

h yields a fair linear correlation (Fig. 3d), with a regression slope of 1.09 (£0.08), suggesting that the same

i [ anis il b
molecular mechanism is responsible for uptake of both Zn and Si. The nature of this mechanism will be

determined by P-EXAFS spectroscopy.
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80+ [Hect]=0.65g/L :
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SR TotZn =520 pM |
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N : [Silagt ~ 530 uM
& [Hect] = 0.65 g/L :
AA A s eesssomanegy
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i i = .3 for all
Fig. 2. Zn uptake as a function of the initial [Silaq, concentration. Tothnl_ 520 pE/ISE:gd i,ll_lt?n.atiﬁg %Y
g & L ents. (<): Solid concentration of hectorite [hectorite] = 0.65 g L _,1 [Sl]_ﬂq,[ = 57 EO ,M s B
engrI:AmN' SIO 628 M NaNO; (H30_SiZn). (A): [hectorite] = 0.65 g_IL ; LSl]aq,[ =~ 30-60 p 1 it 0
(li- 0.02 N(IizNa(;’H .0 28 M NaNO; (H30_Zn); (¥¢): [hectorite] = 0 g L7, [Silag = 530 uM, titration by
y W s W —
0.01 M NaySiO; 0.28 M NaNO; (NoH_SiZn).
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Fig. 3. Impact of Zn uptake on Mg and Si concentrations in the suspension. (a) [Mglag, ([_D) and [Si]aq, (@)
released by hectorite dissolution for [Silage = 30-60 uM (H30_Zn). (b) [Mg]aqy () released by hectorite
dissolution at [Silage = 530 uM (H30_SiZn). (c) [Si]aq: (H30_SiZn): (O) observed concentration; ()
calculated concentration assuming that all Si added remain in the supernatant. (d) Plot of Zn uptake
versus Si uptake for H30_SiZn; regression slope of 1.09 + 0.03.

3.2. Quantitative texture analysis

The distribution density of crystallite c* axes off the film normal is visualized in Fig. 4 by the radial
distribution density of {004} poles. In an isotropic powder, crystallites are distributed over all possible
orientations, and consequently I(p) is constant after correction of the X-ray defocusing. Here, narrow
distributions with maxima near p = 0° are observed, which indicates that most platelets have their c* axes
normal to the film plane (i.e., ab planes parallel to the film plane). H30_Zn_5%h is highly textured, with a
measured maximum of distribution density (Prax) equal to 14 m.r.d., and a full width at half-maximum
(FWHM) of the distribution equal to 33.3°. ¢* axes have larger angular spread in H30_SiZn_9h (Ppax = 8.7
m.r.d., FWHM = 46.4°) and H30_SiZn_120h (P, = 7.5 m.r.d., FWHM = 48.4°). The decrease in
texturation parallels the increase in Zn content, and offers direct evidence for the modification of the surface
properties of clay particles in the film, as a result of the sorption mechanism of Zn. It will be shown below

that this higher disorientation diminishes, but not suppresses, the angular dependence of P-EXAFS spectra.
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Fig. 4. Integrated radial distribution densities of c* axes from h;ctorite cr‘ystallites with respecthto tl:e
normal of the self-supporting film (p = 0°). The distributlo-n maxima are given for the? Ct‘,ﬂtf?l' O,f tde pole
figure (p = 0°). The 1 m.r.d. (perfectly random powder_) is indicated by a dashed line. ngfe;r 961:15“}1
scales and equal area projections are used for the pole figures. (a): H30_Zn_96h. ‘(rb) H30_SiZn_ tE;:)
H30 SiZn_120h. Note the decrease in texture quality from H30_Zn_96h to H30_SiZn_120h, presumably
reflegting changes in textural properties of the clay platelets.
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3.3. EXAFS spectroscopy

3.3.1. EXAFS spectra

k’-weighted P-EXAFS spectra for sorption samples are displayed in Fig. 5. The presence of multiple
frequencies having a high amplitude at high k (e.g. k = 8 A™") indicates the existence of several structurally
ordered atomic shells around Zn. The strong polarization dependence of the amplitude and position of
EXAFS oscillations, e.g., near 5.0 and 5.8 A”, indicates that Zn atoms are epitaxially or topotactically
associated to hectorite platelets. However, the three EXAFS spectra have distinct spectral features (e.g. at k
=4 &7, angular dependencies (e.g. arrows in Fig. 5), and even amplitudes. These dissimilarities point to a
diversity of Zn crystallochemical environments. Spectral modifications between samples are also shown in
Fig. 6, which compares EXAFS spectra for sorption samples at o = 35° (at this angle, P-EXAFS spectra and
powder EXAFS spectra are similar; (Manceau et al., 1990)) to structural references. These references
include a Zn-rich kerolite Zn3514019(OH),  (ZnKer300), and a mixed (Zn, Mg)-rich kerolite.
Zn 35Mg 65814010(OH), (ZnKer135). Both compounds have an hectorite-like structure in which Zn is
located in the octahedral sheet and surrounded by 4 Si neighbors of the tetrahedral sheets at R ~ 3.25 A, and
either 6 Zn (ZnKer300) or 2.7 Zn + 3.3 Mg (ZnKer135) neighbors of the octahedral sheet at R =~ 3.10 A
(Decarreau, 1985; Schlegel et al., 2000). ZnKer135 and H30_Zn_96h have a similar shape, indicating that
Zn in the clay film is located in a phyllosilicate environment, with both Mg and Zn octahedral neighbors, as
in Kerl35 (Fig. 6). Likewise, the spectral resemblance between ZnKer300 and H30_SiZn_120h is

noteworthy, and suggests that the crystallochemical environments of Zn in the two solids are alike.

The EXAFS spectrum for NoH_SiZn_125h is quite different from those of the films and displays a single
wave frequency, as the solvated Zné:;) reference. This result shows that the homogenous nucleation of Zn

solid phases in the bulk solution is a marginal process, and it proves that Zn directly reacted with hectorite

surfaces in sorption samples.
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Fig. 5. k>-weighted Zn K-edge P-EXAFS spectra for Zn in hectorite films at o angles of 10°, 35°, 55°, and
80°. Chemical conditions for samples are listed in Table 1.

161




k3% (k)

% S N N
S Y O S (S e S I T S N O |

2 4 6 8 10 12
k (A1)
Fig. 6. k3—weighted EXAFS s

(ZnKerl35,
(o0 =35°).

Eh refefectrz‘l for Mé ,EX.AFS spectra for aqueous Zn (Zni;”), Zn-rich kerolite
2 ences, and for Zn in hectorite films. All spectra recorded at the magic angle

162

— a=10°"

Fig. 7. Moduli of the Fourier transforms (IFTsl) for
7n in hectorite films at o angles of 107, 35°, . 0=35°
55°, and 80°. Chemical conditions for samples o
are listed in Table 1. =99
,,,,,,,,,,,,, -o = 80°
H30_Zn_96h

FT (k%)

H30_SiZn_120h

3.3.2. Fourier Transforms (FTs)

FTs for sorption samples (Fig. 7) display several high amplitude maxima at R + AR = 1.7 A (peak n),
2.7-2.8 A (peak B), and 3.8 A (peak C). Insight on the nature of atomic shells contributing to these peaks can
be obtained by comparing moduli (IFTls) and imaginary parts in sorption samples and kerolite references
(Fig. 8a, b). The imaginary part of both H30_SiZn_120h and ZnKer300 coincide over the entire R-range,
and only local différences of IFTls can be observed, confirming that Zn in H30_SiZn_120h is located in the
octahedral sheet of a phyllosilicate structure, as in ZnKer300 (Fig. 8a). Imaginary parts of H30_Zn_96h and
ZnKer135 also coincide in position over the entire R-range, and FT peaks have identical shape, differing
only by absolute amplitudes (Fig. 8b). Again, this similarity provides strong evidence for the location of

sorbed Zn in clay-like environment, with both Zn, Si, and presumably Mg cationic neighbors. These
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observed similarities greatly simplify the identification of predominant contributions, because the structural
origins of the different FT peaks for a phyllosilicate were previously identified by Manceau and coworkers

(Manceau et al., 1998; Manceau et al., 1999a; Manceau et al., 1999h).

(a) (b)

I ! v | R "1 U R VO R S ) O O B R ST RN ] A L N Vi TR A B
| A i - H30_Sizn_120h
I\ Znker300

——H30_2Zn_96h (X2)
......... ZnKer135

FT(k3y)

(d)

H30_Zn_96h

FT(k3y)

R+ AR (A)

Fig. 8. Comparison of k’-weighted FTs (moduli and imaginary parts) for (a) ZnKer300 and H30_SiZn_120h
at o = 35°, (b) ZnKer135 and H30_Zn_96h at o = 35°, (¢) H30_SiZn_120h at o = 10° and 80°, and (d)
H30_Zn_96h at o= 10° and 80°.

Peak A.- Peak A originates from the contribution of oxygen atoms ligated to Zn (Manceau et al.,
2000b). R4S obtained by least-square fitting the Fourier-filtered % contributions increase from 2.04 A
for H30_Zn_96h (¢ =0.10 A) to 2.05 A for H30_SiZn_9h (¢ =0.10 A) and 2.06 A for H30_SiZn_120h (o =
0.09 A), with good figures of merit (R, < 0.010; table 2). Distance values are typical of six-fold coordinated
Zn, as four-fold coordination would result in R;*45% shorter than 2 A (Kuzmin et al., 1997). The increase of
RS and decrease of G correlate with an increase of N& at given o (table 2), which can be traced to a

decrease in structural disorder within Zn coordination octahedra, i.e., a more narrow dispersion of Zn-O

bond lengths. The relatively high incoherency of Zn-O bond lengths for H30_Zn_96h probably results from
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7n ligation to oxygen of distinct chemical entities with distinct binding strengths, such as H,O molecules,
OH groups, and possibly the sorbent surface (Schlegel et al., 1999). Alternatively, the lower structural
disorder observed for Zn in H30_SiZn_9h and H30_SiZn_96h suggests that most oxygen ligands are

structurally equivalent.

Table 2. Quantitative EXAFS analysis of the FT Zn-O coordination shell.

P-EXAFS o IFT range’ Zn-0 shell AEQ" RP

samples (A) R(A) N2 oA (V)

H30_Zn 96h  10° 1.1-2.2 2.04° 45 0.10° -1.5° 0.010
35-  1.0-22 204 44 010  -14 0.006
55°  1.0-22 204° 43 0.10° -14° 0.007

H SIzn 120h 105 1225 206 61 009° -14 0007

80° 1.1-22 2.06° 5.5 0.09° -1.4° 0.002
(a) R + AR interval for inverse Fourier transforms (IFTs) in the real space.
(b) The threshold energy Eo was taken at the half-height of the absorption

edge (AW2).
(c) Value held fixed during the fitting procedure.

(d) Distance parameters coupled at the same value during the fit of xiff“ .
(e) © parameters coupled at the same value during the fit of fe .

(f) Parameters optimized at o = 10° and 80°, simultaneously.

A systematic decrease of N with increasing o can be noticed for every film sample. This angular
dependence of the oxygen EXAFS contribution ()g(k)) can be related to the inclination Bo of this shell
relatively to ¢*, and can be written at the K-edge, in the planc-wave approximation and for a threefold or

higher symmetry axis (Bonnin et al., 1986; Manceau et al., 1998; Schlegel et al., 1999):

o e {l (30052 Bo —1)(30052 o — l)il

Xo =%Xo - 2 (3)

iso

where ¢ is the EXAFS in a isotropic powder sample. Ng can then be retrieved from

o iso 3 2 2 2 ]
N =Ng’-|—.l1—3cos cos” O +3cos
8 =N [ 3. (1-3008" Bo) Bo "
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Wh 150+ ’ . . .
ere Ng' is the number of backscatterers detected in a powder sample. Eqn. 4 shows that and no angul
4 ar

variation of NZis ex ! : _ o T
o1s expected for Bo = 54.7°, the inclination a in : ic octs o
ngle in a symmetric octahedron, NG decreases

ihi ; - 5
with increasing o when Bo > 54.7°. Bo can be further quantified experimentally by rewriting Eqn. 4 as:

=".(1=- 2 2
N}so > (1 3cos Bj)cos 0{+3coszﬁj -

=S-cos’ o+ 0O

where O and S ¢ 551 ici i
d'S are regression coefficients. How experimental Bo” are calculated from this affine function is

detailed now. First, linea i FN” wi i
. r regression of N™ with respect to cos’a is performed, and S is obtained by

normalizing the regression slope with N**" (Fig. 9: Table 4). Bg” is then obtained by

ex]
o = Arccos

3-25 1
5 - )

(6)

qn. (6) can be applied only if -3 < S < 3/2. which is the case for oxygen shells (Table 3). The uncertainty
exp €X L .
on B (8B5) resulting from the uncertainty on S (8S) is obtained by (Taylor, 1997)

ex 81-(8)
OPyP =|—2|5¢
B = e s

(7)

exp

b o 5 o o ex, .
o Tange between 55.1° and 56.5° ( +0.4°). Note that Bo? may differ from the real crystallographic B

beca T . : I
cause the disorientation of crystallites planes within the film sample is expected to diminish the angular

dependence of P-EXAFS contributions, and, thus decrease the absolute magnitude of S in Eqn. 6. Hence, B
¥ - 2 0

tends to be underestima o i
ted for Bo > 54.7°, and overestimated for Bo < 54.7°. Manceau et al. (Manceau et al.

1999a) evaluated the decrease of the apparent polarization dependence for a P-EXAFS contribution in the

case of a step-shaped distribution of absorber-backscatterers pairs symmetrically around . They showed

that such dispersion has little impact on B for 50 < B < 60°. In conclusion, EXAFS-derived pe®

1- 2 . . . . - l ? ) U are
consistent with slight flattening of coordination octahedra (Table 4). Such flattening is commonly observed
in edge-sharing octahedral sheets (Gtiven, 1988).
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ig. 9. Angular dependence of the number of nearest O atoms (Ng) for Zn in hectorite films (a)
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H30_Zn_96h; (b) H30_SiZn_%h; (c) H30_SiZn_120h.

Peak B.- Peaks B originate from the predominant contributions of several cations in the octahedral
and tetrahedral sheets. All peaks B display an angular dependence, which results from the angular variation
of EXAFS contributions to peak B originating from in-plane and out-of-plane backscatterers. The overlap of
EXAFS contributions predominating in the parallel (ot = 0°; %2 (k)) and perpendicular (o = 90°; xé (k)

orientations can be written at a given o
X% () =5 (k) + (1 () — 3 (1)) cos” o ®)

Hence, depending on the phase relation between xg(k) xg‘(k), only the amplitude of )y (k), or both the
amplitude and phase of 3 (k) may vary with o. For instance, the amplitude of peak B markedly decreases
for H30 SiZn_120h (Fig. 7), but both peak maxima and imaginary parts coincide in position at o = 10° and
at o. = 80° (Fig. 8c), suggesting that similar (but not necessarily identical) backscattering waves predominate
at both in-plane and out-of-plane orientations of €. This situation is observed for phyllosilicates in which
EXAFS waves backscattered by in plane (Co, Zn) cations from the octahedral sheets and out-of-plane Si are
in phase over most of the k-range (Manceau et al., 1999b; O’Day et al., 1996). Amplitude and imaginary
parts for peak B in H30_SiZn_%h display a similar angular behavior, also suggesting the presence of
predominant Zn and Si backscatterers. In contrast, peak B in H30_Zn_96h displays a complex angular
behavior; its amplitude decreases from o = 10° to o = 55°, and then increases as o converges to 80°, and its
maximum shifts from R + AR = 2.75 A to 2.9 A, whereas the imaginary part is shifted to lower R + AR
values (Fig. 8d). Schlegel & al (Schlegel et al., 1999) demonstrated that such an angular behavior of peak B
can originate from the overlap of out-of-phase EXAFS waves from in-plane Mg and out-of-plane Si. Indeed,
EXAFS contributions from Mg, Zn and Si cations can be expected, based on the FT similarity between
H30_Zn_96h and ZnKer135. Accurate determination of cationic contributions to peak B is completed now

by spectral quantitative analysis.

An optimal fit of the Fourier-filtered x5 (k), was obtained for H30_Zn_96h (R, = 0.019) with a Si
shell of 3.6 atoms at REES =3.28 A (05=0.10 A; Fig. 10). From previous results on Zn-sorbed-hectorite,
contributions from this Si shell is expected at o as low as 10° (Schlegel et al., 1999). Attempts to fit x;oﬂ (k)
assuming combination of either (Mg + Si) or (Zn +51i) backscatterers yield no acceptable results. x;m(k) is
then fitted assuming Zn, Mg, and Si contributions, with REXA'S and o fixed to values at o = 80°, Rfffﬁ
= RIS and 6., = Oy,, to decrease the degree of freedom of the spectral fit. A correct fit is obtained (R,
~0.025) with REAS=REAS =310 A (64, = 0y, =0.10 A; Table 3 and Fig. 10). x5 (k) are then fitted

at o= 35° and 55° by varying only N7, Ny, and Ng (Table 3).

Tentative fit of xi"“(k) for H30_SiZn_120h by assuming only Si neighbors was not successful,

indicating the presence of an additional backscattering shell besides Si. The shift in position of the x‘gﬂo(k)
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maximum from ~5 A™ for H30_Zn 96h to ~7 A™ for H30_SiZn_I20h suggests that this additiona]
contribution originates from heavy backscatterers, such as Zn atoms (Fig. 10). Such Zn contributions were
expected to dominate in-plane % (k) . therefore, X (k) and 1 (k) were simultaneously fitted assuming
Zn and Si contributions, with Borer RGP, Oz and g kept identical at o = 10° and 80°. Good fits
were obtained (Rp = 0.004 at o = 10° and 0.008 at o = 80°) with Ry'7n =3.10 A and REAFS _ 3¢ &
(04,=04=0.10 A: Table 3). x5 (k) are then fitted at o, = 35° and 55° by varying only N, and NS, (Table
3). Adding an Mg contribution (REXAFS = R7aMgs Oz, = Gy,) improved the fit neither at o = 10° (R, =
0.004 for Ny = 1) nor at o = 35° (Rp = 0.011 for Nyi = 0.5), suggesting that Mg backscatterers, if present,

are clearly not of paramount importance.

xﬁ,‘”(k) and ¥, (k) for H30_SiZn_9%h were also fitted simultaneously, assuming two shells of Si and

Zn, with Rz 7%, RIS 6, and o kept identical at o = [0° and 80°. A correct fit was obtained at o =
80° (Ry = 0.023) with R4S =326 A,04=0.10 A, Rz:'zs =3.10 A and 05, =0.10 A, but notat o =
10°. Adding an third shell of Mg at c = 10° (REXAIS = Rzt and 04, =6, ) significantly improved the fit
(R; = 0.002) without modification of REXA™S | ¢, RS, 0 (Table 3). A three-shell fit of X3 (k) at o
=357 and 55° was then performed, by varying only N7, Nij, and Ng (Table 3). REXATS 504 R4
values for every probed sample are close to interatomic distances previously reported for ZnKer300

(Rzyy =3.10 A and REXSS — 330 &, (Schlegel et al., 2000).
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Fig. 10. Fourier-filtered EXAFS contributions
of peak B at oo = 80°. (a) H30_Zn_96h; (b)
H30_SiZn_9h; (c) H30_SiZn_120h.
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Table 4. Reduced sloped of linear regressions and calculated inclination
of backscattering shells.

Table 3. Quantitative EXAFS analysis of the FT second peaks.

P-EXAFS o o
| o IFT range Zn-Zn shell Zn-Mg shell Zn-Si shell AE0"  Rp P-EXAFS Zn-0 shell 7Zn-7Zn shell
samples (A) R(A) N oA 3 2 - = a b ¢ d a b ¢ sp d
H30 70 566 10 2334 308" |5 0(100) R(Aj N oA RA N oA (V) samples ' 85" Bo 8Bo S*  8S" Pz OBz
o 3'03c [.7 , 308 19 0.00° 328 04 0.1 -15 00% H30 Zn 96h 003 002 551 05 129 031 776 12
j 7010° 308 14 0.10° 328 0 ' H30 SiZn 9h  0.13 002 565 05 092 004 69.0 1.0
. i J . . 6 0.10° -1.4° 0.03 - =
Zg 2334 308 05 010° 308 08 010° 328 28 0105 .14° 001; H SIZn 120h  0.10 003 561 05 093 006 692 1.1
___________________________ ° 2234 ' o 4 |
e — 0.10 328 36 0.10 ¢ |
H30_SiZn_9h 10° 2.1-35 3.10° . e e e 0. 210 147 0.0 |
o o .3.13. 47 0.10° 310" 1.1 0.10° 326° 05 0.10° -1.5° 000 P-EXAFS Zn-Mg shell Zn-Si shell |
~ e o I . N 3_8 c C e c ’ i a a [+
0.10° 3.10° 08 0.10° 3.26° 15 0.10° -15° 0005 samples $° 85" PBul OB’ S° 85" B’ 8Pu

H30_Zn_%6h 1.42 0.14 824 8.8 46 0.7
|

55 24'3.4 3_10&) 2.6 O.]OC 3 ]0C 0-4 0. 100 326C 2-4 0- ]0‘: _1.50 0 016
146 008 848 70 -227 026 237 6.0

e 80% 2334 310 .

H_SIZn_120h 10° "'“2".‘_;;;5'_';1“““‘"“3"_"]"6;"""'l'é%---‘--é)--‘-]-]-gf-w 326f 38 010 -1.5° 0023 H30_SiZn_%h
WS 5558 BidF g0 o-1o° 3.zac 22 010" -1.4° 0.004 H_SIZn_120h -1.1% 0.11 40.1 19
5% 2384 S0 4b 010 3.26c 3.6 0.10° -1.4° 0.011 (a) Slope of the regre‘ssion line normalized by N*>,
80° 2334  3.10° 27 0.10° 3-26f 4.8 0.10° -1.4° 0.006 (b) Mean square deviation of the regression line.

(a) R+ AR interval for inverse Fourier tran - i : 326 64 0.10° -1.4° 0.008 (c) Uncertainty on the normalized slope, calculated at the 68 % (10)

sforms (IFTs) in the real space. confidence level.
(d) Uncertainty on [3, calculated at the 68% (10) confidence level.

(b) The threshold energy E, was taken at the half-height of the absorption edge (Au/2)
(¢) Value held fixed during the fitting procedure. |
(d) Distance parameters cou '
pled at the same value duri i =
(e) © parameters coupled U Sluring the fit of x5 . Peak C.- Peak C in (Zn, Mg)-rich kerolite originates from the predominant contributions of next-
oupled at the same value during the fit of x;su 3

(f) Parameters optimized at o = 10° i
= and 80°, simultaneously.
al., 1999a). This EXAFS contribution has a large amplitude in layered
sheet (Manceau et al., 1999b). This “

h that 1

nearest Si cations (Tet2) at ~ 4.4-4.5 A, and from higher oxygen shells (Manceau et al., 2000b; Manceau ct
silicates, where Si tetrahedra are

polymerized in a two-dimensional framework bridged to the octahedral
peak is present in all FTs, and in addition, FT imaginary parts for Zn samples coincide in position wit

lndlcatlllg tlle pl C v N

increasing o for every film sa incli
y mple, and can be related to the inclination angle B of the backscattering shells of clay references

and Bu, are higher than 54.7°, wh
54.7°, whereas Bs; < 54.7°. B%* a P wer
B and 8B were further calculated by applying complete Si tetrahedral sheets formed in the sorption sample. In contrast, the lower amplitude of peak C in

\ equations identical to Eqn (3-7) to all identifi Table 4 ructural disorder, or from a lowe
entified shells (Tabl As for the oxveen s . : m a highe
( )- As for the oxygen shell, the dispersion of H30 Zn_ 96h relatively to ZnKer135 may result either fro igher st ral disorder, or from a lower

' crystallite planes off the fi c in REP g

| e film plane presumably results in B different from crystallographic B, e.g. PSP i -

| B, Novertheloss B BOP and s ‘ e BeY < number of next-nearest Si in the sorption sample.

. o > Pzn s Py si » when obtained, are consistent with Zn-Mg and Zn-Zn pairs oriented

‘ arallel or slightly incli i ' J

| p r slightly inclined with respect to the film plane, and with Zn-Si pairs inclined by ~50-70° i |
plane (Table 4). Y -70 off this 4. DISCUSSION

4.1. Structural environment of sorbed Zn

The occurrence of sorbed in a phyllosilicate environment et pH 7.3 is supported by the strong

similarity of EXAFS spectra for sorption samples and phyllosilicate references, and by the identification of

in-plane (Zn, Mg) and out-of-plane Si at distances and orientations typical of phyllosilicates structure
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(Manceau et al., 1998). In such environments, Zn octahedra share corner (C) with neighboring Si tetrahedra,
and edges (E) with neighboring (Zn, Mg) octahedra. Tn addition, the detection of more than 1 in-plane Zn
backscatterers points to the formation of Zn octahedral sheets parallel to hectorite platelets. Location of
these sheets in structural continuity to hectorite platelets is supported by two lines of evidence. First, no
evidence for compelling polymerization of Zn in solution could be obtained in absence of hectorite surface,
even after 125 h of reaction time. In contrast, Zn polymers were observed, when the sorbate was physically
in contact with the sorbent surface. Second, neighboring Mg cations may correspond either to Mg exposed
at the edge surfaces of hectorite platelets, or to solute cations incorporated upon growth of Zn sheets. In the
latter case, the proportion of Mg in the sheet, and thus the structural N3y N is expected to increase with

2

increasing Mg/Zn ratio in solutions, especially for H30_SiZn. However, a decrease of N ;;g/ N;f, fromt=9
h to t = 120h is observed for this sample, although the [Zn],q/ [Mglaq, ratio keeps increasing with reaction
time. Therefore, incorporation of Mg in Zn octahedral sheet can be dismissed, leading to the conclusion that

Zn octahedral sheets are located in structural continuity of (Mg, Li) octahedral sheets of the hectorite

platelets.

The occurrence of peaks C indicate that neighbor Si atoms detected by EXAFS polymerized to form
tetrahedral sheets (T) bridged to Zn octahedral sheets (O0). Ng values significantly lower than 6 indicate that
Zn sheets are of limited size, as is the case for H30_SiZn_9%h and H30_Zn_96h. The average number of E
linkages in such sheets, N, is a function of the number of Zn atoms, Qy, (Fig. 11; (Manceau and Calas,
1986)). Several Zn polymers of distinct size, and distinct Nz, are likely to coexist at the clay surface, and
the information retrieved from EXAFS is a weighed average Zn atoms located in these surface complexes,
hence only the average size of Zn sheets can be obtained from Ne. For example, Nz =N3> = 1.7 for
H30_Zn_96h (Table 3) can be obtained by assuming either 30% of Zn included in dimers (Nza = 1) and 70%
in Zn trimers (Nz, = 2; Fig. 12), or 28% of Zn included in large octahedral sheets (Nz, = 6), and 78 % of Zn
monomers (Nz, = 0). Likewise, N, = 3.8 can be obtained assuming only polymers with an average Q, ~
7-18, or 33 % of monomers and 67 % Zn in large sheets. Hence, the occurrence of small-sized surface
complexes cannot be ruled out for both H30_Zn_96h and H30_SiZn_%h. In contrast, Nz, = 6 = 0.5 for
H30_SiZn_120h, indicates that almost all Zn are included in large-sized Zn octahedral sheets with Qz 2

200, hence, with diameters equal or higher than 30 A.
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i fZn
Fig. 11. Average number of neighbor atoms (Nz,) in Zn octahedral sheets as a function of the number o
ig. 11.

cations contained in this sheet (Qzn).

4.2. Mechanism of Zn sorption

4.2.1. Zn sorption at low concentration of dissolved Si

) v
L aches th
After 3 hours of contact time, the amount of sorbed Zn at low [Silq, reaches 46 umol g, and this

mo

0[

i E [ idgi sed M
hich are presumably confined to immediate vicinity of hectorite edges, thus bridging edge expo g
whic s
octahedral and Si tetrahedra (Fig. 12a). As exposed above, t

ismi : ns,
with large Zn domains cannot be dismissed. However, such large doma

he occurrence of Zn monomers in conjunction

if present, would amount to less
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than 20% of sorbed Zn. Hence, Zn can be inferred to remain in predominantly oligomeric form,
Incorporation of dissolved Si in Zn polymers to neoform ZnKer nuclei might account for the slight
uncongruency observed for hectorite dissolution. However, part of this uncongruency likely originates from
an excess release of Mg upon adsorption of Zn (Schlegel et al., 2000). In conclusion, Zn uptake at low

[Silag, likely results in the formation of small oligomers, located at the layer edges of hectorite, in structural

continuity of the octahedral sheet.

4.2.2. Zn sorption at high concentration of dissolved Si

After only 9 h of reaction time at [Si]age = 530 uM, both the amount of sorbed Zn (227 pmol gy and
the mean size of Zn polymers (Qzn = 10-20) are significantly higher than at t = 96 h for H30_Zn. Thus larger
polymers (or higher amounts of large polymers) form in comparatively shorter time. Also, N i,lsg decreases to
0.8, indicating lower proportions of E linkages between Zn atoms and hectorite octahedral sheets. In
contrast, N3~ increases from H30_Si_96h to H30_SiZn_9%h (Table 3). This higher N2’ may be accounted
for by assuming that a minimum of 25% of Zn octahedra (57 pmol g) are located in contact to the hectorite
edges, and share 4 C with Si tetrahedra of hectorite (0.25%4 = 1 =~ 1.5 + 0.5), while the remainder form large
hydroxide platelets devoid of Si. However, previous results show that for surface coverage of ~ 50 umol g’
hectorite at pH 6.5, experimental N;? = 24, ie., well below the expected value. In addition, if all Si
contributions originate from tetrahedra at the layer edges of hectorite, then an increase of both N3 and
N ;fg would have been expected, which is at variance with present results (Table 3). Alternatively, assuming
that Si polymerized with Zn to form Zn-rich clay nuclei not only explains the relatively high N3, but also
accounts for Si uptake at t =9 h (169 umol g Fig. 3d). The ratio of Zn to Si (Zn:Si) neighbor atoms in such
nuclei, as estimated by the ratio of N33 /N3, equals (3.7 + 0.5)/(1.5 + 0.5) = 2.4 + 0.9. This value is
different from both ratios expected for TO (N5 /INY = 6/2 = 3) and TOT (Nom INE = 6/4 = 1.5) clay
structures. Furthermore, the chemical Zn/Si ratio, as estimated by the ratio of Zn to Si uptakes, equals (169 +
0)/(227 + 6) = 0.74 + 0.03, which compares neither with Si/Zn = 2/3 = 0.67 for TO structure, nor with Zn/Si

=4/3 = 1.33 for TOT ones. Hence, Zn nuclei may have either an Si-enriched TO structure, or a Si-depleted
TOT one (Fig. 12b).

An important increase of the mean size of octahedral sheets occurs between t = 9 b (Qz=20)t=120
h (Qz = 200), in conjunction with a comparatively smaller increase of surface coverage (from 227 to 725
pmol g™, If all particles had grown at the same rate, then only Qz, = 60 would have been expected at t = 120
h.. The comparatively higher experimental Q, can be explained either by the growth of selected nuclej and
the dissolution of other ones through Ostwald ripening (Robarge, 1998), or by the coalescence upon growth
of nuclei located at the same layer edges of hectorite platelets. In these large nuclei, Zn is surrounded by
neighboring 6 + 0.5 in-plane Zn and 3.6 + 0.5 out-of-plane Si, as can be expected for a TOT phyllosilicate.

Further knowledge about the structure and chemical composition of these Zn nuclei can be obtained from

I . _ . . B d

(8] I) y . p )‘ S h tI 1C

y s Y EIL . Indeed,

2 Y d T1(s
Hang, o t .

I i i S ion time, but only at
hyllosilicates of TOT structure nucleate on hectorite particles after only 5 days of react
phy

[Si]aq, relevant to field conditions.
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Fig. 12. Structur: 5 ‘ormi
an{é il ti:;‘zl 8;(1?3]?) f%r Z;g;lc?lyfmers }‘ormtng at the layer edges of hectorite, as a function of [Si]
30, g e .formatio_ I;_Z : ’rormjdt_lon of sma.Il polymers at layer edges of hectorite platelets (;?),[
= _tetr,ahed nof Zn thllomhcate nuclei by structural association of Zn octahedra and S
ra. (¢) H30_SiZn_120h; growth of large clusters of Zn phyllosilicates. I

4.3. Mechanisms of clay heteronucleation and growth

Studies devote : - iz
oted to the growth mechanism of phyllosilicates usually start by nucleating stable seeds of

h(:tCl’O h [ g p Y

difficulty to : acter: :
y detect and characterize small particle seeds on a mineral substrate. Solid precipitati i
subt é ion in
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presence of large minerals surfaces has been reported in a number of recent studies (Charlet and Manceau,

1992; Charlet and Manceau, 1994; Espinose de la Caillerie et al., 1995b; O’Day et al., 1996; O’Day et al.,
1994a; Scheidegger et al., 1997; Scheidegger et al., 1998:; Towle et al., 1997), however, it was not clear
whether precipitates did form at the mineral surface, or nucleate in solution and subsequently bind to the
sorbent. Recently, Nagy & al (Nagy et al., 1999) were able to characterize heteronucleation of gibbsite on
kaolinite and muscovite surfaces by combining chemical (flow through reactor) and structural (X-ray
powder diffraction and tapping-mode atomic force microscopy) methods. In the present study, deciphering
the initial steps of Zn phyllosilicate nucleation and growth has been made possible by the use of P-EXAFS

spectroscopy at the K-edge of Zn, and by chemical conditions of high [Si]ag yet undersaturated with respect

to amorphous silica.

Analvsis of samples obtained during the reaction time suggests that the ratio N> /N3 increases
y P g n Si

during the early stage of nucleation (H30_ZnSi_9h), suggesting that early nuclei are depleted in Si. This

depletion is consistent with a nucleation mechanism initiated by the formation of small octahedral sheets of
brucite-like structure. Further growth of these domains is then enhanced by the formation of Si tetrahedral
sheets. Simultancous uptake of Zn and Si for longer sorption times suggests that phyllosilicate growth from

solute compounds is a cooperative process, with Zn and Si sheets growing at about the same rate.

4.4. Application to field studies

The rapid formation of Zn phyllosilicate close to field conditions suggests that this mechanism of Zn
immobilization be plausible in terrestrial systems. Indeed, P-EXAFS analysis of the soil clay fraction in
areas heavily polluted by smelter emissions enabled the unambiguous identification of Zn phyllosilicates
(Manceau et al., 2000b). In addition, the angular dependence observed upon P-EXAFS analysis of these
minerals suggested a structural association of these neoformed clay minerals to charged clay particles
(smectites, illite, chlorite...) of the soil. Alternatively, a mechanism of phyllosilicate neoformation via

homogeneous nucleation in a gel would have led to the formation of disoriented clay particles within the gel,

hence no angular dependence would have been expected.

These results also allow to discuss possible mechanisms of Ni-rich phyllosilicates associated to
weathering formations of ultrabasic rocks. High levels of Ni are observed in neoformed magnesian
phyllosilicates of either TO or TOT structure, often called “garnierites” (Brindley and Hang, 1973), which
are present in cracks of the weathering profiles. These garnierites were believed to result from neoformation
of solid phases incorporating Ni, Mg and Si elements released upon alteration of rock-forming minerals
(Pelletier, 1983). Manceau & Calas (Manceau and Calas, 1985; Manceau and Calas, 1986) showed that Ni
contained in garnierite is concentrated within large Ni-rich domains, even for Ni/(Ni + Mg) ratios as low as

0.07. As the affinity of Ni for phyllosilicate structure compares with that of Zn (Decarreau, 1981; Decarreau,
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1985), the neoformation mechanism of Ni domains in garnierites might be reasonably compared with that of

Zn domains on hectorite: Ni domains may have likely formed by heteronucleation and growth of Ni-rich
phyllosilicate clusters.

5. CONCLUDING REMARKS

The present study highlights the impact of [Silaq: on the immobilization mechanism of Zn on mineral
surfaces at Zn concentrations undersaturated with respect to both hydroxide and ZnO oxide phases. At low
[Silag, #30-60 pM (< 4 ppm SiQ,), formation of Zn polymers is observed at the layer edges of hectorite, yet
the mean size of these polymers is limited to a few Zn atoms, suggesting that hectorite surface cannot
promote the precipitation of large Zn hydroxide layers, or Zn oxide, for undersaturated conditions. Tn
contrast, nucleation and extensive growth of clay particles is observed at [Si],q, =530 uM ( =32 ppm Si0;),
Le. at concentrations that can be found in terrestrial systems, and well undersaturated with respect to
amorphous silica. Dissolved Si thus may play a pivotal role in the fate of transition metal ions in natural
systems, by governing both the extent and the mechanism of uptake. Hence, studies devoted to cation

sorption on clay particles may greatly benefit from taking [Si],q. into account.
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7. Néoformation de phyllosilicates cobaltiferes

Les expériences d’adsorption du cobalt sur le quartz ont été réalisées par O’Day & al [174]. Le
quartz a subi au préalable un traitement de surface éprouvant, consistant en des lavages répétés a
|’acide et & I’ean bidistillée, suivis d’un séchage a 60°C avant utilisation. Dans ces conditions, une
couche de silice amorphe a pu se développer a la surface du quartz [176, 177]. Les suspensions ont été
préparées dans des tubes en polypropyléne par mise en contact de Co (TotCo < 2000 pM) et de
quartz, & une concentration en solide comprise entre 240 et 250 g L. Ces suspensions ont ensuite été
conditionnées dans un exces de base initial, et agitées sous atmosphére inerte. Le pH n’a donc pas été
controlé au cours de la réaction. L’analyse des valeurs de pH et de [Col.q 2 la fin des réactions a
montré que toutes les solutions étaient sous-saturées vis-a-vis de Co(OH),. Enfin, les valeurs de [Silyq

en fin d’expérience n’ont pas été publiées, ce qui limite ’exploitation des données chimiques.

7 1. Environnement cristallochimique de Co adsorbé

Les spectres EXAFS pour le cobalt adsorbé sur le quartz a différents taux de couverture I" (0,77
<T'<9,9 pmol m’?) sont comparables, indiquant que les environnements cristallochimiques du cobalt
dans tous les échantillons sont identiques. 1.’analyse quantitative de ces spectres montre que Co est
hexacoordonné et entouré de 6 voisins Co a environ 3,12 A et d’un nombre variable de voisins Si a
des distances EXAFS de 3,3-3,4 A [174]. Dans le modele structural d’adsorption proposé a partir de
ces résultats, Co était censé former des CSI mononucléaires a la surface du quartz, et des feuillets
d’hydroxyde Co(OH), [174]. La formation d’hydroxydes de cobalt en conditions de sous-saturation de
la solution vis-a-vis de Co(OH), est difficile a4 expliquer [178]. De plus, le mécanisme d’adsorption
proposé par O’Day différe sensiblement de la néoformation de phyllosilicates observée lors de
I’adsorption de Co 2 la surface de la silice amorphe, un solide dont I’ordre local est pourtant similaire
a celui du quartz [179]. Par conséquent, les spectres EXAFS de Co adsorbé sur le quartz ont fait
I’objet d’une réanalyse approfondie. Les résultats de cette étude sont détaillés dans ’article intitulé «
Evidence for the formation of trioctahedral clay upon sorption of Co®" on quartz » situé a la fin de

cette section.

Les spectres EXAFS de Co adsorbé sur I’hectorite (I" = 5,21 pmol m™ ; échantillon I'521), et de
Co(OH), ont une structure semblable mais des phases différentes pour k = 5 A" (fig. 7.1.a). Les
similitudes entre les spectres de I'521 et d’une kérolite cobaltifere Co1S1400(OH):-nH,O (CoKer)
sont bien plus prononcées, indiquant que I’environnement du cobalt adsorbé est plutét comparable a
celui d’un phyllosilicate qu’a celui d’un hydroxyde (fig. 7.1.b). Ce résultat est confirmé par la
comparaison:des TF (fig. 7.2). Les TF de T'521 et Co(OH), présentent des différences de phases et de
parties imaginaires remarquables (notamment entre 3 ¢t 6 A), alors que celles de I'521 et CoKer sont
remarquablement superposées de 0a 7 A. L’origine structurale des contributions EXAFS de Co(OH),

et CoKer a été déterminée par spectroscopiec EXAFS polarisée de composés de références, et par des
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simulations FEFF. 1l a été montré que les domaines de TF compris entre 3,5 et 5,5 A contiennent des

contributions d’origines structurales distinctes pour Co(OH), et CoKer :

- pour Co(OH)s, les pics A, B, C proviennent des contributions d’atomes d’oxygene des feuillets

adjacents (A), d’atomes de cobalt des feuillets adjacents (B), et d’un mélange de contributions

FT(k3x)

d’atomes de cobalt deuxiémes voisins du feuillet et des feuillets adjacents (C) (fig. 7.3.a) ;

- pour CoKer, les pics A, B, C proviennent des contributions des oxygenes basaux des couches

tétraédriques (A), des atomes de silicium deuxiémes voisins Si; (C) et de la contribution mixte

de cobalt deuxiémes voisins et silicium troisiémes voisins Siz du feuillet (C) (fig. 7.3.a). Ces

trois contributions n’ont une amplitude significative que lorsque les tétraédres de silice sont R+ AR (A) R + AR (A)
organisés en couches lies aux couches octaédriques de cobalt, comme dans les
phyllosilicates. Figure 7.2. Comparaison des transformés de Fourier (a) de ['521 et Co(OH);, et (b) de I'521 et CoKer.

La similitude des TF de T'521 et CoKer, notamment des pics A, B, et C, montre que le cobalt (a)

dans I'521 et CoKer ont le méme ordre & courte et moyenne distance. En particulier, la détection des

contributions provenant des couches atomiques Si, et Si indiquent que les tétraédres de Si forment

des couches tétraédriques. Cette organisation structurale des tétraddres est incompatible avec la

topologie des tétraédres de silicate dans le quartz. Ce résultat permet de confirmer que le Co adsorbé

sur le quartz est localisé dans une structure de type phyllosilicate.

(a)

Figure 7.3. Origines structurale des différentes contributions pour les pics des transformées de Fourier de |
(a) Co(OH),, et (b) CoKer.

7.2. Stabilité thermodynamique des phyllosilicates cobaltiféres

solubilité de CoKer a été calculée. Pour cela, la constante de solubilité de CoKer a été estimée de
Figure 7.1. (a) Comparaison des spectres EXAFS de cobalt adsorbé sur Ie quartz a un taux de couverture de

5,21 pmol m” (T'521) et de Co(OH),. (b) Comparaison des spectres EXAFS de I'521 et de la kérolite développée par Tardy et al. [180-182]. A partir de cette constante (Log K = 15.11), les valeurs de i |
cobaltifere (Co38i40,0(0OH),-nH,0 : CoKer). ‘

e s 5 4 Sté & X situations possibles :
[Co]aq & I’équilibre avec CoKer a pH donné ont été calculées pour deu p

manigre indirecte par détermination de I’enthalpie libre de formation de CoKer en utilisant la méthode

- une dissolution congruente de CoKer, sans précipitation de silice amorphe pour [Si(OH)4] >
2 000 uM;
- une dissolution A concentration de Si(OH)4 contrdlée par la solubilité du quartz ([Si(OH)4] = w

183 puM; [172]).
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Les courbes de solubilité obtenues ont été comparées aux valeurs expérimentales de [Col,q, mesurées
par O’Day & al a la fin des expériences d’adsorption [174]. La figure 7.4 montre que les; qvaleurs d;,
[Colag sont proches des conditions d’équilibre avec une kérolite cobaltifére et confirme que ces
suspensions sont trés sous-saturées vis-a-vis de Co(OH),. Pour pousser plus loin cette analyse, ik]

faudrait disposer des valeurs de [Si],q, mais celles-ci n’ont malheureusement pas été publiées

Figure 7.4. Courbes de solubilité théorique w2 '
de CoKer dans le cas d’une dissolution :
congruente (trait plein) et d’une 1!
dissolution a [Si(OH),] constante, con-
trolée par la solubilité du quartz (tirets).
La comparaison de ces courbes avec la
solubilit€¢ de Co(OH), indique que
CoKer est plus stable que I’hydroxyde
pur en présence de silice en solution. Le
bon accord entre les valeurs théoriques
de solubilité et les valeurs de [Co],, & la
fin des expériences d’adsorption ([7])
suggere que les  phyllosilicates
cobaltiféres identifiés par EXAFS se : k. 8
sont formés dans des conditions de ™ T _;]\'";LJ
stabilité vis-a-vis de la solution.

-6 _*[Si(OH)4] =183 pMﬁ-‘ﬂ \\\ Eh e

\ b1

Log([C0]aq) ([Colaq €n M)

(Evidence for the formation of trioctahedral clay upon sorption of Co™* on quartz. Article paru dans
~ e - ) ’
Journal of Colloid and Interface Science)
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The sorption mechanism of Co on quartz at room temperature
pas been investigated by an in-depth analysis of published ex-
{ended X-ray absorption fine structure (EXAFS) spectroscopy and
olution chemistry data. In particular, the 3.5-5 A mid-range
atomic environment of Co has been determined with unprece-
Jented precision by combining ad initio FEFF7.02 calculations
and results obtained by polarized EXAFS on the mid-distance
structure of sheet silicate minerals. The local atomic environment
around sorbed Co atoms is identical to that of Co in trioctahedral
clays and substantially different from that in the cobalt hydroxide
Co(OH),,- Neoformation of a trioctahedral clay is consistent with
calculated thermodynamic solubilities, which indicate that 2:1 and
11 Co-rich hydrous silicates, similar to kerolite and chrysotile, are
less soluble than Co(OH),,. Consequently, precipitation of Co-
rich clay is favored over that of Co(OH),, at pH values below 9
and for a dissolved Si concentration equal to quartz solubility. New
experimental data show that dissolved Si concentrations can ap-
proach, and even exceed, that of quartz solubility during the short
times of sorption experiments. Based on the available data, it is not
possible to conclude unequivocally if the Co layer silicate grew
epitaxially on the quartz surface, topotactically in a surface amor-
phous layer, or independently of the quartz framework structure.
The structural and chemical interpretation is supported by recent
published studies in which sorption of a hydrolyzable cation leads
to the neoformation of a mixed layer phase formed from the
sorbate species and the sorbent metal. This surface-induced pre-
cipitation mechanism is a general phenomenon that may account
for the formation of secondary clays as coatings on
silicates. © 1999 Academic Press

Key Words: quartz; kerolite; clay minerals; EXAFS; X-ray ab-
sorption spectroscopy; adsorption; precipitation; cobalt.

INTRODUCTION

Quartz and amorphous silica dominate many physical,
chemical, and biological characteristics of subsurface environ-
ments. Silica concentrations in terrestrial waters range between
10 and 80 ppm (1), and this worldwide homeostasis is largely
controlled by the solubility of quartz (11 ppm (2)) and amor-

' To whom correspondence should be addressed. E-mail: manceau@obs.ujf-
grenoble. fr.

phous silica (116 ppm (3)). In soils and sediments, quartz is
often coated by clay minerals (Fig. 1a), but a quantitative
understanding of how these coatings form is still lacking. The
formation of a secondary clay on silica upon the sorption of
metal cations, like Mg, Ni, and Co, has been reproduced in the
laboratory and suggested to be general to many hydrolyzable
cations in contact with silicates (4—6). However, in these
studies it was not possible to determine the formation mecha-
nism of the clay. The two key questions are do clay minerals
precipitate homogeneously in solution or heterogeneously on
the sorbent and, if heterogeneous precipitation dominates, is
the sorption of cations on negatively charged quartz and silica
surfaces the initial reaction step?

If sorption onto a silica substrate is the initial step in clay
precipitation, then Extended X-ray Absorption Fine Struc-
ture (EXAFS) spectroscopy can be used to characterize the
local atomic environment around the sorbed metal and de-
termine clay formation mechanisms. In contrast to amor-
phous silica, few EXAFS studies have been performed on
quartz. This is because quartz typically has a lower specific
surface area than amorphous silica (~1 m*/g vs ~100-200
m?/g) (7) and, consequently, a lower amount of surface
dangling bonds, which requires working at a much lower
sorbate to sorbent mass ratio. The difficulty in analyzing a
low concentration of sotbate was overcome by O’Day et al.
(8) who succeeded in studying the structure of Co surface
complexes on quartz in solutions under- and oversaturated
with respect to Co(OH),,, by using fluorescence-yield EX-
AFS spectroscopy. Two types of complexes were inferred to
be present at the quartz surface: mononuclear Co octahedra
bonded to unsaturated oxygens of surface SiO, tetrahedra
(Fig. 1b), and multinuclear Co(OH)z), which was consid-
ered to be overgrown on the quartz surface (Fig. 1b). Iso-
lated mononuclear complexes would act as nucleation and
growth sites for multinuclear complexes. This epitaxial
mechanism, and the purely hydroxide nature of the cobalt
overgrowth, run counter to the clay neoformation process
proposed for the sorption of Co, Ni, and Mg on silica (4—6).
A difference of sorption mechanism between amorphous
silica and quartz is unexpected because both sorbents have
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a TOT clay structure EXAMINAT:)(;NO?II;A'gHETSEEP;I)ON MODEL
. D) ®e
y Tetrahedral oo ,
sheet As shown in Fig. 2, the structural model proposed by O Day
et al. (8) for the sorption mechanism of Co*" on quartz war.
Oc;?g:gral rants reexamination. First, the short-range ordering around Cy
' atoms obtained by O’Day et al. (8) from the quantitative
Tetrahedral — nalysis of EXAFS data will be critically discussed. Second,
the plausibility of the two possible Co sorption models will bg
evaluated. Third, the precision of EXAFS structural parameters
reported by O’Day et al. (8) from the least-squares ﬁtt'ing of
i 1 spectra will be reassessed. The main conclusiop
Quariz Co(OH)2 experimenta

FIG. 1.
(b) structural model of Co surface complexes on quartz (after (8)).

(a) Polyhedral representation of a trioctahedral clay structure and

similar short-range order differing solely in the Si—O-Si
bond angles, which equal 144° in aSiO, and range from
120° to 180° with a maximum at 144° in amorphous silica
9.

( )Figurc 2 compares the EXAFS spectrum of Co-sorbed
quartz to those of Co(OH),, and Co/kerolite (CoKer), a 2:1
trioctahedral clay (10, 11). The Co/quartz and Co/clay spectra
have a very similar shape, whereas the Co/quartz and
Co(OH),, spectra are clearly less similar. This simple com-
parison suggests that Co atoms are in a comparable, if not
identical, structural environment in the sorbed and clay sam-
ples, which therefore prompts a closer examination of the
structural model that has been proposed for the sorption mech-
anism of Co on quartz (Fig. 1b).

This paper has three goals. The first is to understand the
incongruities in the EXAFS spectral analysis that have led to
differing interpretations of the sorption mechanism of Co on
amorphous silica and quartz. The second is to analyze the
relative stabilities of Co(OH),,, and Co-rich layer silicates in
order to determine if the formation of any of these phases is
thermodynamically and mechanistically realistic. The third
goal is to evaluate various sorption mechanisms in the light of
the most recent EXAFS results obtained on the local structure
of divalent transition metal ions in contact with the surfaces of
oxides and silicates.

is that the clay-like structural model (Fig. 1a) better accounts
for the experimental data than the two-site sorption model (Fig,
1b) proposed by O’Day et al. (8).

Discussion of Published Structural Interpretation of
Co/Quartz EXAFS Spectra

The radial structure function (RSF) obtained by Fourier
transforming the Co/quartz EXAFS spectrum at surface coy-

12

k(A1)

FIG. 2. k’-weighted Co K-edge EXAFS spectrum of Co sorbed to quart?
compared to Co(OH),, () and Co-rich kerolite (b). The Co/quartz sample 115
from O'Day et al. (8) and corresponds to a sorption density of 9.21 pmol/m
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—
-

Fourier transform magnitude

R+ AR (A)

FIG. 3. Radial structure function of Co sorbed quartz at 5.21 pumol/m?
sorface coverage and Fourier transform deconvolution of the Co-Co, and
Co-Si, contributions (after (8)).

erage of 5.21 wmol/m* (Fig. 3 in (8)) is shown in Fig. 3. Three
peaks had been identified previously: peak A corresponding to
the nearest O atoms and OH groups at 2.08 A, peak B to the
contribution from nearest cation shells, and peak C to long
distance Co—Co; multiple scattering (MS) interactions at ~6.2
A (Fig. b, Fig. 4). Peak B was deconvoluted into a Co ; shell
of 6 (* 15%) atoms at 3.12 (+ 0.02) A and a Si, shell of 1.1
to 3.1 (= 25%) atoms at 3.37-3.46 (+ 0.02) A (Table 3 in (8)).
The distances and numbers of Co-Co pairs at 3.12 and 6.2 A
are characteristic of an edge-sharing layered framework and
were attributed to a Co(OH),,, precipitate (Fig. 1b, Fig. 4b).
These two Co—Co distances are however significantly shorter
than in o/ Co(OH),, (3.17 and 6.34 A (12, 13)), but similar
lo those found in CoKer as determined by X-ray diffraction
from the (060) reflection (3.10 and 6.20 A (11)). Also, Fig. 3
shows that the Co-Si, pair has a low amplitude and, according
o O’Day et al. (8), its existence could not be confirmed
because of the proximity of the very intense Co, shell.
Manceau et al. (14) showed that this situation is typical of layer
silicate structures in which the nearest EXAFS contribution
from the tetrahedral sheets at ~3.2-3.3 A (Me—Tet,) is dom-
inated by an overlapping contribution from the octahedral sheet
at ~3.00-3.12 A (Me-Oct,) (Fig. 4a). The Me-Oct, and
Me-Tet, electronic waves add constructively (14) amplifying
the second RSF peak (Fig. 3). Consequently, omitting the
Me-Tet, shell contribution in sheet silicate structures during
the least-squares fitting results in overestimating the number of
Me-Me pairs. O’Day et al. (8) found that about 7 Co back-

Scatterers (N ¢, ) were necessary to fit the wave amplitude of
the nearest cation shell contribution when the Co-Si, shell was

omitted. This high amount of Co, neighbors is structurally

Unrealistic, and O’Day et al. (8) therefore argued for the

Presence of a Co—Si, contribution (Ng, = 1.1 to 3.1 + 25%)

idmixed to the predominant Co—Co, contribution (Ney =6 +

15%) in Co-sorbed quartz. However, this argument is weak

because the difference of N, values (~7 vs 6) in the two
spectral fits is within the precision range (15%).

Assessment of the Hydroxide and Clay Structural Models for
Co Sorption onto Quartz

Co octahedra have the same polyhedral connectivity in the
two models (Fig. 1). They are arranged in a two-dimensional

FIG. 4. Structural assignment of the successive atomic shell contributions
in the radial distribution functions of kerolite and Co(OH)y,. (a) Co-rich
kerolite; (b) octahedral sheet of Co-rich kerolite and Co(OH)y); () Co(OH ).
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TABLE 1
Experimental Conditions for Co** Sorption on Quartz (After (8))

r

Solid/liq Equil, Sigt

Sample (m¥L) [Coli (M) [Colpm (M) pHy” time (h) (umol/m?) (atoms/nm?) (M)
AS 192 1900 <38 10.70 24 9.90 5.96 2483
B* 192 1200 <24 9.84 24 6.25 3.76 1568
(23 192 2000 <40 8.99 217 10.81 6.50 2613
#9.21°¢ 185 2000 317 7.04 42 9.21 5.48 2244
#7.4° 185 2000 630 6.78 54 741 4.46 1826
#5.21 185 1000 38 7.76 47 521 3.14 1280
#1.61 185 300 3 8.50 36 1.61 0.97 396
#0.77 192 150 2 8.74 24 077 0.46 197

Note. Pre-equilibration times were not reported by O’Day et al. (8).
“ pHiyia Was assumed to be quite equal to pHg,,.
¥ Calculated assuming a Co:Si ratio in the neoformed clay equal to 3:4.

“ Sorption sample equilibrated with solutions oversaturated with respect to solubility reported for all stable and metastable forms of Co(OH) -

“ Days.

* Initial equilibration for 24 h with solutions oversaturated with respect to Co(OH),, phases; pH adjusted with addition of acid to undersaturated conditions

and equilibrated for the time shown.

edge-sharing sheet, and are also bridged to Si tetrahedra by
their corners. However, in model 1 Co and Si atoms form a
continuous clay-like structure whereas, in model 2, Co is
mainly present in a pure Co(OH),, layer structure and only
partly bonded to surface 8iO, tetrahedra of the quartz. Neither
model accounts for all of the results reported by O’Day er al.
(8), and each has its own merits and limitations. Model 2
accounts for the experimental Co—Si, distance of 3.37-3.46 A,
which is appreciably larger than in a clay structure (~3.3 A
(15, 16)). However, this model does not explain the reduction
of the Co—Co, distance in sorption samples (3.12 = 0.02 A)
compared to a/3 Co(OH),, (3.17 A). In contrast, shortening of
the Co—Co, distance agrees with model 1 because the presence
of tetrahedral sheets in clays reduces the lateral dimension of
the octahedral sheet (16). For instance, d g, equals 3.06 A in
talc (2:1 clay (17)), 3.07-3.08 Ain antlgontc and lizardite (1:1
clays (18, 19)), and 3.15 A in Mg(OH),,, (12). The EXAFS
Co—Co, distance in CoKer (3.12 A) precisely corresponds to
that for Co/quartz, but is 0.02 A larger than that determined by
X-ray diffraction (3.10 A). The same difference between EX-
AFS and crystallographic distances was reported by Vaarkamp
et al. (20) for Cu—Cu pairs by using theoretical phase shift
functions derived from ab initio FEFF calculations (21) and in
the present study on Co(OH),, for which a FEFF7.02 distance
of 3.19 A was obtained vs the crystallographic distance of 3.17
A. Consequently, use of FEFF7.02 functions results in over-
estimating by 0.02 A the EXAFS Co—Co, distances determined
for both Co/quartz and CoKer. Interestingly, the reverse was
reported for Teo and Lee’s ab initio functions (20), which yield
a Co—Co, distance of 3.08 A instead of 3.10 A (10).

Model 2 (Fig. 1b) also produces anomalously high N, (6 =
0.9) and N(3.0 = 0.75) values at intermediate surface cover-
age (I' = 5.21 umol/m’®, Table 1). Since Co atoms have 6 =+

0.9 Co neighbors in the Co(OH), component and 3.0 #+ 0.75 Si
neighbors on the quartz surface, then the assumption of model
2 (Fig. 1b) requires that at least 85% (N, = (6 — 0.9)/6
0.85) of Co is in the Co(OH),, and a minimum of 56% (Ng
(3 — 0.75)/4 = 0.56) is complexed to four SiO, tetrahedra,
75% to three tetrahedra (2.25/3 = 0.75), or 112% to two
tetrahedra (2.25/2 = 1.12). In all cases, the total amount of Co
exceeds 100%, demonstrating the incongruity of model 2,
Also, Ng is low (1.1 = 0.3, Table 3 in (8)) at the lowest surface
coverage (I' = 0.77 pmol/m®). This result conflicts with the
hypothesis that mononuclear surface complexes bonded to
510, tetrahedra would form first and then provide nucleation
sites for the formation and growth of Co(OH),,, multinuclear
complexes (p. 2526, column 2 in (8)), because in this case Ny
should be maximum at low surface coverage and should de-
crease with increased loading.

Il

Precision of Structural Parameters Obtained from EXAFS
Spectra

The only apparent deficiency of model 1 is the d ¢, dis-
tance, which is approximately 0.1 A larger than expected for a
clay structure (3.37-3.46 A vs ~3.30 A). This difference of
distance contrasts with the strong spectral likeness observed in
Fig. 2b, and needs to be examined in detail. Therefore, the
EXAFS spectrum obtained at intermediate surface coverage
(I' = 5.21 pmol/m®) by O’Day et al. (8) was carefully digitized
and reanalyzed using the standard Fourier-filtering procedure
(22). The Co~(Co, §i), contribution obtained by Fourier back-
transforming peak B was least-squares fitted using phase shift
and amplitude functions calculated with FEFF7.02 (21, 23) and
following the fitting procedure adopted by O’Day et al. (8).

Figure 5a compares the Co—(Co, Si), contribution to the
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FIG. 5. Fourier filtered Co—(Co, Si), contribution to EXAFS. (a) Two-
shell fit obtained by O’ Day et al. (8) by assuming 3 Si at 3.40 A (6> = 0.005
A% and 6 Co at 3.12 A (¢* = 0.007 A?). (b) Two-shell fit by assuming 4 Si
at3.33 A (o = 0.006 A® and 6 Co at 3.12 A (¢ = 0.008 A?).

theoretical spectrum obtained by assuming Ny = 3 at Rg; =
340 A (0 = 0.005 A%), No, = 6 at Re, = 3.12 A (o = 0.007
AZ) and a threshold energy variation (AE,) of 1.6 eV as
obtained by O’Day et al. (Table 3 in (8)). In EXAFS spectros-
copy, o and N are strongly correlated, while R and AE, are
moderately correlated. In two-shell fits, N and R can be slightly
correlated whenever the two shells strongly overlap and one
shell predominates. For this reason, O’Day et al. (8) chose to
| fix N¢, to be 6 and o to be 0.005 A?, and to vary N and o,
during the spectral simulation. This strategy is arbitrary, and
others may be adopted. We decided to allow o® and AE, to
Vary and to fix N to its values in a 2:1 (i.e., No, = 6, Ny, = 4)
and then in a 1:1 (i.e., Ng, = 6, Ng; = 2) clay structure. In the
first case, structural parameters converged to Ry, = 3.33 A (vs
343 A in (8)), 02 = 0.006 A}, R¢, = 3.12 A, o2, = 0.008 A?,
and AE, = 3.4 ¢V, and in the second to Rg; = 3.34 A, ¢ =
00025 A%, R¢, = 3.12 A, 02, = 0.008 A, and AE, = 5.8 eV.
The quality of the fits obtained with these new parameters (Fig.

5) is similar to that reported by O’Day et al. (8) as confirmed
statistically by the factor of merit R, = 2 (k’Xop — K'xu)/
E(k Xexp) > Which is equal to 5 X 107 for their fit and to 3 X
10~ and 2 X 107" assuming a 2:1 and 1:1 clay local structure
respectively, in our analysis. The values of os and o, for the
2:1 model are similar, if not identical, to values for reference
clay structures (24, 25). For instance, o determined in non-
tronite by polarized EXAFS is equal to 0.005 A* (26). The
lowering of N; from 4 to 2 in the 1:1 model was compensated
by a decrease in the disorder term o3 from 0.006 to 0.0025 A,
This last value is anomalously low suggesting that Co atoms
are unlikely to have a pure 1:1 local structure. However, due to
the low precision on Ng and og, powder EXAFS cannot
distinguish a pure 2:1 from a mixed 2:1-1:1 clay local envi-
ronment.

The previous computations demonstrate that the uncertainty
on R is much higher than +0.02 A as stated by O’Day er al.
(8) and is closer to the value of +0.06 A reported by Schei-
degger et al. (27). The relatively poor precision on Rg, and
more generally on structural parameters of the Si; shell (R,
Ng, og), comes from the facts that this atomic shell not only
overlaps with the nearby intense Co, shell (Fig. 3), but also that
the Co—Co, and Co-Si, electronic waves are nearly in phase
over most of their wavevector range (Fig. 3 in (8)). These
features destabilize structural parameters of the Si, shell during
the fitting procedure (14, 26).

In summary, the formation of Co(OH),, precipitate mixed
with some inner-sphere mononuclear Co complexes on quartz
(model 2) is not supported by EXAFS data. Rather, these data
are consistent with the neoformation of a clay compound
having ideally a CoKer-like structure. The uniqueness of this
interpretation is assessed below.

DIFFERENTIATING CLAY AND HYDROXIDE
STRUCTURES BY EXAFS

Clay Structure

In clays the contribution to EXAFS from nearest Si, atoms
located in the tetrahedral sheet (Tet) is hidden by the predom-
inant contribution of the octahedral sheet (Oct). Overlap be-
tween the contributions of successive atomic shells increases
with distance from the central atom. Therefore, with few ex-
ceptions (25, 26), the quantitative EXAFS spectral analysis of
layered clay minerals essentially has been limited to the three
nearest shells (Me—O, Me-Me,, Me—Si,) located within ~3.3
A. Manceau et al. (26, 28) recently extended this limit in
polarized EXAFS (P-EXAFS) experiments on self-supporting
clay films. In a P-EXAFS experiment, the contributions from
out-of-plane tetrahedral cations are minimized when the X-ray
polarization vector is in the ab plane of the layer (parallel
orientation) and, conversely, the contributions from octahedral
layer cations (Me) vanish when the polarization vector is
aligned along the [001]* direction (normal orientation). This
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F are at the same z position and Oct-O, distances are cohere
230 r a A B mg'?:tt: Nontronite In dioctahedral clays, the O, atoms undergo a vertical disp]a(:::
300 ' & ! —— in-plane ment to relieve the misfit between the octahedral sheet ang the
250; A .:;. ..... out-of-plane attached tetrahedral sheet (29), and this corrugation of the
= E : DL oxygen basal plane splits the Me-0, distances causing the
% 200f & Me-Octp disappearance of peak D in the experimental RSFs of nontrg.
1= 3 ©  Me-Tets : 1o
L q50F 'E Me-Inter nite (26).
Tk = F (d) Peak E originates from the next-nearest tetrahedral she]|
1 E (Tet,, Fig. 4a, Table 2).
50 (e) Peak F originates predominantly from the next-neareg
A N i ¥ L octahedral shell (Oct,) in the parallel orientation, and from the
1 ” 3 4 5 g third-nearest tetrahedral shell (Tet,) and from interlayer cationg
R+ AR (A) in the normal orientation (Fig. 4, Table 2).
[ b A B Biotite These results have several important consequences for the
& - structural interpretation of spectra of layer silicates. In par-
i — vplane ticular, the simultaneous presence of peaks D and E indj.
o [l ) &7 i cates that SiO, tetrahedra bridged to a layer of edge-sharing
(.:f octahedra are not isolated but polymerized to form a clay-
E 100} like tetrahedral sheet (Fig. 4a). The occurrence of peak D
indicates that apical oxygens of SiO, units, which are not
50: bonded to Oct cations, form a noncorrugated two-dimen-
- sional oxygen framework, i.e., a trioctahedral clay-like
. structure. Also, peak F contains, among several overlapping

R+ AR (A)

FIG. 6. (a) k’-weighted polarized radial structure functions at the Fe
K-edge for dioctahedral nontronite (a) and trioctahedral biotite (b) in the
parallel (full line) and normal (dotted line) orientation.

technique was employed to analyze the nature of higher shell
contributions in a trioctahedral biotite and a dioctahedral non-
tronite smectite (26). P-EXAFS measurements and ab initio
FEFE7.02 calculations (21) were used to identify the structural
origin of the different RSF peaks (Fig. 6). The main conclu-
sions are as follows: J

(a) Peak B corresponds to the overlapping contributions of
the nearest octahedral (Oct,) and tetrahedral (Tet,) shells. The
Me-Tet, component is selected in normal orientation, and the
Me—Oct, component is greatly enhanced in the parallel orien-
tation (Fig. 6a). This angular filtering of overlapping contribu-
tions increases the precision on Ny, and Ng.,.

(b) Peak C (Fig. 6b) is located at twice the distance of peak
B, and corresponds to the third Oct shell (Oct;) at R = 6.2 A
(R + AR = 5.8 A, Fig. 4b) (8). This peak is amplified in
trioctahedral structures (biotite, Fig. 6b) by a shadowing (fo-
cusing) MS effect as demonstrated by O’Day et al. (25).
Conversely, this MS path is absent in dioctahedral structures
(nontronite, Fig. 6a) because of the existence of vacancies that
break the focusing of the electronic waves (26).

(c) Peak D corresponds to the contribution of the O, shell of
the tetrahedral basal plane (Fig. 4a, Table 2). This peak is
intense in trioctahedral clays (biotite) because basal oxygens

shells, the Tet; contribution from the ditrigonal SiO, ring
typical of clay structures (Fig. 4a). Unfortunately, these
different tetrahedral contributions are lowered in powder
measurements because of the absence of angular amplifica-
tion of atomic shell contributions. Therefore, the amplitude
of spurious side-lobe peaks, generated by the limited k space
integration interval during the Fourier transform of EXAFS
spectra (22), must be minimized in order to assign the low
intensity peaks in the mid-distance range of powder RSFs.
This was achieved in the present study by using a Kaiser
apodization function, which practically nullifies the inten-

TABLE 2
Principal Atomic Shells Contributions around Co in Co(OH)y,
and around Mg in Talc (12, 17)

Talc® Co(OH),,,

Shell R (&) RSF peak Shell R (A) RSF peak
60, 2.05-2.08 A 60 2.10 A
6 Mg, 3.05 B 6 Co, 3.17 B
4 8i, 3.24 B 60 3.80 B
20, 3.35 B 6 O 4.06 G
6 0, 3.69 B 2 Co}t 4.64 H
40, 4.05 D 120 4.95 I
4 Si, 4.45 E 60 5.15 I
6 Mg, 5.29 F 6 Co, 5.50 I
8 Si, 5.40 F 12 Codt 5.62 1
6 Mg, 6.11 c 6 Co, 6.34 C

“In Co-rich kerolite interatomic distances are slightly larger due to the
difference of ionic radii between Mg (0.72 A) and Co (0.745 A) (99).
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FIG. 7. Fk*-weighted radial structure functions at the Co K-edge for Co-
tich kerolite (a) and Co(OH),, (b). (c) Modulus (RSF) and imaginary part of
the Fourier transform for Co-rich kerolite and Co(OH),.

Sity of side-lobe peaks (30, 31). For instance, the absence of
Fourier transform rippling peaks is seen in Fig. 6a by the
lack of features in the [3.4, 3.8 A] R + AR interval at the
bottom of the very intense B peak. Figure 7a shows that,
inder such spectral treatment, peaks D, E, F, and C are
Clearly identifiable in the powder RSF of CoKer. Peak C
shows up more strongly than in biotite because the octahe-
dral sheet of CoKer is made up only of strongly backscat-
ering Co atoms, whereas in biotite it contains Fe and Mg
dtoms. Also, the fact that Fe-Fe and Fe-Mg electronic

Waves are out-of-phase (32) contributes to lessen peak C in
lotite,

Hydroxide Structure

The RSF of Co(OH),, (Fig. 7b) is compared to CoKer in
Fig. 7c. As expected from the difference of the Co—Co, dis-
tance in Co(OH),, and CoKer (3.17 vs 3.10 A), peak B is
shifted to a higher distance in Co(OH),,. The higher distance
peaks bear distinctive features between hydrous silicate and
hydroxide frameworks. Peak C obviously arises from MS paths
between Co—Co,; pairs as in CoKer (Fig. 4b). Ab initio
FEFF7.02 calculations showed that peaks G to J result pre-
dominantly from the single scattering (SS) contribution from
nearest O (peak G) and Co (peak H) atoms of adjacent layers
located at R = 4.06 and 4.64 A, from layer oxygens at
4.95-5.15 A (peak I), and from the layer Co, shell at 5.50 A
plus the next nearest Co shell from adjacent layers at 5.62 A
(peak I, Figs. 4b and 4c, Table 2). Co(OH),, has a one layer
close-packed hexagonal structure, and the mutual arrangement
of successive layers can be described by the notation A, B, and
¢ in which capital letters stand for unequivalent crystallo-
graphic sites occupied by OH groups, and the lowercase letter
for the positions of Co (Fig. 4c). The one layer stack can be
denoted . .. AcB-AcB-AcB . ... Anions from successive lay-
ers form an empty octahedron (B—A stack) so that Co atoms are
surrounded by 3 O}% from the lower sheet (B) and 3 O™ from
the upper sheet (A) of adjacent layers (peak G). Cation sheets
are instead juxtaposed vertically (... ccc...), and each Co is
therefore neighbored by 2 Co}® of adjacent layers (peak H, Fig.
4c, Table 2). Manceau et al. (28) first documented this capacity
of EXAFS to identify atoms located in adjacent layers by
P-EXAFS experiments and FEFF7.02 simulations on CoOOH
self-supporting films.

Comparison of the Fourier Transforms for Co(OH),,, and
CoKer '

The previous analysis showed that layer hydroxide and
silicate frameworks have a distinct mid-range structure. Peaks
D and G both arise from oxygens at similar distances, but peak
E (in CoKer) originates from Si, atoms at ~4.5 A and peak H
(in Co(OH),) from Coi¥ atoms at 4.64 A, so that the Co—Si,
and Co-Co}” waves should have a different phase. Also, peak
J in Co(OH),, results only from Co atoms (Co, + Co¥)
whereas peak F in CoKer contains contributions from Co (Co,)
and Si (Tet;) atoms (Figs. 4 and 7a, Table 2). Consequently,
these two structures should and do yield a discernible signal in
the [3.8, 5.4 A] R = AR interval (Fig. 7c). The oscillating
curve is the imaginary part of the FT, and the envelope of
this curve is the amplitude or RSF (RSF = [Im(FT)> +
Re(FT)*]"*). The imaginary parts of peak A are superposed
because Co—O distances are identical in the two structures
(2.08-2.10 A), while those of peaks B and C possess the same
frequency but are shifted in position due to the difference of
Co-Co; and Co-Co; distances in Co(OH),, and CoKer. The
two imaginary parts have a complex and very different shape
in the [3.8, 5.4 A] R + AR interval, thereby allowing reliable
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fingerprinting of hydroxide and layer silicate structures. It
should be emphasized that the unique imaginary part frequency
of CoKer in this mid-distance range arises directly from the
contributions of the Si, and Si; shells so that it can be used to
trace the existence of a two-dimensional SiO, corner-sharing
ring typical of clay structures (Fig. 4a).

STRUCTURAL EVIDENCE FOR THE NEOFORMATION
OF A Co/CLAY IN Co-SORBED QUARTZ

The Fourier transform of the full EXAFS spectrum for
Co/quartz (Fig. 2) closely resembles that of the Co/clay refer-
ence over the entire R + AR range (Fig. 8). Specifically, the
similarity in mid-range wave frequency (Fig. 8c) is compelling
evidence that the local atomic environment around sorbed Co
is identical to that in a layered trioctahedral clay.

The specific mid-range structure of clays in R space should
be also recognizable in reciprocal k space, and it is interesting
to determine what sort of peculiar feature this structure gives
rise to in the full EXAFS spectrum. We performed an inverse
Fourier transform (FT™") of real and imaginary parts by choos-
ing two types of R + AR windows. The FT ' was initially
performed in the [0-10 A] interval in order to test that our
Fourier transformation code satisfies Fourier’s inversion theo-
rem, which states that the FT™' restores the initial spectrum,
i.e., that the k — R — k double Fourier transformation does
not lower the wave amplitude or, worse, create spurious spec-
tral features. Fourier filtered EXAFS spectra for CoKer and
Co/quartz are barely distinguishable from raw spectra (Figs. 9a
and 9b). The only difference is that the recalculated spectrum
for Co/quartz is less noisy because the double Fourier trans-
formation eliminated the high-frequency part of the statistical
noise in the [10-0c A] R + AR range. The FT ' was then
performed in the [0-3.4 A] + [5.3-10 A] interval. Omitting
the mid-range contribution significantly modifies the shape of
EXAFS spectra (k’x) in the 4-5 A™' range and also apprecia-
bly changes the amplitlide of the main oscillations (Figs. 9c
and 9d). The [3.4-5.3 A] FT ' was also computed (Fig. 9d)
and is identical to the difference between k’y,,, and k’y
(10-3.4 Al + [5.3-10 A]) as a result of the additivity
property of the Fourier transform. The amplitude of k*y ([3.4-
5.3 A]) is highest near k = 4—5 A~ and then decreases above
this range. The k dependence of the wave amplitude indicates
that this sine function has a structural origin because if it were
noise the amplitude would have increased with k. This numer-
ical analysis demonstrates that the spectral differences ob-
served between k’x.,, and k’x ([0-3.4 A] + [5.3-10 A)) are
significant, and it provides additional proof that the [3.4-5.3
AR + AR region contains meaningful structural information.

The spectral differences (Fig. 2a) observed between
Co(OH),, and Co-sorbed quartz can now be explained in
structural terms. The spectral dissimilarities in the 4-5 A~

range pertain to the distinct mid-range structures of these two
compounds. In Co(OH),, the shoulder at 4 A~ decreases in

—— Colquartz

t b —— Colquariz
250} g 0 e CoKer
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50f B
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FIG. 8. k’-weighted radial structure functions at the Co K-edge for Co/
quartz. compared to Co(OH),, (2) and to Co-rich kerolite (b). (c) Modulus
(RSF) and imaginary part of the Fourier transform for Co-rich kerolite and
Colquartz. (T' = 9.21 wmol/m?).

amplitude and moves to higher k values when the [3.4-5.4 A]
R + AR contribution is eliminated (data not shown). The
second major spectral difference is the higher frequency of the
EXAFS signal for Co(OH),,, which stems from the larger
Co—Co distances in hydroxide than in layer silicate structures
(3.17 A vs 3.10 A and 6.34 A vs 6.20 A). The difference in
phase is more pronounced at high & because of the higher
weight of Co—Co pairs in this wavevector range.

In conclusion, Co atoms polymerize in the form of an
edge-sharing layer framework bridged to a two-dimensional
silica framework as in 2:1 and 1:1 clay structures (Fig. la)
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FIG.9. Raw k’-weighted Co K-edge EXAFS spectra for Co-rich kerolite and Co/quartz compared to Fourier filtered spectra. The R + AR interval of the
back Fourier transform is equal to [0-10 A] in (a) and (b) and to [0-3.4 A] + [5.3-10 A] in (c) and to [0-3.4 A] + [5.3-10 Al and [3.4-5.3 A] in (d).

when they sorb on quartz, and this occurs regardless of the
surface coverage (0.77 < T’ < 9.21 pmol/m?). To corroborate
this structural interpretation, chemical evidence for the pre-
ferred formation of Co clays is presented next.

STABILITY OF Co-CONTAINING PRECIPITATES AND
FORMATION MECHANISM OF Co/CLAYS

The system of Co/clays, CoKer, Co/Chrysotile (CoChrys),
and Co/Stevensite (CoStev), is an analogue to the naturally
occurring Mg layered silicates common in alkaline lake envi-
ronments (33). For example, Khoury ez al. (34) and Eberl et al.
(35) discussed solid and solution evidence for formation of
mixed-layer kerolite/stevensite in the Amargosa Desert, Ne-
vada. Reports of stevensite formation on diatoms in alkaline
lakes also provide evidence for nucleation of these types of
clays on silica phases in nature (36). These observations are
consistent with our reinterpretation of the EXAFS data. We
have calculated theoretical stabilities of the Co/clays, and
compared these calculated solubilities along with the measured
solubility of Co(OH),, (37) to the experimental solution com-
positions reported in O’Day ef al. (8). We also performed a set
of experiments to measure Si dissolution from quartz under
experimental conditions similar to those of O’Day et al. (8) in

order to better assess the stability of Co/clays. Finally, using
the theoretical and experimental results we evaluate possible
mechanisms of Si incorporation into a Co/clay phase.

Experimental Determination of Silica Release Rates from
Quartz '

Experimental methods. 'The experimental design was mod-
eled after that of O’Day et al. (8). The quartz was from the
same lot as the quartz sand used by Rimstidt and Barnes (3) (H.
Barnes, personal communication). Quartz was washed in 4 N
HCl ten times for a total period of 8 h at 60 = 10°C to simulate
the extensive acid washing in the published study. The quartz
was rinsed 25 times in deionized water and then dried in an
oven at 65°C for 2 weeks. The surface area of the quartz was
0.206 m*/g as determined by BET N, adsorption using a
Micromeritics surface area analyzer. Co(NO;),, NaNO;, and
NaOH solutions were prepared from ACS reagent-grade salts
and 18 M{)/cm deionized water. pH was measured using a
glass Ross combination electrode calibrated against buffers
traceable to NIST (National Institute of Standards and Tech-
nology). pH measurements took place within 5-10 min after
opening the experiments, and under a headspace of N,(g).
Estimated accuracy of the pH measurements is +0.05 pH units.
Some drift in pH was observed over a measurement petiod of
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TABLE 3
Quartz Dissolution Rates in the Presence of Co for Experiments of This Study

Exp. Solid/liq

Equil. Si diss. g
number (m*/L) [Col (uM) [COlgra (M) pH; (pH;) I’ (umol/L) time® (h) Duration” (h) [Silgoa (M) (mollml,vS)
QCol 39.0 664 658 6.70 (7.67) 0.154 5227 95.20 138 L0310
QCo2 39.0 664 655 6.80 (7.83) 0.231 48.98 92.00 145 L1210
QCo3 39.0 664 630 7.18 (8.45) 0.871 43.55 86.75 140 115101
QCo4 39.0 0 0 ¢ 0 0 16.85 20 8.3710°%
QCo5 39.0 0 0 6.85 (7.48) 0 0 92.58 137 1.0410™1
QCob 0 664 666 7.15 (7.69) 0 51.00 93.70 0 0
QCo7 39.0 664 665 ¢ 0 0 40.67 51 8.93101
QCo8” 39.0 664 627 6.51 0.949 94.03 143.53 198 9.83107"
QCo9* 38.6 1314 1283 7.28 0.803 48.37 97.97 140 1.03107"
QCol0° 38.6 1314 1290 6.55 0.622 94.30 143.88 186 9.3107"
QCol1? 77.2 1314 1291 5.90 0.298 48.33 98.05 203 745107
QCol2? 39.2 337 237 729 2.55 92.68 142.45 158 7.87107"
QCol3* 24.8 337 228 7.55 4.40 92.97 142.80 115 9.0107"

* Time during which experiment equilibrated after addition of NaOH.

¥ Total duration of experiment, including pre-equilibration with 0.1 M NaNO, and Co(NO,),.

“ pH was not raised by addition of NaOH.
“TInitial pH was not measured after addition of NaOH.

20 min. Si was measured using the molybdate blue method
(38) and a Bausch and Lomb Spectronic 501 UV-visible light
spectrophotometer with an uncertainty of +3%. Si standards
were prepared with a spectroscopic standard, but without the
NaNO, matrix. Co was determined using inductively coupled
plasma atomic emission spectroscopy (ARL 3410+) with an
uncertainty of *£3%. Co standards were prepared using a
spectroscopic standard and a matrix of 0.1 M NaNO,.

The experiments were performed similarly in terms of an
initial equilibration of quartz in 0.1 M NaNO; for 15 to 17 h,
equilibration with added Co(NQ,), for 24 h, and a final reac-
tion period initiated by raising the solution pH using NaOH.
All experiments were conducted at room temperature, 22.4 *+
0.4°C. The final period during which pH was raised varied in
length from 46 to 97 h. Solid surface area to solution ratios
ranged from 25 to 77 m*/L, 13 to 41% of the values in O’Day
et al. (8). Experiments were carried out in 50 mL plastic test
tubes in which the solutions were sparged with Ny(g) for 10
min prior to adding the Co(NO,),. After addition of the
Co(NO,),, the headspace in the test tubes was flushed with
N2(g) and the test-tubes were cap-sealed with Teflon tape. The
test tubes were rotated 360° on a LabQuake rotator turning at
approximately 8.5 revolutions/min. We did not raise solution
pH significantly above the solubility curve of Co(OH), at any
Co concentration. Most experiments were maintained below
Co(OH), solubility.

Experimental results. Results are shown in Table 3. Be-
cause the surface area to solution ratio was lower in our
experiments and because the pH was not raised very high, the
measured drop in Co concentration was smaller than in the
experiments of O'Day et al. (8), and in a number of cases
statistically immeasurable. However, for experiments with

196

measurable Co sorption, calculated surface coverages are sim-
ilar to those reported by O’Day et al. (8).

The primary result is that Si concentrations rose to near or
slightly above quartz solubility within the maximum reaction
time of 144 h. Calculated Si dissolution rates are constant with
time and average 9.5 * 1.3 X 107" mol/m?/s. There is no
statistically significant dependence of the Si dissolution rate on
either pH or Co concentration. For cases with measurable
sorption, Co sorbed quickly upon raising solution pH and then
remained at a constant concentration in solution. In all exper-
iments, the pH of the solution decreased with time.

The dissolution rate of Si is ~7 times higher than the highest
reported dissolution rates for quartz (39) at 23 to 25°C and near
the highest value reported for the dissolution rate of fused silica
powder at 25°C (3). This may occur because the surface is
behaving as though it were amorphous silica, probably because
of the extensive acid pretreatment. The pH of the solution in
QCol-3 and QCo5 after contact with 8.84 g of quartz for
41-43 h was 4.85 to 4.88 vs 5.60 in the similar experiment
without quartz. The continued decrease in pH over time in
experiments with quartz may be explained either by clay for-
mation or by diffusion of residual acid outward the surface
layer into the solution.

Dissolution Equilibria for Solubility of Co/Clays and
Co(OH),

The solubilities of CoKer (Co05Si,0,(OH),), CoChrys
(Co,8i,05(0H),), and CoStev (NaCo, ;Si,0,,(0H),) were cal-
culated using the free-energy approach of Tardy and co-work-
ers (40—43) (Appendix).

To our knowledge, the solubility product (K..) of the
CoKer dissolution reaction,
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603514010(OH)2 +6H'+ 4 H,0 — 3 Co*" + 4 Si(OH),,
(1]

pas not been determined experimentally. Our calculations lead
0 Jog(K coker) = 15.1 = 3.7 for poorly ordered CoKer. K ke
al[ematively can be estimated by writing Eq. [1] as the sum of
gwo reactions, the first involving the replacementlof Co by Mg
in the kerolite framework, and the second describing the dis-
solution of Mg-rich kerolite:

C033i4010(0H)2 + 3 Mg** —
Mg;8i,0,0(0H), + 3 Co®* [2]

Mg,SiO10(OH), + 6 H* + 4 H,O —
3 Mg?* + 4 Si(OH),. [3]

Hence, K coxe can be written as the product of the Co-Mg
partition constant, K ¢, (stability constant for Eq. [2]) and .the
solubility product of Mg-rich kerolite, Kygx. (Eq. [3]). Taking
Koowe = 107 (44) and Kygew = 1077 (45), log(K cocer)
equals 16.6. This value lies within the uncertainty range of the
constant calculated by the method of Tardy and co-workers
(15.1 = 3.7). In the following discussion K coke will be taken to
bﬂ 1015.l:3.’i"

Likewise, the solubility of CoChrys according to the reac-
tion

C0,5i,05(OH), + 6 H* — 3 Co*" + 2 Si(OH), + H,0

(4]

was determined to be 10%* by the free energy method of
calculation. The solubility of CoStev for the reaction

 NaCo, 58i,0,o(OH), + 6 H + 4 H,0 —
Na* + 2.5 Co** + 4 Si(OH), [5]

was determined to be 10"?. CoStev is a likely clay phase
because the Co-sorption experiments were carried out in 0.1 M
NaNO, solutions. Na sorbs onto amorphous silica with a sorp-
tion edge at pHs between 6 and 7 at 25°C for 0.001 and 0.01
M solutions (46). These data suggest that in 0.1 M NaNO,, Na
would also sorb onto quartz and be available for incorporation
into a clay structure.

The relative stability of Co(OH),,, and Co/clays during the
sorption experiments can be obtained by determining the sol-
ubility (i.e., the saturation concentration) of Co with respect to
the solids as a function of pH. However, the solubility of Co
with respect to the Co/clays depends on the activity of both H*
and Si(OH),. Since O’ Day et al. (8) did not measure dissolved
Si, the solubilities for the Cofclays were calculated for two
cases (Fig. 10): (a) the concentration of Si(OH), is fixed by the
COIlgruént dissolution of the Co/clays, and (b) the concentra-
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FIG. 10. Saturation concentration (M) of Co with respect to pink stable
Co(OH),,, (dotted line) and to various Co/clays: Co-rich kerolite (CoKer),
Co-rich stevensite (CoStev), and Co-rich chrysotile (CoChrys). (a) [Si(OH),]
= 183 pM controlled by quartz solubility at 25°C. (b) [Si(OH).] controlle:d by
congruent solubility of the Co/clays. Triangles and squares refer respec_tlvely
to the (hypothetical) initial and final chemical conditions for the preparation of
sorption samples of O’Day et al. (8). Open circles refer to the sorption samples
obtained in this paper.

tion of Si(OH), is at saturation with respect to quartz, il.e.,
[Si(OH),] = 183 uM at 25°C (2), this last choice being
substantiated by the high concentrations of dissolved Si mea-
sured in our own experiments. For each case, activity coeffi-
cients were calculated using the Davies equation and assuming
a 0.1 M NaNO, background (47). Plots of aqueous Co con-
centration (Fig. 10) show that all three Co/clays have a much
lower solubility than pink Co(OH),, below pH 9. Additional
calculations for various values of [Si(OH),] showed that the
solubility of Co becomes higher for CoKer than for pink
Co(OH),, only when [Si(OH),] < 5 uM, which is well below
the solubility of quartz.

Thermochemical Evidence for the Precipitation of a Co/
Clay-like Compound

The next step of this analysis consists in placing the Co
sorption samples studied by O’Day et al. (8) in the [Col., =
f(pH) equilibrium diagram. Initial sorption pH (pH,) values are
not available, but they must be greater than final pH values
(pH,, Table 1) because the sorption of Co or the formation of
a Co-containing solid both result in an acidification of the
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supernatant. Therefore, pH; is bounded at low pH by pH; and
we decided to choose pH; = pH;, for the representation of the
initial chemical conditions. Samples A, B, and C of O’Day et
al. (8) are not represented because final Co concentrations were
below their detection limits. Figure 10 shows that Co was
initially sorbed from solutions greatly oversaturated with re-
spect to CoKer, and at a minimum slightly undersaturated or
oversaturated with respect to Co(OH),. This conclusion is
valid even if pH; is increased by ~0.5 to 1 unit. The final
solutions are all undersaturated with respect to Co(OH),, and
are oversaturated or near saturation with respect to the Co/
clays. This analysis of the thermodynamic stabilities of sec-
ondary Co precipitates clearly supports the interpretation of
Co/clay formation determined by reassessing the EXAFS data.

Our new experimental data also indicate supersaturation or
near saturation with respect to the Co/clays and undersaturation
with respect to Co(OH),, (Fig. 10). Although EXAFS spectra
were not obtained for these samples and Co sorption was not
universally demonstrated, the solution analyses provide sup-
port for the hypothesis that measurable Si was present in the
solutions of O’Day et al. (8).

The solubility curves for the Co/clays in Fig. 9 were plotted
for dissolved silica concentrations at equilibrium with respect
to quartz. Such a high Si concentration is compatible with the
fast dissolution rates observed for our acid-treated quartz.
However, a number of experiments have shown that this sat-
uration concentration is attained only after several years of
reaction for clean quartz surfaces (2, 3, 48). In the next section,
we discuss how such a high dissolved Si concentration relates
to the formation mechanism of the clay.

Mechanism of Si Incorporation in the Co/Clay

The amount of Si required to form Co/clay in the experi-
ments of O'Day ef al. (8) was calculated from the Co surface
excess by assuming a Co:Si ratio equal to the stoichiometric
ratio in CoKer, i.e., 3:4. This amount is rather high, reaching
2244 uM for I' = 9.21 pmol/m? (Table 1). Si must come either
from silanol groups in the quartz surface or from dissolved Si.
The quantity of dissolved Si within the time scale of the
sorption experiments of O’Day et al. (8) can be estimated
either from our measured dissolution rates (=10~"" mol/m?/s)
or from quartz dissolution rates measured in the absence of
hydrolyzable cations. These rates range from 10™"2 mol/m?*/s at
pH 7.0 to 107" mol/m®/s at pH 11 for reaction times between
50 and 300 h (49), and drop by one order of magnitude after
400 days (39). The total amount of dissolved Si for a reaction
time of 42 h plus a minimum pre-equilibration time of 12 h
(I' = 9.21 pmol/m?) is thus between 36 (rate of 10~ mol/
m?*/s) and ~380 uM, which is much less than the amount of Si
needed to incorporate all of the adsorbed Co in the form of
Cof/clay (2244 pM for I' = 9.21 pwmol/m*). A number of
hypotheses might explain this difference. The first set is related
to the formation of a Co/clay coating at the quartz surface, or
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within an amorphous surface layer. The second set is relateg o
the precipitation of Co/clay in solution and requires enhangy
dissolution of quartz.
The apparent paradox between clay neoformation and defigy
of Si released by quartz dissolution can be explained by a.
suming that the clay coating forms at the quartz—water iney.
face. The harsh acid treatment at 65°C performed by O’Day ¢ i
al. (8) likely altered and disorganized the quartz  surfg
through protonation and hydrolysis of Si—-O-Si bonds, For
instance, a thick (>1000 A) surface layer of amorphous silicy
formed upon leaching chain silicates at pH 2, within Which
reconstructed linkages of Si tetrahedra were observed by HR.
TEM (50). Linked Si tetrahedra also have been observed by
HRTEM and XRD in the surfaces of weathered natural glasges
(51). In pure water Vigil et al. (52) and Axelos ef al. (53)
demonstrated that the surface of silica reconstructs to a 20 A
thick siliceous gel. Therefore, sorbed Co™* may diffuse into the
amorphous layer and form a (Co, Si) gel which rapidly trans.
forms into a clay phase (Fig. 1a) upon aging (44, 54). The
highest experimental surface coverage reported by O’ Day et g
(8) (9.21 pmol/m®, Table 1) is also consistent with the forma.
tion of a Co/clay coating at the quartz surface stricto sensu,
Indeed, the surface density of Co in a clay surface layer i
equal to 6/(a * b) = 6/(b*/V/3) = 12.01 atoms/nm?, or 20.75
pumol/m?, and is thus more than double 9.21 pmol/m®. There-
fore, in O’Day et al.’s (8) experiments, the total surface of
quartz grains was high enough to allow the formation of a clay
surface coating, especially at the highest Co concentration. The
formation of a protective Co/clay coating would passivate the

quartz surface and slow its dissolution. Surface passivation by
a hydrolyzable metal ion may explain the inhibition of quartz
crystal growth observed by Brown and Thomas (55). It is also
consistent with the observation that divalent metal cations such
as Zn**, Cu™, and Be™ slow dissolution rates of glass and
diatoms (56-58).

The alternate hypothesis of Co/clay formation in solution
requires the dissolution rate of quartz to be higher than values
reported in the literature. Several distinct mechanisms may
enhance dissolution. First, Co®" may accelerate dissolution
through direct interaction with the quartz surface. Co would
sorb onto silanol surface groups and promote the detachment of
these groups from the quartz surface by polarizing the chemical
bonds. This adsorption-promoted dissolution mechanism was
proposed by Espinose de la Caillerie et al. (59) for the en-
hanced dissolution rate of yAlL,O; in the presence of Ni*.
They quantified the effect of Ni** by sealing yAl,O, in a
dialysis bag and adding Ni** outside the bag. After two weeks
of reaction, they found that the total concentration of Al
outside the bag amounted to 370 uM, whereas in the absence
of Ni** this amount was as low as 0.74 uM. Second, rapid
dissolution rates are observed in suspensions that are highly
undersaturated with respect to dissolved species (49, 60—62).
For example, Van Cappellen and Qiu (63) found that the
dissolution rate of biogenic silica (diatoms) increased, some-
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y one order of magnitude, when the concentljation of
d Si decreased from 20 to 5% of the saturation con-
n. If the concentration of dissolved Si remains low,
n the dissolution rate may remain high and pro_vide'a con-
l~he ous source of Si for the growing Co/clay nuclei. Third, the
“ﬂ:rtz loads used by O’Day et al. (8) were unusually high, up
4 240 g/L. Agitation of these suspensions inevitably would
Loave led to abrasion of the quartz grains producit.lg freshly
proken and highly reactive surfaces. This mechanical effect
nay have increased the dissolution rate at the surface of
3).
quiarn[zsl(m)lmary, two distinct molecular-level mechar.ﬂsms of
clay neoformation, formation within the ql.:lﬂ.ﬂZ—WE}tGI‘ mte_rface
and precipitation from solution, are co_nsllstent with available
macroscopic and microscopic data. It 1s.1mp01tant to gn'lpha-
size that in neither of these two mechanisms the solubility of
uartz is attained, as true equilibrium takes_several years Fo be
«eached (39). In fact, the concentration of dissolved Si is likely
controlled by reactions in a multiphase _system. In such a
system the Si concentration is controlled neither by. pure quartz
qor by a pure Co/clay, but rather by the tuio simultaneous
reactions of silica dissolution and clay formation.

mes D
jissolve
Cen[ratio

DIFFERENTIATING HOMOGENEOUS FROM
HETEROGENEOUS PRECIPITATION

Five uptake mechanisms that partition- elements between
aqueous and solid phases bave been idqntlﬁed and chafacter—
ized in the past decade using noninvasive Spectroscopic and
structural techniques (Fig. 11):

(a) Outer-sphere surface complexation (OSC). The sorbate
ion and its hydration sphere are retained at a chargecl sur.facc
within the diffuse ion swarm by electrostatic interactions
(64, 65). .

(b) Isolated inner-sphere surface complexation (ISC). Sor-
bate cations or oxyanions bond separately to the sgrface by
sharing one or several ligands (generally oxygens) Wl‘th one or
several cations from the sorbent (7, 66—74). Sorbed ions then
may be incorporated progressively in the sorbent structure
during crystal growth (75). .

(c) Multinuclear surface complexation (MSC). Sorbate ions
polymerize on the substrate, which acts as a structural template
for the heteroepitaxial overgrowth (76, 77). The two p.hasn?-s
may be chemically bonded as in Fig. 11a, or they may maintain
contact by electrostatic interactions, hydrogen bonds, or Van
der Waals forces. But in both cases, anionic frameworks of the
substrate and the surface precipitate are coherently oriented
(Fig. 11b). The multinuclear surface complex may form an
epitaxial solid-solution (mixed-solid) if the sorbent and sorbate
grow simultaneously or a ‘mixed-layered intergrowth (78).
Mixed-layering occurs in many minerals including manganese
oxides, such as lithiophorite (interlayered MnOfA!(OH)J(S)
(79)), and Ni-rich asbolane (interlayered MnO,-Ni(OH)y
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(80)), clay minerals such as rectorite and corrensite (81), and in
the valleriite group of minerals where sulfide and brucitic
layers alternate regularly (82).

(d) Homogeneous precipitation (HP).. A new phase may
precipitate in solution and then be deposited onlo_ tl.le substrate
to form a surface coating (6, 50, 83, 84). The preapitatfad phaj\se
may incorporate species dissolved from the sui?strqte, in which
case the mechanism may be called “dissolution-induced ho-

encous precipitation” (DI-HP).
mc;i) Latticg Di?fusion (LD). The sorbate diffuses into the
sorbent, filling vacancies or substituting for sorbent atoms (31,

85-88).

Differentiating these uptake or precipitation .mt.:charusms? is
important because chemical species sorbed by dlSF]Ilflt sorption
phenomena generally would be remobilized by dlsh.nct chem-
ical processes. For instance, a cation entrapped in a bu}k
structure eventually may be remobilized by decreasmg: its
concentration in solution if it sorbed through a LD mechamm-n.
But if it has been buried during crystal growth (ISC), then its
remobilization necessitates the dissolution of the .sorb.em
phase. Distinguishing these various surface Processes IS.dlfﬁ—
cult and requires combining solution chemistry and_mlr.lcral
surface structural studies in their most advanced application.

The first source of complexity comes from the protocol used
to sorb cations in a suspension and the interpretation of chem-
ical results. Previous investigators (76, 84, 89) showed tha't the
formation of highly reactive polymers and mjxefi hyerXIdes,
for which thermodynamic data may be lacking, 18 possxb}e. A
neoformed phase may precipitate on the surface (MSC) if the
energetics at the sorbent—precipitate interface are favorable‘ or
in solution if its solubility product is reached (HP). Solution
chemistry alone fails at differentiating the processes because
the heterogeneous and homogeneous premp.lta.tes have ’ the
same solubility (76, 84). Also, multiple rate—hrmted_ reactions
may control solution compositions. In this study, it was not

possible to conclude from the available data whether neo_for—
mation of Co/clay resulted from a DI-HP or MSC mechar‘nsm.
However, precipitate nuclei are thought to !mve a lower inter-
facial energy on the surface than in solution and, therf;forc,
MSC should be favored over HP (84, 90). Careful experimen-
tation in which all chemical species are monitored. a‘nd better
information on the solubilities of secondary precipitates are

ed.

ne?l“{ixe second source of complication comes fror_n EXAFS
spectroscopy, which cannot always be used. to disll_ngulsh an
adion coordinated to the surface from a species that is not and,
consequently, to differentiate MSC from DI—.H.P phcnome.na.
This limitation explains the lack of a definitive conclu_s1_on
regarding the mechanism of Co sorption on quart? and sﬂu:g
(5). According to Towle et al. (84) the only concll:flve EXAF

evidence of true MSC concerns the sorption of Cr’* on hydrous
ferric oxide (HFO) and goethite (76). Cr’t atoms were shown
to have a mixed structure representing that of the bulk sorbent

199




194 MANCEAU ET AL.

FIG. 11. Schematic representation of the different surface sorption processes. (a) Projection of the CoOOH structure in the ab plane. MSC, multinuclear
surface complexation represented by an epitaxy of aFeQOH: ISC, mononuclear monodentate and bidentate, and binuclear bidendate inner-sphere ::om lexation;
OSC, outer-sphere surface complexation; LD, lattice diffusion. (b) Example of epitaxy without sharing of oxygens. The . . . AB-AB. . . close-packed ar.ignic la cli
sequence of Co(OH)y is coherently stacked on the .. AB-BC-CA. .. layer sequence of CoOOH. Co(OH)y, has a 1H polytypic structure, and CoOOH a gR.

Small circles are H.

aFeOOH and a precipitate of yCrOOH local structure, even
though the solution was undoubtedly undersaturated with re-
spect to yCrOOH (76). Without such experimental evidence in
any study, the designation of “surface” complex is unsup-
ported.

Heteroepitaxy per se can be demonstrated by polarized EX-
AFS experiments on single crystal or on highly textured self-
supporting films of fine grained layered minerals (28, 91). The
angular dependence of the metal sorbate-metal sorbent pair
contribution is given by

ik, 8) = 3 < cos20, > xL(b),

where j denotes the atomic pair, 0; is the angle between the
electric field vector (€) and the sorbate—sorbent pair, and ., is

the isotropic (i.e., for a nonoriented powder) EXAFS contri-
bution. If the sorbate complex is overgrown on the surface,
then the contribution of the sorbate—sorbent pair will be mod-
ified by varying the angle between the substrate and e. The
orientation of the metal sorbate—metal sorbent pair with respect
to the substrate can be obtained in favorable cases from the
quantitative analysis of angular spectra. This technique has
been used to investigate the sorption mechanism of Co on the
phyllomanganate birnessite (31) and on smectitic clays (11).
For the first time, direct structural evidence has been obtained
for the formation of a monomeric inner-sphere surface com-
plex on the layer edges of smectite. This technique also can be
used to study multinuclear surface layers coherently stacked on
the substrate, because it allows the detection of sorbent cations
located on the other side of the interlayer space as shown in
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FIG. 11—Continued

Fig. 4c for Co(OH), and by Manceau et al. (28) for CoOOH.
Unfortunately, this method cannot be applied to wet pastes and
suspensions.

The best way to discriminate MSC from DI-HP mechanisms
involves combining time-resolved chemical and spectroscopic
approaches. Knowledge of all dissolved species as a function
of reaction time, and for different sorbate to sorbent ratios,
combined with structural data on the evolution of the local
environment of the sorbate species, should provide revealing
information on surface processes. It should be possible to
identify the threshold of surface precipitation or the mecha-
nisms of enhanced dissolution of the substrate by a sorbate ion.
Initial studies in that direction were attempted for the oxidation
of Cr’* by bimessite (88) and for the sorption of Ni** on
pyrophyllite (92). This dual approach should lead to a better
understanding of the mechanism of Co sorption on quartz and,
in turn, provide invaluable information on the formation mech-
anisms of clays in natural systems.

APPENDIX

Calculation of the Solubility Constants

The method of (40—43) was used to calculate AG° of three
hypothetical Co-rich phyllosilicates: Co-rich kerolite (CoKer),
Co-rich chrysotile (CoChrys), and Co-rich stevensite (CoStev).
The parameter AO*~(Me*") of a given metal ion is obtained
from (40, 41)

APPENDIX TABLE 1
AG" for Various Compounds Used in the Calculation
of Co/Clay Solubilities

Compound Phase AG® (kKJ/mol)
Co**(aq)* Aqueous Co*™* —~53.6
Co0,," Crystalline CoO —205.0
Si(OH)," Hydrated aqueous silicate —1309.2
Si0,. ox" Crystalline $10, (quartz) —856.4
H,0¢ Liquid water —237.1
H,0..° Metastable ice at 258°C —223.8

“ From (98) cited by (41), and from (97).
* From (97).
 From (96) used by (43).

A0 (Me™) = AG*(MeO,y,) — AG (MeZ)),

where AG’ (MeO,,,,) and A,G" (MeZ,) are the Gibbs free
energy of formation of crystalline MeO and of the aqueous
Me*" ion. A linear regression relates AO*~ (Me™) to the
Gibbs free energy of formation of the Me-containing clay
(A;G" (Me—clay)), formed out of its constituent oxides (43,
44)

AG" (Me-clay) = A - AO*~(Me™") + B.

The goal is to calculate the solubility products for each of the
Co/clays. Common values of A;G° used in all calculations are
given in Appendix Table 1.

APPENDIX TABLE 2
Chemical Data for the Calculation of the Solubility of CoKer,
CoChrys, and CoStev (in kJ/mol)

AO* AG° AG,, AG,
Mineral  Element (M*) (M-Sil)* (M-Sil) (M=Sil),.."
CoKer Mg** —114.4° —5504.4°  —147.8° -150
Fe** -172.3° —4479.0° —76.4° —69.8
Al —201.13° —5256.7° —25.5° —29.9
Co** —151.3¢ —98.9
CoChrys Mg** —114.4° —4035.5° —167.7 -167.7
Al —201.13° —3784.8 —42.4 —42.4
Co™ —151.3¢ —114.4
CoStev Mg** —114.4° —5549.4°  —3164° —315.2
Fe®* —172.3¢ —4696.3° —258.3¢ —255.4
AP —201.13°  —5345.2°  —217.2° —225.6
Fe** —244.27°  —4613.7° —1854° —181.1
Co** —151.3¢ —2717.1

“ M-Sil stands for poorly ordered M-rich phyllosilicate (M = Mg, Al, Fe,
Co).

* Recalculated from the regression line.

‘ From (43).

¢ From (98) cited by (41).

“ From (41).
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APPENDIX TABLE 3

Comparison of the Solubility Products for Mg-Rich and Co-Rich

Phyllosilicates

Designation log(K ;) log(Kc,) log(Ky,) — log(Ke,)
Kerolite 25.79° 15.11 10.68
Chrysotile 32.17° 22.21 9.96
Stevensite 19.23 .
Me(OH), _16.84¢ 12.48 4.36

“ From (45).

* From (95).

“ From (37).

For CoKer (Eq. [1]), the A,G° values of the M—Sil phases
(M = Fe, Mg, Al) were taken from (43) (Appendix Table 2).
Chemical data for the Fe'* phyllosilicate were excluded be-
cause they do not appear to be of experimental origin. For these
2:1 phyllosilicates, A = —1.3846 kJ/mol, and B = —308.4
kJ/mol (43). A;G" (CoKer) equals —4362.9 kJ/mol, and the
Gibbs free energy of dissolution of CoKer: AGy, (CoKer) =
—86.3 kJ/mol. Thus log(K coxer) = 15.11.

.For CoChrys (Eq. [4]), the regression line was determined
using A;G° values for halloysite (A.G® = —3783.2 kJ/mol)
and chrysotile (A;G® = —4037.2 kI/mol). A,G° (halloysite) is
from heat of solution data (93). Devidal ez al. (94) showed that
the similar value for kaolinite (93) was reliable, placing greater
confidence in the value for halloysite. AG° (chrysotile) is
based on experimental solubility data (95). AG,, values for
chrysotile and halloysite were calculated assuming: A,G°
(AL,O;) = —1582.2 kJ/mol and A,G"° (MgO) = —569.2 kJ/mol
(43) (Appendix Table 2). The linear regression yields A =
—1.445 kJ/mol and B = —333.0 ki/mol. A,G° (CoChrys)
calculated from data in Appendix Tables 1 and 2 equals
—2889.5 klJ/mol, and AGy,, (CoChrys) = —126.8 kJ/mol.
Thus log(K cocnmys) = 22.21.

The calculation for CoStev (Eq. [5]) proceeds in two steps
(43). First, AG°  of K-exchanged Co/stevensite
(KCo,58i,0,,(0OH),) was calculated using values in Table 3 of
Tardy and Duplay (43). A,G° values for the M-Sil phases
(M = Fe, Mg, Al) (43) yield A = —1.033 and B = —433.4
kJ/mol (Appendix Table 2). AG° (K-CoStev) equals —4599.6
kJ/mol. Second, the Gibbs free energy of Na-K exchange of
thf: dehydrated part of the hydrated clay does not depend on the
mineral phase at first approximation (43) and is equal to
AG ;n(K-Na) = 25.2 kJ/mol (Table 5 in (43)), so that A;G° of
Na—CoStev can be easily calculated and is equal to —4573.95
kJ/mol. Thus log(K c.s..,) = 19.23.

Appendix Table 3 compares the solubilities for the Mg/ and
Co/clays. Except for the three calculated values for the Co/
clays, all solubilities listed are obtained from experimental
data. If the thermochemical values for Co compounds (Co**
COO. ..) of (96) or (97) (all values except Ref. 1) are used’
instead of those of Latimer (98), then AG (Co0) ~ —215
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kJ/mol, and the equilibrium constants for all three Co/cly
decrease significantly, e.g., log(Kcoc) = 11.66. In this cas);

the solution compositions of O’Day et al. (8) are Clear]‘

oversaturated with respect to the Co/clays. Thus, the Colcly
solubilities shown in Fig. 10 are upper limits. ¥
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Discussion et conclusion

Les résultats de ’adsorption du zinc a la surface de ’hectorite en présence de silice libre
illustrent de manidre expérimentale le continuum existant entre I’adsorption de cations, la nucléation,
et la néoformation de phyllosilicates. A partir du protocole expérimental utilisé, il est possible
d’étudier I’impact de facteurs tels que le pH [183, 184], la concentration de cations et de silice
dissoute, et la nature de I’électrolyte, sur la cinétique de néoformation et la nature des minéraux
néoformés. D’autre part, ces expériences mériteraient d’étre réalisées sur de plus longues durées, par
exemple afin de déterminer expérimentalement la constante de solubilité des phyllosilicates zinciferes
néoformés. Cette donnée thermodynamique présente un réel intérét pour la prédiction du devenir du
zinc dans le milieu naturel. Une telle étude mériterait également d’étre réalisée avec le nickel, un
cation présent en grandes quantités dans les phyllosilicates des profils d’altération sur roches

ultrabasiques [185].

Dans nos expériences de croissance de phyllosilicates zinciféres, le rapport Mg/Zn en solution a
varié de 0,04 2 prés de 0,87, cependant Mg ne semble pas avoir été incorporé de maniére significative
dans le solide. Ceci est en accord avec la forte affinit¢ de Zn par rapport a Mg pour les phyllosilicates
[165]. Cette différence d’affinité pourrait étre quantifiée en variant [Mgly. 11 serait alors intéressant
de déterminer par cette approche les coefficients de sélectivité de Zn, Mg, et d’autres cations, pour les
phyllosilicates, ainsi que la dépendance éventuelle de ces coefficients avec par exemple le pH et la

température.

L’étude de la fixation du cobalt par le quartz est a replacer dans le contexte plus général du rdle
joué par ce minéral dans la néoformation de minéraux argileux dans les milieux naturels. La présence
d’encrofitements argileux a la surface des grains de quartz naturels [95] atteste de 1’importance de ce
processus de cristallogenese. Pour mieux étudier la réactivité du quartz, il faudrait envisager des
expériences similaires a celles réalisées avec le zinc sur I’hectorite, c’est-a-dire avec contrdle du pH
tout au long de la réaction, dosage de toutes les especes chimiques en solution, y compris Si. Par
ailleurs, la présence probable d’une couche de silice amorphe a la surface des grains de quartz est un

facteur important, dont il faudrait tenir compte a I’avenir [176, 177, 186].
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Cinquiéme partie :
Application a la notion de capacité d’échange
cationique dans les sols

(La capacité d’échange des sols. Structures et charges a Uinterface eau-particule. Article paru dans

les Comptes-Rendus de I’ Académie d’ Agriculture Frangaise)
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LA CAPACITE D’ECHANGE DES SOLS.
STRUCTURES ET CHARGES A L’INTERFACE EAU/PARTICULE

THE EXCHANGE CAPACITY OF SOILS.
STRUCTURES AND CHARGES
AT THE PARTICLE/WATER INTERFACE

par Laurent Charlet (*) et Michel L. Schlegel (*)

(note présentée par Laurent Charlet)

RESUME

La capacité d’échange d’un sol est une donnée empirique, dont la valeur varie selon la
méthode utilisée. Les bases scientifiques des différentes méthodes sont passées en revue.
Les valeurs sont interprétées en termes de différentes composantes de la densité de charge
de surface d'un sol, telles qu'elles ont étés définies par Sposito (27). Parmi les ions asso-
ciés aux particules d’un sol, on distingue ceux présents dans la double couche diffuse et
ceux présents sous forme de complexes de surface. On parlera, dans ce dernier cas, de
complexe hors sphére (CHS) ou de complexe de sphére interne (CSI), selon que l'ion
adsorbé conserve ou non lintégralité de sa sphére d’hydratation. Divers exemples de tels
complexes sont discutés, et les groupes réactionnels avec lesquels ces complexes sont for-
més sont passés en revue. Il est montré que les bordures des particules de phyllosilicates
sont susceptibles de jouer un grand réle dans la chimie des sols, rble négligé jusqu’a pré-
sent. Un cation adsorbé initialement par échange cationique peut former ensuite, en
quelques heures, des CSI sur les cbtés des particules d'argiles. Le temps réactionnel, uti-
lisé dans la mesure de la capacité d’échange et fixé de fagon assez arbitraire. Or elle s’avére
ainsi &tre Pun des paramétres fondamentaux qui conditionnent les valeurs de capacité
d’échange. D'une fagon générale, la capacité d'échange d’un sol ne peut &ire appréhendée
dans toute sa complexité qu’en combinant des approches microscopiques et macrosco-
piques. Les études de chimie aqueuse permettent de décrire et de quantifier, a l'échelle
macroscopique, les réactions d’échange cationique et de complexation de surface. Les
constantes thermodynamiques de ces réactions peuvent étre intégrées aux codes de calcul
de spéciation et permettent de prédire le devenir d'un élément, qu'il soit nutritif ou toxique.
Ces calculs sont néanmoins fondés sur un choix d'écriture des réactions chimiques, choix
qui est sous-tendu par I'image microscopique que I'on a du phénomene macroscopique.
Cette image comprend la structure des complexes formés ou la morphologie des particules
minérales et des polymeéres organiques. Ces données sont maintenant accessibles grace
aux méthodes spectroscopiques (résonance de spin électronique, résonance magnégtique
nucléaire, spectroscopie de structure fine étendue d’absorption des rayons X) et microsco-
piques (microscopie de force atomique des argiles, microscopie électronique par transmis-
sion des matiéres organiques) qui permettent Pobservation des mécanismes réactionnels in
situ, c’est-a-dire dans I'eau, et en temps réel, c'est-a-dire en intégrant la dimension temps.

Mots clés : capacité d’échange ionique, propriété physicochimique du-sol, cation,
adsorption.

(*) Groupe de Géochimie de I'Environnement, LGIT, Université Grenoble | - CNRS, BP 53, F-38041 Grenoble Cedex.
C.R. Acad. Agric. Fr., 1999, 85, n° 2, pp. 7-24. Séance du 10 février 1999.
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SUMMARY

The cation- and anion- exchange capacit i }
_ at i . 'y of soils (denoted respectively CE
i‘;.snafr;] empirically defined macroscopic concept. The CIE'C (and AECF)) vafueév gwcdiggﬁ? J
an ¥ e; nmﬂefa:ggc:': zf)zg} t;f}}% drftr;erent methgds commonly used to measure the CEC are revieq
) ' reby measured is interpreted in terms of the vari '
charge densities as defined by Sposito (27). | e e
either are located within the diffuse ion swarm, 00713 A it Sl A s L i
A ) formed complexes with surf: -
tional groups. In outer-sphere complexes (OSC)rthav'e s ful ot
gr , the ion keeps its full hydration sphere whe-
reas in inner-sphere complexes (ISC), it shares elements from i ination sphere wi
the sorbent surface. The chemical nature of the surf o funolona! droups Tkaty nere wif
ce. : functional groups likely t
adsorbate hydration sphere is reviewed, and e)?af?'rj ’ace g o Aol
For instance, as soil clay particles are typicall 5 el oAl i i
\ _ smaller in size than reference cl. 1
the clay edge functional groups may in%ﬁencg th i 1 o pat,
_ e soil chemistry more than what has b
commonly assumed. If is shown that cations initially ad i 8 t6ic) 0
form later on ISC at the edges of these s T e e aon oxcange end fo
¢ 1€ particles. The reaction time chosen to
g}i % a{i gtrgegggggg g;’i'ﬂ%alipira;nﬁter v;hic!; determines the measured CEC \/.avlifr:‘ree,'aSTL;;::;’l gc];?l
_ : nly be fully understood by a combination of macroscopic and mi
scopic studies. Wet chemical studies lead to a macroscopic and tative description of
phenomena such as cation exchange and surface ccl)prc: o cfescrrpt;p_n g
and their thermodynamic constants can be includ cg T soatation vodes. Thacal o e
fate of major or trace elements can then be rud? o Peter s oo
1 ted. However, these co i
dependent on the way a given chemical e btion is wi thi e 1 oo b
' ) quation is written, and this choice is offen b.
on microscopic concepts. Information on the structure of rf Hhiporid
phology of mineral particles and organic pol i e os and on e piar
i g sl o b polymers is now available, thanks to recent deve-
é peciroscopic (extended X-ray absorption fi
rsrﬂgc;tmscopy, electron-spin resonance, nuclear magnetic resoné‘:'rce) an% m?cr’g.;:gg%c(%ﬁ
orce microscopy, scanning electron microscopy) techniques. These techniques allow

the study of sorption phenomena at the surf: i i : ; ;
water and as a funcﬁgn o iy urface of organic and inorganic soil particles under

Key words : i ; ; ; ) .
adsorp#on, ion exchange capacity, soil chemicophysical properties, cations,

INTRODUCTION

Les ions libérés lors de I'altération des roches, de la dissoluti
; : I’ 2 ution
(e)pg;a!s ou de la décomposition de la matiére organique (plantes, migr%S-
2 é;s ?éimes..) sont retenus dans le sol de fagon transitoire et inversible.
el s pguvent repasser dans la solution du sol, permettant ainsi la
'l nce des végétaux. La solution du sol ne contient en effet qu’un trés
aible pourcentage des ions necessaires a une saison végétative. La
Ic:::tapacne_d’e s’tpckage des ions par un sol est classiquement mesurée par
capacité d’échange en anions (CEA) ou en cations (CEC), toutes les
deux exprimées en mol.kg™ (1 meg/100g = 1 cmolkg™). ,

recLa capacite d'échange est donc un concept macroscopique qui
ecouvre une variete de mecanismes microscopiques qui se déroulent &
linterface solide/solution. Nous verrons comment les méthodes spectro-
scopiques deéveloppées ces derniéres années permettent de mieux com-
prendre la structure du solide et des ions présents a cette interface, et
gomment, inversement, les méthodes développées pour la détermination

e la CEC et de la CEA (ensemble de méthodes que nous présenterons
synthétiguement a la fin de I'exposé et qui seront discutées plus en détail

dans I'exposé de Jean-Luc Julien >
. ] correspondent a une i
mistes des solutions aqueuses. ) p approche de chi
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Cette bréve revue ne saurait &tre exhaustive et nous renvoyons le lec-
teur aux ouvrages de référence de Bolt (5), Sposito (27) et McBride (18)
pour de plus amples analyses de la capacité d’échange et de son inter-
prétation structurale.

1. LES COMPOSANTES DE LA CHARGE DE SURFACE

Un ion qui s’approche de la surface d’'une particule, qu’elle soit miné-
rale ou organique, peut étre fixé au moins de trois facons différentes
(figure 1). Dans deux cas, l'ion reste entouré de sa sphére de molécules
d’eau d’hydratation : il est soit retenu a la surface par des interactions
purement électrostatiques et reste localisé dans la “couche diffuse”, soit
retenu sur un site réactionnel de surface pour former un complexe de
sphere externe, appelé aussi complexe hors sphére (CHS). Dans le troi-
sidme cas, 'ion perd certaines de ses molécules d’eau pour former une
liaison chimique avec un site fonctionnel de surface. On a alors affaire a
un complexe de sphére interne (CSI). Les ions adsorbés vont donc déve-
lopper a la surface de la particule trois types de densité de charge de sur-
face (26) :

* o, est la densité de charge due aux CSI. Dans ces complexes, les
ions perdent une partie des molécules d’eau d’hydratation qui les entou-
rent en solution au profit de sites hydroxyles, sulfures, carbonates, phé-
nols ou carboxyles liés a la surface de la particule, et avec lesquels ils for-
ment une liaison chimique par “partage” d’atome d’oxygéne ou de soufre
entre la particule et la sphére de coordination de l'ion ainsi adsorbé ;

* o.s est la densité de charge due aux CHS. Dans ce cas, l'ion reste
entouré de molécules d’eau d’hydratation. Il ne peut former avec la sur-
face de la particule que des liaisons hydrogéenes ou électrostatiques. Il
reste cependant immobilisé au niveau du site de surface réactionnel un
temps supérieur au temps qui lui est nécessaire en solution pour migrer
par diffusion sur une distance égale a son propre diamétre, soit 10 pico-
secondes (29). Les ions ainsi adsorbés forment une “couche” d’environ
0,5 nm d’épaisseur ; _

» 5,4 est la densité de charge due aux ions présents dans la couche dif-
fuse. L'épaisseur de cette couche varie, pour un électrolyte monovalent,
de 1 nm a 10 nm pour une force ionique de 0,1 M a 103 M. Les ions sont
complétements hydratés. Leur distribution dans I'espace est décrite par
Iéquation de Gouy Chapman, solution de I'équation de Poisson et de celle
de Boltzmann.

Ces trois densités de charge de surface neutralisent la densité de
-charge intrinséque oy localisee directement a la surface de la particule,
et que 'on peut décomposer en deux contributions distinctes :

* oo, la densité de charge structurale de surface. C'est une charge per-
manente qui résulte de substitutions isomorphiques des ions par d'autres
ions de charge différente au sein des particules. Elle n’existe donc que
pour des particules minérales. Elle est dite permanente, car elle est indé-
pendante du pH et de la force ionique. op peut cependant varier en fonc-
tion du potentiel rédox du sol, suite a des réactions d’oxydo-réduction
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impliquant des cations structuraux. C’est notamment le cas lors de la

réduction des ions Fe3* présents dans les smectites :

° oy, la densité nette de charge protonique de surf :
| { ( ace. Elle résulte de
tion et de la désorption de protons au niveau de sites fonctionnels

I'adsorp

presents a la surface des phases organiques et inorganiques.
Le principe d’électroneutralité implique :

Op+0Ox+0g+oys+04=0 ou

R
Double couche tj
diffuse .

e e
7

Complexe
hors sphére

Complexes de sphére interne

Figure 1: Les trois mécanismes res

Me"™ a la surface d’une particule d’argile.

Figure 1 : Three sorption mechanisms of Me™ metal ion af the clay-water interface.

ponsables de I'adsorption d’un ion métallique

. Ilc\)lg:rs etudierons tout d’abord la charge intrinséque d'un sol, o, et
sl Isation au niveau de sites réactionnels de surface. Nous verrons
b t;c:(r)r:‘rpent Ohs et g sont reliées a la capacité d’échange du sol,
o Pk acitérg’rgnhs enfin comment les différentes fagons de mesurer
g p : change permettent d'estimer en retour les variations de

1 entonction du pH de la solution du sol, et donc les besoins en chaulage.
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2. LA CHARGE INTRINSEQUE DE SURFACE

1. La densité de charge permanente (o) et sa localisation
sur la face des phyllosilicates et phyllomanganates

La charge permanente est, d’'une facon générale, caractéristique des
sols des zones tempérées ou semi-arides. Cette charge est engendrée
par des substitutions isomorphiques présentes au sein d’'une structure
minérale. Ces substitutions ont lieu principalement dans deux familles de
minéraux a structure lamellaire : certains phyllosilicates & deux couches
de tétragdres et une couche d’'octaédres (smectites, vermiculites, illites...)
et les phyllomanganates (busérite...). Dans le cas des phyllosilicates, des
ions A3+ présents dans la couche octaédrique sont substitués par des
ions Fe2+ et Mg?* (smectites) et des ions Si** de la couche tétraédrique
par A3+ (illites, vermiculites). Dans les phyllomanganates, de type bir-
nessite, certains ions Mn#* sont vacants et d’autres substitués par Mn2+
et Mn3* (16). Dans tous les cas, la charge est délocalisée au niveau
d’atomes superficiels délimitant des cavités, qui constituent les sites fonc-
tionnels de ces surfaces. Elle donne lieu & une densité de charge a la sur-
face de ces minéraux (en coulomb m=). On peut cependant estimer, une
charge permanente moyenne pour tous les composants minéraux du sol
(1). On aboutit ainsi & la densité de charge permanente du sol, op.

Chez les phyllosilicates, en particulier, le groupe fonctionnel est la
cavité siloxane ditrigonale. Cette cavité est entourée par une couronne
d’atomes d'oxygéne correspondant a six tétraédres SiO,™. Le diameétre
de cette cavité est de 0,26 nm pour les smectites (27) et de 0,167 nm
pour les vermiculites (34), ce qui est proche du diamétre des ions Cs*
(0,338 nm) et K* (0,266 nm) déshydratés. Ceci conduit & une stéréospé-
cificité des substrats vis-a-vis de ces ions, et donc & la stabilite (bien
connue) des micas potassiques et des vermiculites potassiques, et a la
“fixation” du potassium par les argiles, bien connue en agriculture.

La cavité siloxane est une base au sens de Lewis, c’est-a-dire une entité
susceptible d’engager ses niveaux électronigues saturés en électrons pour
initier une réaction chimique. Cette base est d’autant plus “molle” au sens
de Misono (3, 27, 31) que la charge électronique est davantage délocalisée
sur Pensemble des atomes d’oxygeéne de la cavité siloxane. Cela est notam-
ment le cas pour les smectites, dans lesquelles les substitutions isomor-
phiques sont localisées dans la couche octaédrique (27, 31). Les cations,
quant a eux, forment des acides de Lewis. lls seront d’autant plus “mous”

. qu'ils perdront facilement leurs molécules d'eau d’hydratation et qu'il auront

une forte polarisabilité et une faible électronégativite. Etant donné que les
acides mous ont tendance a s’associer aux bases molles, et les acides durs
aux bases dures, les cations forment un complexe d’autant plus stable avec
la cavité siloxane qu'ils sont mous. Cela explique les séries d'affinité obser-
vées pour la fixation d'ions de charge similaire sur les smectites (18) :

Cs* > Rb* > K*>Na*> Li*
et
' Ba2* > Sr2* > Ca2* > Mn?* > Mg?*
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Ces séries d'affinité suivent 'ordre des énergies croissantes d’hydra-
tation. La trés forte affinité des phyllosilicates (mais aussi de la matiére
organique) pour Ba?*, Cs* et NH,* seront des données sous-jacentes aux
différentes méthodes utilisées, dans la mesure de la capacité d’échange.

Pour les illites et vermiculites, contrairement aux smectites, les sub-
stitutions isomorphiques ont lieu principalement dans la couche tétra-
edrique de ces phyllosilicates, c’est-a-dire beaucoup plus proche de la
surface. La charge est alors localisée au niveau de trois atomes d’oxy-
gene de surface attenants, et la cavité siloxane est moins molle. Cepen-
dant, les complexes formés avec les cations présents dans linterfeuillet
(et particulierement avec K*) seront d’autant plus stables que la distance
entre charge positive et charge négative est faible (par exemple, suite a
la déshydratation du cation). Les systémes illitiques et vermiculitiques
seront donc caractérisés par une trés grande charge structurale perma-
nente, mais peuvent n’avoir néannoins que peu de cations échangeables,
car la majorité des cations adsorbés est “fixée” sous forme de CSl trés
stables au niveau des cavités siloxanes.

La charge permanente est pratiquement absente des sols tropicaux
(sols latéritiques par exemple). Dans ces sols, les smectites, si elles exis-
taient, ont généralement été solubilisées, et les seuls minéraux silicatés
restant sont le quartz (dont la cinétique de dissolution est trés lente) et la
kaolinite. Dans ces sols, la densité de charge o, est due exclusivement
ala densité de charge variable oy portée par trois composants principaux
de ces sols : kaolinite, oxyhydroxydes de fer et d’aluminium et matiére

organique (10). C'est cette densité de charge variable que nous allons
maintenant étudier.

2. La densité de charge variable (o)
et sa localisation sur les particules organiques et minérales

La densité de charge nette protonique de surface, oy, est définie par
la quantité de charges par unité de surface liée & des réactions acido-
basiques de protonation-déprotonation de groupes fonctionnels de sur-
face. Ces sites réactifs, que nous dénoterons >LH,, sont d’'une grande
variété. On les trouve a la surface de la matiére organique, sous forme de
sites carboxyles, phénoles et, dans une moindre mesure, de sites amines,
carbonyles et sulfhydryles. Ces derniers contiennent S2-, un anion qui,
comme nous le verrons, est tres réactif vis-a-vis des “métaux lourds”. On
les trouve également a la surface d’'(hydr)oxydes, de carbonates, de sul-
fures, et en bordure des phyliosilicates (smectites, kaolinites...). La réac-
tion de déprotonation du groupe fonctionnel s’écrit :

>LH, = >L1+ | H* Ks, [2]

Une réaction concurrente a la réaction 2 est la réaction d’adsorption de
cations sur ces sites et de formation d’un complexe de surface. Cette

adsorption s’accompagne d’une libération de protons, par exemple selon
la réaction :

MM+ 4 >LH| = >LM(m-') + 1 H* KS1 [3]
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L’ampleur de cette adsorption est mesurée macroscopiquement en
suivant soit la disparition de M™* de la solution (q,n appellg‘r_‘a alors les
courbes expérimentales des “crétes d’adsorption” ou des “isothermes
d’adsorption” selon que [M]; est fixée et le pH variable, ou que le pH est
fixé et [M], est variable, soit la libération de protons (on parlera ?Iors de
courbes de titration potentiométriques). Un exemple de crétes d'adsorp-
tion et de courbes de titration est donne dans les figures 2 et 3 dans le cas
de 'adsorption de Cu2+, Cd?* et AI®* sur la montmorillonite et sur divers
oxydes.

La réaction [2] peut étre vue, dans le cas ol | = 1 et L = OH, comme
une hydrolyse du cation par les groupements hydroxyles present a la sur-
face des particules. Cette hydrolyse a toujours lieu a un pH plus Eas que
Ihydrolyse équivalente du métal en solution (équation d;), dpn,c pK3, < pK;.
On montre aussi que pKs; et pK, sont proportionnels I'un a l'autre (22).

M™ 1+ H,0 = MOH(™) + H+ K, [4]

Comme nous I'avons discuté dans le cas des phyllosilicates, la stabi-
lité du complexe formé dépendra de la mollesse du groupe reactionnel
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i 2 : Comparaison de courbes d’adsorption de AI**, Cu?* et Cd** sur les oxydes
Rl et SI.?I' la montmorillonite & force ionique élevée. La similarité de ces
courbes suggére que les mécanismes d’adsorption des ions sont similaires
dans les deux cas, et correspondent 4 la formation de complexes de sphere
interne (9). , o
Figure 2 : Compalgigon of AF*, Cu?* and Cd?* adsorption on montmorillonite and on
oxides at high ionic strength. The similarity of sorption behavior suggests
that in both cases sorption occurs via the formation of inner-sphere surface
complexes (after (9)).
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Adsorption d’AP* sur la montmaorillonite (a et ¢) et différen
ts ox
i(a et c) Adsorption sur montmorillonite efm fonc)tion du pH et de ?Ld?o(rtéﬁ
onique. A faible pH, I'adsorption est fonction de la force ionique, ce qui cor-
;',espond a un mécanisme d’adsorption par échange cationique. A pH élevé
gdsorp’tlon est indépendante de la force ionique et se fait selon un méca-
FLspe d’adsorption similaire a celui des oxydes. (a) Net excés de protons
ibérés en solution en présence de concentrations croissantes d’Al**. Les
:_:;::,I:le‘sj Ec!hl\!:‘rjgtant tqu.’:md A13;+s’adsorbe (comparer (a) et (c)). (b) Compa-
ngd?s i L sgc):-rp ion de APP* sur la montmorillonite ainsi que sur des
orption of AP* on montmorillonite (a and c) and different oxides
c{ Sorption isotherm on montmorillonite as a function of pH %H(?:r:}g
strength. At low pH, adsorption increases with decreasing ionic strength
suggesting the occurrence of a cation exchange mechanism. At high pH,
aggorpt:on is independent of ionic strength, and occurs via the formation
of inner-sphere surface complexes. (a) Net excess of proton release as a
consequence of AP+ sorption. The titration curves diverge upon the onset

of AP+ sorption (compare (a) and (c)). (b Compari. ption i m
on (¢ . a
on montmorillonite and iron oxid(ag)(a(ft)er (9)). rison of sorption isotherms
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(qui décroit dans l'ordre S, N, O) et de la mollesse du cation’, qui suit, a
quelques exceptions prés, la série d’'lrwing-Williams :

Ba < Sr<Ca<Mg<Mn<Fe<Co<(Pb<)Ni<Cux>Zn

Cette série est basée sur divers critéres : le rayon et I'électronégativité
du cation, la stabilité de complexes avec divers ligands organiques en
solution (éthyléne diamine, glycinate et oxalate) et la solubilité des sul-
fures correspondants (30). A'la série originale d’lrwing-Williams, on a ici
rajouté le plomb, fortement adsorbé par la matiere organique, et intercalé
ici selon 'ordre d’électronégativité croissante.

L'utilisation des équilibres (2) et (3) nécessite la connaissance de la
concentration totale en groupes fonctionnels de surface (Gumay), ainsi que
celle de |, pKs, et pK,. Cette détermination est truffee d’embuches, et nous
renvoyons aux monographies de Davis et Kent (11), Sposito (27, 28)
McBride (18) et James et Parks (14) sur ce sujet. Nous discuterons ici
un seul cas, encore peu abordé dans la littérature, & savoir la chimie de
surface du c6té des phyllosilicates.

Certains phyllosilicates (smectites, illites) présentent a la fois une den-
sité de charge permanente o, d’origine structurale, et une densité de charge
variable oy, localisée sur les bordures de feuillets. Les particules de phyllo-
silicates présentes dans les sols sont en général de plus petite taille que
celles utilisées dans les études de laboratoire et qui sont censées repré-
senter la réactivité de surface de ces matériaux (les “argiles de référence”).
Par exemple, les particules d'illite, de micas ou de smectites des sols obser-
vées par microscopie électronique a transmission font environ 100 nm de
long par 40 nm de large, avec des petites particules de l'ordre de 20 nm
(2, 13), alors que les particules de référence ont des dimensions de l'ordre
du micron. Ceci signifie que, pour les smectites des sols, le rapport entre
surface des cotés et surface totale est plus élevé que celui des smectites de
référence, estimé en général a 2 % (9, 33). Pour étudier la chimie de ces
minéraux, nous avons donc choisi une smectite trioctaédrique, I'nectorite,
dont le rapport surface des cdtés sur surface totale des particules est grand,
de Pordre de 3-5 % (4, 6) (figure 4). Nous avons pu montrer, en combinant
des études structurales (par spectroscopie polarisée de siructure fine éten-
due d’absorption des rayons X ; en anglais, “polarized EXAFS") et des
études de cinétique chimique, que I'adsorption d’un cation, Co?*, se faisait
en deux étapes (23, 24). Dans les premiéres minutes, le cation est adsorbé
par échange cationique sur la face de I'hectorite ; autrement dit, il compense
la charge o,,. Dans les heures qui suivent cependant, le cation va migrer (ou
se désorber et se réadsorber) pour former des CSI sur le c6té de I'nectorite.
L’octaédre d’atome d’oxygéne qui entoure le cation va se retrouver dans le
prolongement de la couche octaédrique et partager des atomes d’oxygéene
avec des octaédres de Mg et des tétraédres de Si (figure 6). Non seulement
le cation s’est déshydraté et n’est plus en position échangeable, mais de
plus il est intégre au sein d’une structure de type phyllosilicate(8). La capa-
cité de fixation de la smectite inclut alors non seulement o, Mais aussicy .
De plus, cette capacité variera en fonction du temps de réaction choisi.

1 qu'on désigne habituellement sous le terme de “force d'acidité” (cf. article de J.L. Julien).
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Figure 4 : Lﬂﬁgﬁlgffadfngﬁ%ﬁ% g’r::gctorite, une I-.amec:titc'-: trioctaére attaces
ica par un polymére organique (cor;ta t mod.
scan area: 1,5 x 1,5 pm). La taille moyenne d rti B 1 F
200 nm. L’épaisseur moyenne de la arti el |cuke g g hepdink- o
. liSS r particule est de 20 A, ce qui 3
. une maille unitaire d’hectorite plus le film organi e aurepresente
) 1 ] ; ique (6).
Figure 4 ; ﬂfg Jg;:gg :fi ;Le:ﬁ”;ﬁ; gar_’trcle? Hectorite grysgﬂitgs) were attached to a
) nic polymer and data were acquired i
mode in water. Average size of particle is 60 by 200 nm. Tge nfea;?nf;%n;?rgf

rage thickness (20 A) correspo i
kil g }r - (6».p nds to the thickness of one clay platelet plus

3. La charge int'rinséque d’un sol (oj),
resultat de I'équilibre entre phases organiques et inorganiques

La densité de charge intrinséque o, a été définie précédemment par :
Gint = Op + Oy [5]

Elle va donc étre fonction du poids relatif des quatre composants du

sol dont la charge par unité : < L
dans la figure 59: par unite de surface est représentée schématiquement

- les smectites (et phyllomangénates), qui déterminent o,
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- la matiére organique (et la silice amorphe), qui tendent & imposer un
point de charge net protonique nul (PCNPN, défini par oy = 0) tres bas,

- les phyllosilicates dont la contribution a oy sera d’autant plus grande
qu’ils seront de petite taille, c’est-a-dire que la densité de charge portée
par leurs cotés sera importante,

- les oxyhydroxydes de fer et d’aluminium, qui tendent a imposer un
PCNPN éleve.
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Figure 5 : Les composantes de la densité de charge intrinséque d’un sol. Ces com-
posantes se subdivisent en une charge permanente o, structurale, prove-
nant des argiles, et en charges protoniques oy correspondant aux réactions
de protonation-déprotonation i la surface des oxydes, en bordure des
feuillets de phyllosilicates et associés a la matiére organigque.

Figure 5 : Various components of the intrinsic charge density of a soil. The intrinsic
charge is the sum of the o, permanent charge of clay minerals, and of the
oy, the net proton charge which results from protonation-unprotonation
reactions of reactive groups present at the surface of organic matter
(oxides and clay mineral edges). :

Dans les sols tempérés comme ceux de la France, les trois pre-
miers composants auront une influence majeure sur la chimie du sol et,
comme cela sera indiqué dans les articles suivants de J. L. Julien et de
D. Tessier, le point de charge nul (PCN) du sol sera situé en dessous de
pH 5. L'importance de la réactivite de bordure des phyllosilicates, discu-
tée ci-dessus, pourrait expliquer que le PCN des sols n'est proche ni de
celui des oxydes de Fe ou de Mn, ni de celui de la matiére organique
(figure 5), mais est beaucoup plus prés de celui du coté des phyllosili-
cates. Dans les sols tropicaux, il est Iégérement plus éleveé : il est typi-
quement entre pH 4 et 4,5, rarement plus (10, 17). Ce n'est donc pas tant
le point de charge nulle que la charge intrinséque maximale qui différen-

_cie ces deux types de sol.
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3. LES IONS ADSORBES ET LA CAPACITE D’ECHANGE

Les différentes méthodes utilisées pour estimer la capacité d’échange
cationique sont comparees dans le tableau 1. Ces méthodes enchainent
generalement au moins trois étapes fondamentales.

1. Saturation du sol par un cation. Les différents cations présents sous
forme échangeable sont remplacés par un “cation saturant”. La CEC est
alors soit la somme de la charge des cations ainsi extraits, soit la concen-
tration de ce “cation saturant”, dont la mesure nécessite les étapes2et3
decrites cg-dessous- Différents “cations saturants” ont été utilisés. Les ions
NH,*, Ba** et Cs* ont une affinité trés spécifique pour les phyllosilicates
soit pour des raisons de stéréospécificité vis-a-vis de la cavité ditrigonale
sﬂogfne (NH,* et Cs?), soit pour des raisons d’énergie de déshydratation
(Ba** et Cs*). Si raffinité des deux cations monovalents pour la matiére
organlquegest bonne (7, 15), elle devrait en revanche étre faible dans le
cas du Ba**, comme l'indique la série d’lrwing-Williams donnée précé-
demment. Dans le cas des oxydes, en revanche, les ions monovalents

sont en général moins adsorbés que les di ‘exi
L RLL ivalents. Il n’existe do
cation saturant idéal. ipeerde

2. Ringage. Les cations non adsorbés et présents dans la soluti
associee au sol apres centrifugation sont élim?nés par ringage a I’atllcgc?l
ethyllque,zciu sont ramenés a une concentration connue (0,01 M dans le
cas de Ba**). L’alcool est préféré a 'eau pour ne pas provoquer (i) la dis-
persion (et perte par centrifugation) des particules trés fines au contact
d’une eau de faible force ionique, (ii) la désorption du cation saturant, les
cations saturants ayant peu d'affinité pour la phase liquide organiqué de
ringage, et (iii) la dissolution de phases solides, dont les cations une fois
libérés pourraient provoquer une désorption précoce du cation saturant.

3 Extract:op du cation saturant. Le cation adsorbé dans la premiére
e,tape est ext,raat, par loi d’action de masse, en mettant le sol en présence
d’'un exceés d’un autre cation ayant une affinité pour 'adsorbant si possible
semblable au cation saturant. La GEC est alors obtenue en mesurant la
concentration du cation saturant dans la solution extractante, et en
I'exprimant en mol, kg™! d’adsorbant. Dans le cas de la méthode au Ba
on extrait les ions Ba** adsorbés par loi d’action de masse en maintenant
I activité de Ba2* en solution au plus bas, par précipitation avec un excés
d’ions sulfates. Le sulfate de Ba précipité est ensuite dosé.

, On voit que la premiére étape vise en général & favoriser la formation
d’un CSl stable entre le cation saturant et le groupe fonctionnel de surface
afin, entre autres, de désorber tous les cations “échangeables” mais aussi
ceux presents en partie sous forme de CSI (K*, AI** et ses complexes
hy’drolyse‘s par exemple). Une méthode fait cependant exception : la
methode a la cobaltihexamine (20). Le complexe Co(NHs)s%*, tendra soit
a rester dans la couche diffuse, soit a former avec les groupes réaction-
nels de surface un complexe hors sphére. Il remplacera donc spécifique-
ment les cations qui sont a l'origine de o,,5 + 4 et ne remplacera en aucun
cas les cations qui forment des CSl avec les sites fonctionnels de surface.

220

-19 (2) -

Tableau 1 : Méthodes couramment utilisées pour déterminer la capacité d’échange
d’un sol. Principales étapes de la méthode et composantes de la charge
de surface ainsi mesurées. / indique la force ionique de la solution satu-
rante du sol.

Table 1 : Review of the various methods commonly used for the determination of
soil cation exchange capacity. The successive stages and the identity of
the measured soil surface charge component are given. | stands for the
ionic strength of the soil solution under saturating conditions.

. Cation : Cation
Méthode saturant Ringage déplagant pH Oint Remarques
NH,OAc (19) NH,* Alcool Nat (exces) 7 ot (O1) pH7 Risques
éthylique de dissolution
de calcite
BaCl,(12) Ba?* BaCl, MgSO, 48 o+ (On) pHas Risques
(0,01 M) (BaSO, de dissolution
précipite) de calcite
Co(NH)sCly | Co(NH,)e* - - pHetl CECq=0,+ 0y Pour sols
(20) (I=0,01 M) du sol trés altérés
(extrait 1:5) (1=0,01 M)
NaOAc (21) Na* — Mg?* 8,2 6o+ (On) pes2 | POUr des sols
calcaires
(8,2~pH
d'équilibre avec
la calcite
et I'atmosphére)
CsCl (1) Cs* Alcool NH,* 7 a, Pour isoler
éthylique | (apresLi') la charge
(puis séchage) permanente

La différence entre la méthode a la cobaltihexamine de Orsini et
Rémy (20) et la méthode de Metson (19) tient aussi au pH atteint lors de
la saturation initiale. Dans la premiére méthode, il s’agit du pH du sol et,
dans la seconde, d’'un pH égal & 7,0. En comparant les deux valeurs de
CEC mesurées, on a une méthode simple, comme le détaille Julien dans
son exposé, pour estimer la charge protonique de surface a compenser
par chaulage, pour remonter le pH du sol du pH “naturel” a pH 7,0.

Si 'on suppose maintenant que les capacités d’échange en cations
(CEC) et en anions (CEA) correspondent seulement aux ions présents a
linterface qui peuvent étre facilement déplacés, c’est-a-dire aux cations
dont 'adsorption est inversible sur une échelle de temps imposée par

- la méthode, alors la différence CEC-CEA est proportionnelle a la somme

ops + 04. En termes mathématiques,

oys + o4= (F/S) (CEC - CEA) [6]
ol F est la constante de Faraday, S est la surface spécifique d’un sol (en
m?2 k!, mesurée par exemple par la méthode du BET, N, ou CPEG) et ol
CEC et CEA sont exprimées en mol.kg™'. L'équation 6 exprime le concept
que CEC-CEA est proportionnelle a la densité de charge de surface intrin-
séque, corrigée pour les charges des CSI, si de tels complexes existent :

6o+ 61 = Gy = - (F/S) (CEC - CEA) [7]
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On voit ici le réle critique que jouent les ions présents dans le sol sous
forme de CSI. ’hypothése og = 0 est nécessaire pour passer des équa-
tions (1) et (6) a I'équation (7). Les ions présents sous forme de CSl, tels
K* ou Cs* fixés sur les vermiculites, ne sont en général que partiellement
désorbables sur une échelle de temps de 'ordre du jour, et limitent la vali-
dité de cette hypothése.

4. TEMPS CARACTERISTIQUE ET VOLUME CARACTERISTIQUE

Nous venons de voir que la définition de la capacité d’échange est
basée sur un temps caractéristique, le temps de réaction utilisé pour la
mesure. La deuxieme grandeur essentielle a la définition de la capacité
d’échange d'un sol est la taille caractéristique - ou volume - de I'échan-
tillon de terre choisi, et que I'on voudrait représentatif du sol d’'un champ,
d’'un pédon, voire d’'un bassin versant.

4. 1. Temps caractéristique

Bien que de nombreuses plantes et micro-organismes puisent leurs
éléments nutritifs de la roche qu'ils altérent, ces éléments nutritifs sont
exclus des cations (ou anions) dits échangeables. Le temps caractéris-
tigue des réactions de dissolution des roches est en effet bien supérieur
a celui considéré dans la mesure de la capacité d’échange, & une excep-
tion prés : la dissolution de la calcite et du gypse. L'influence de cetie dis-
solution sur les résultats de la mesure de la CEC est d’autant plus grande
que le pH de I'eau utilisée pour cette mesure est plus faible. Des méthodes
spécifiques, telles que les méthodes de Rhoades (21) et de Orsini et
Rémy (20) ont donc été congues pour mesurer la CEC au pH et a la force
ionique du sol (20), ou au point d’équilibre de la calcite, de Feau et du CO,
atmosphérique (21) (tableau 1).

Sont donc considérés comme échangeables, tous les ions dont la ciné-
tique de désorption peut étre considérée comme rapide comparée a
I'échelle de temps sur laquelle se fait le transport de ces ions vers la plante
ou la nappe phréatique. Ce temps caractéristique est souvent choisi de
fagon arbitraire et, pour des raisons pratiques, égal & 24 h ou a des mul-
tiples de 24 h. Or, le temps caractéristique de la réaction de désorption
d’un cation hydraté adsorbé par un phyllosilicate est souvent de I'ordre de
la milliseconde (32). A cette cinétique rapide s’ajoute une cinétique de dif-
fusion lente dans l'interfeuillet. Les ions rapidement adsorbés peuvent a
leur tour étre désorbés lorsque d’autres réactions de fixation de cations
ont lieu dans le sol et n’ont pas encore atteint leur équilibre. La figure 6
illustre cela dans le cas de I'adsorption du cobalt sur 'hectorite. Aprés une
premiére phase d’adsorption par échange cationique (virtuellement com-
pléte en cing minutes), le cobalt s’adsorbe sur les bordures de largile et
forme des CSI. Cette seconde adsorption a deux conséquences. D’une
part, en systéme fermé, le cobalt adsorbé par échange cationique est
libéré en solution pour compenser la disparition du cobalt dissous da a la
formation de CSI. D'autre part, le cobalt adsorbé sur les sites de bordure
ne peut étre remobilisé qu’a des échelles de temps beaucoup plus
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longues que celle de 24 h utilisée pour la mesure de la capacité
d’échange. D’une fagon générale, il faut replacer le temps au centre de la
définition de la capacité d’échange, et ceci prendra toute son importance
dans le futur avec le développement de modéles de transport réactif des
solutés dans les sols.
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— _ k& Al
b

o . _ }
5 adsorption sur cété "
& (sites «rapides») -
= ot
O __.- adsorption sur coté -
Qa e (sites «lents»)

[ - ;s—.f._ .

5 - =

w ’,f ---v--.....-...:........_______“..._;
= P adsorption sur -

s - lan basal

p ~ plan basa

=

,I]IIIII_IOIllllllllll

0 24 48 72 96 120
Temps (h)

Figure 6 : Etapes cinétiques dans ’adsorption d’un cation, Me?*, & la surface d’une
argile, ’hectorite : (a) interprétation des données structurales (voir figure
1 pour la description des différents mécanismes) et (b) données cinétiques
(le site “rapide” et le site “lent” correspondent a deux sites de surface avec
lesquels le cation forme un complexe de sphére interne) (d’aprés 23, 24).

Figure 6 : Mechanism of a metal cation (Me?*) sorption on hectorite. (a) Interpretation
of structural results (see figure 1 for the corresponding sorption mecha-

nisms). (b) Kinetics data. After a very fast outer-sphere complex

formation, with the siloxane cavity, two types of inner-sphere surface com-
plexes, characterized by distinct sorption kinetics, are formed (23, 24).
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2. Volume caractéristique

Autant les physiciens du sol réfléchi i
Si chissent depuis longtemps a la noti
g% ﬁlfé%ngem?nt d’échelle, autant la chimie du sol n'a egcorep fait que plgz
fondamz s;;r limpact du changement d’échelle sur la valeur des paramétres
onea g aux qu'elle utilise, tels que la capacité d’échange. De I'échelle de
s a:il e terre, on peut, tout en restant dans le méme horizon pédolo-
g cgup htilig‘:} \geertsst el‘e; gg(igo?‘co‘plgéxe ?_t I'echelle atomique, et nous avons beau-
i che “reductionniste” tout au long de cette revue
g%nl]g!:e&drr‘t‘e Igzs divers phénoménes qui se cachent derriére I“échange cggg_r
SoopiquUe Ce,leggarapté?rr; %%?gfgueﬁ On peut aussi aller vers I'échelle méga-
, C'est-a- u champ, ou du pédon. Le probléme qui
pose au chimiste, contrairement & I'h 3Né e
QSe » CC t a I'’hydrologue, est en général I
?é?ll:(tililasdeour quantifier la capacité d'échang% aces grar?des écl'!(?lf;ss?'g?
hetérogs rl;lgi trgesrggtir;c;gzcc;]? rﬁ_u selrEfQ’un Iy;s)imétre indique déja une exiréme
: en e chimique (figure 7). Un protocole de prélé
%ee%s[}?;%tleqlt;ecté%/?n |nl1perat|vement accomgagner les mpétr:g‘ég?%rg
! _ ans les normes a venir. On peut enfin imaginer
dans I'avenir, des outils stochastiques prendront le relais des Ol?tils dgt%?-’

ministes utilisés jusqu’a présent '
: . , comme cela s’est fait i i
annees en physique du sol. 668 dix demieres
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Figure 7 : ﬁ,‘;’lﬁ;’.’.‘ﬂ:ﬂ ;2 ?II'" gt% :’gag d:ptg sol contenu dans un lysimétre. Cette car-
igénéité spati ’

_— gharge i surface dans s r?sol 25 patiale du transport de 'eau et de la

L[] - Br- concentrations in soil water contained in a lysimeter. The observed

heterogeneity ref p
chargeg (:ifte"r(i:.’S).ews the heterogeneity of water movement and surface
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CONCLUSIONS ET PERSPECTIVES

La capacité d’échange apparait comme une mesure de la densité de
charge intrinséque d’un sol. Celle-ci comprend la densité de charge per-
manente structurale du sol, o,, mais aussi la densité de charge protonique
oy. Cette derniére varie en fonction du pH et il faut la neutraliser quand on
cherche a augmenter le pH par chaulage. Les méthodes de mesure de
la capacité d’échange en cations au pH du sol (20) et a pH 7 (19) per-
mettent d’estimer ce besoin en chaulage.

La capacité d'échange est basée sur le concept de cation (et d’anion)
échangeable sur urie échelle de temps donnée (en général 24 h). Le
cas des cations adsorbés sous forme de complexes de sphere interne
(CSI) est un cas trés litigieux. Si ces CSI sont tous désorbés par le cation
saturant utilisé dans la mesure de la capacité d’échange (Cs*, NH,*,
Ba2+...), alors celle-ci donnera bien la valeur de la charge intrinséque
du sol (o, = ¢ + o). Cependant, la valeur obtenue pourra étre supérieure
3 la somme des cations réellement échangeables dans les conditions
qui prévalent dans le sol, ou une partie des cations sont présents
sous forme de CSI dont Péchangeabilité sera fonction de I'échelle de

temps utilisée.

Il est essentiel de combiner, aux études chimiques classiques, des
études spectroscopiques, seules capables de déterminer la nature et la
structure des complexes formés a l'interface eau/particule. Ces études
doivent &tre effectués in situ (en milieu aqueux) et en temps reel, afin de
pouvoir suivre la cinétique des processus. Le développement récent d’'une
variété de méthodes spectroscopiques (spectroscopies de structure fine
&tendue d’absorption des rayons X, de résonance magnétique nucléaire,
de résonance paramagnétique électronique) et microscopiques (micro-
scopie de force atomique) devraient permetire dans un proche avenir de
mieux affiner encore la nature des mécanismes impliqués dans un
“échange” de cations ou d’anions, et donc de mieux préciser la nature de
la “capacité d’échange” mesurée par les différentes méthodes proposées.
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Conclusion générale

Des techniques macroscopiques (cinétique chimique) et spectroscopiques (spectroscopie

. - . . g il
EXAFS) ont été utilisées conjointement pour &tudier les mécanismes d’adsorption du zinc et du cob

2 & ctisé suit.
sur les phyllosilicates. Les résultats obtenus dans cette étude peuvent étre synthétisés comme s

ioni i al o s en bordure
A pH modéré (pH < 6,5) et a haute force ionique, les ions Co™ et Zn™ sont adsorbés e

mectite, dans le prolongement de la couche octaédrique. Leur e .
ation octaédrique de la structure phyllosilicate. A pH 6,5

s sites d’échange cationique du

nvironnement
des feuillets de s

cristallochimique est similaire & celui d’'un ¢
et basse force ionique, Co et Zn sont initialement adsorbés sur le

feuillet, puis ils migrent progressivement vers Jes sites de bordure des feuillets.

H = 7,3), des polymeres de zinc se forment a la surface des smectites. Leur

A pH plus élevé (p . =8 B .
. tion en silice dissoute, [Sil.g. A faible [Sil.q, ces

taille et leur structure est fonction de la concentra
méres sont constitués de 2-3 octaédres de Zn et sont localisés dans 1
int des valeurs importantes (et réalistes pour des milieux terrestres), un
plan ab des feuillets d’hectorite. Bien que la

a continuité de la couche
poly

octaédrique. Lorsque [Si]yq atte
phyllosilicate zincifere se forme en épitaxie dans le ©
argiles par nucléation hétérogéne n’ait été étudiée que pour le s
dre la néoformation de phyllosilicates cobaltiféres a la surface du

istallogenese d’ ystéme Zn-hectorite,
crista

elle permet de mieux compren

quartz.

Ce travail démontre 1’importance qu’il faut accorder 4 I’ensemble des parametres chimiques

nces de fixation de cations sur les phases minérales. Ces parametres o
port cation-substrat, mais ils englobent aussi la solubilité du

s susceptibles d’influencer le processus

: ne se limitent pas
lors d’expérie

au pH, a la force ionique, et au rap
substrat et la teneur de la solution en especes dissoute ! | |
bon controle des conditions chimiques est nécessaire pour exploiter pleinement le

d’adsorption. Un e B ment
¥ omme la spectroscopie EXAFS polarisée. 1.’ identification

potentiel des méthodes spectroscopiques, ¢

ixati i a I inéral/solution est par ailleurs grandement
des mécanismes de fixation des cations a U'interface minéral/s p

ilite 2 g cfé struc s appropriées.
facilitée par 1’étude confrontée de références structurales approp
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Perspectives

L’utilisation conjointe de techniques macroscopiques et microscopiques présente un grand
intérét pour I’identification des mécanismes de fixation des cations & la surface des matériaux
minéraux. La grande variété des résultats obtenus ouvre un champ de perspectives pour des études
quantitatives approfondies des mécanismes d’adsorption de cations et de nucléation hétérogene des

phyllosilicates en solution.

Ia démarche utilisée dans ce travail pourrait étre étendue a I’étude de la réactivité de surface
des phyllosilicates dioctaédriques. Dans ce but, une collaboration a été initiée avec I’équipe d’ André
Scheidegger a I’Institut Paul Scherrer de Ziirich. Les résultats obtenus jusqu’a présent montrent que
les cations adsorbés forment des hydrotalcites avec 1'aluminium libéré par dissolution du substrat. Il
serait intéressant d’évaluer I’impact de [Sily sur la stabilit¢ a long terme de ces hydrotalcites, ainsi

que sur I’éventuelle nucléation et croissance de phyllosilicates.

L’ impact de [Silsq sur la cinétique et le mécanisme de nucléation de phyllosilicates a la surface
de I"hectorite a été étudié a pH 7,3. 1l serait intéressant d’étendre cette étude a d’autres conditions de
pH, de concentration en Si et en métal, et A des substrats variés, afin de mieux contraindre les modgles
cinétiques de nucléation et de croissance des phyllosilicates. Pour ces expériences, I’hectorite s’ avere
un bon substrat en raison de sa grande réactivité et de sa faible stabilité qui permettent de réaliser des

expériences en des temps relativement courts.

Une autre thématique intéressante concerne les mécanismes de fixation des cations sur le
quartz. Le quértz est abondant dans les systémes naturels, et les incrustations de minéraux argileux («
coatings ») a sa surface sont fréquents. Le mécanisme de formation de ces incrustations pourrait étre
étudié de maniere approfondie sur la base des résultats obtenus sur le systéme cobalt/quartz. Un
préliminaire a cette étude est la caractérisation structurale de I’interface quartz-solution, et notamment

les conditions physico-chimiques de formation d’une couche de silice amorphe.
phy rp

Enfin, un dernier axe de recherche dans la continuité de ce travail pourrait &tre I’étude de la
synthése de phyllosilicates alumineux a température ambiante. Cette synthese s’est avérée jusqu’a
présent étre lente et difficile, mais I’exploration systématique des conditions de pH et de
concentrations en Al et Si en solution permettrait peut-&tre de réaliser en laboratoire des
néoformations a des taux cinétiques raisonnables. Enfin, I’emploi de cations métalliques dopants
analogues 4 I’aluminium et dont I’environnement cristallochimique peut étre caractérisé par EXAFS

(ex : Ga) devrait permettre d’étudier le mécanisme structural de cette cristallogenese.
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Résumé. Les approches macroscopiques (cinétique
chimique) et microscopiques (spectroscopie EXAFS
polarisée) ont été couplées dans le but de caractériser
les mécanismes moléculaires de fixation de cations
divalents (Co, Zn) sur [I’hectorite, une smectite
magnésienne, et sur le quartz.

A pH = 6,5, haute force ionique, et pour un
rapport Zn/hectorite de ~ 50 pmol/g, une adsorption
spécifique de Co et Zn a lieu. Cette adsorption n’atteint
pas 1’équilibre avant plusieurs heures, et coincide avec
une libération initiale accrue de protons et de Mg en
solution, puis une inhibition a long terme (t > 48 h) de la
cinétique de dissolution de I’hectorite. Co et Zn
adsorbés forment des complexes de surface
mononucléaires en continuité structurale de la couche
octaédrique des feuillets d’hectorite. A basse force
ionique, Co et Zn sont initialement adsorbés par
échange cationique. Cette réaction atteint 1’équilibre en
moins de 5 min. Ces cations forment initialement des
complexes de sphére externe sur les sites d’échange,
puis ils migrent progressivement vers les sites de
bordure des feuillets, ou ils forment des complexes de
surface similaires a ceux formés a haute force ionique.

Le mécanisme et I’amplitude de ’adsorption de
Zn sur hectorite & pH 7,3, 4 haute force ionique et
pour un rapport Zn/hectorite de 1480 pmol/g, dépend de
la concentration en silice dissoute, [Si]. La quantit¢ de
Zn adsorbé est limitée pour [Si] = 30-60 pmol/L, et Zn
forme des polymeéres de petite taille (2-3 octaédres) en
continuité¢ structurale de la couche octaédrique de
I’hectorite. La quantité de Zn adsorbé est beaucoup plus
importante pour [Si] ~# 540 pmol/L ; cette adsorption
est corrélée a une adsorption de Si, et correspond a la
nucléation de phyllosilicates TOT zinciféres en épitaxie
dans le plan ab des feuillets.

Une analyse approfondie de spectres EXAFS de
Co adsorbé sur le quartz révele que cet élément
polymérise sous forme de couches d’octaédres lices a
des couches de tétraédres de Si, pour former des
phyllosilicates cobaltiféres. Le mécanisme de cette
n¢oformation est discuté.

Mots clés : hectorite, quartz, cobalt, zinc, EXAFS,
cinétique, adsorption, échange cationique, €pitaxie,
phyllosilicate






