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Résumé

Cette thése a pour objectif de comprendre les nisro@s de complexation des terres
rares par les acides humiques et notamment : éyptiquer la variabilité des spectres de
terres rares observée dans les eaux riches erresabigganiques ; (i) d’affiner un modeéle de
spéciation géochimique afin de mieux décrire lex@ssus de complexation des terres rares
par les acides humiques ; (iii) d’évaluer l'infleende cations compétiteurs trivalents (Al et
Fe) sur la complexation des terres rares par idesabumiques.

La premiére partie de ce travail a été consacrdgtade expérimentale de la
complexation des terres rares par les acides hamigyH = 3 en fonction de la charge en
terres rares (i.e. le rapport entre les concentiaten terre rare et en acide humique). Pour de
faibles concentrations en terres rares, l'acideiuena plus d’affinité pour les terres rares
lourdes. Pour de fortes concentrations en terres,rdacide humique a une plus forte affinité
pour les terres rares moyennes. Cette variabilaimité se traduit par une variabilité de la
forme de spectre terres rares-acides humiquessEhelique par la grande diversité des sites
de complexation présents sur I'acide humique. lifes $orts multidentates sont présents en
faible quantité tandis que les sites faibles montates sont présents en forte quantité.

La deuxieme partie a été consacrée a la créatiam dnodéle couplé
PHREEQC/Model VI. Les équations de "Model VI" oté énodifiées afin de mieux décrire
les interactions entre terre rares et acides hussiqet introduites dans le modele plus
générigue PHREEQC. Les acides humiques présentenk dypes de groupements
fonctionnels complexants : des acides carboxyligetedes phénols formant des complexes
monodentates et multidentates. L'étude des corestale complexation des terres rares avec
des ligands organiques de référence montre quespestres different pour les acides
carboxyliques, les phénols et les ligands multidiest Aucun des sites de complexation
deéfinis dans Model VI ne présentait de spectreyge phénolique. En définissant des sites
présentant des spectres plus cohérents avec daddigle références, PHREEQC/Model VI a
pu reproduire I'ensemble des spectres terres enegs humiques expérimentaux obtenus
pour différentes conditions expérimentales. PHREBEQ@el VI montre que les terres rares
légeres et lourdes se lient préférentiellement féérénts sites complexants de l'acide
humique.

La troisieme partie a été consacrée a I'étude rerpéatale de la complexation
compétitive entre cations trivalents et terresgqeur les acides humiques. L'aluminium et le
fer sont de forts compétiteurs des terres rarege@¥ant les mécanismes de complexation de
ces cations par la matiere organique évoluent Bgeconditions expérimentales et I'espéce
chimique dominante du fer et de I'aluminium en $olu (i.e. hydroxylée ou non). Ces
différents mécanismes de complexation se traduantin spectre de terres rares sur I'acide
humique différent. L'aluminium et le fer ont dongeuforte influence sur le spectre terres
rares-acides humiques. De plus, les terres raregept étre utilisées comme traceurs des
processus de complexation des cations sur lessacidaiques.

Les substances humiques sont de tres forts coamitexdes terres rares. La forte
hétérogénéité de sites de complexation induit @m@tion des spectres de terres rares liées a
ces molécules en fonction de la charge en métauxpH et de la nature des cations
compétiteurs. Cette étude apporte de nouveauxsaititterprétation des spectres de terres
rares dans les eaux riches en matieres organiguesga’'une méthode novatrice d’étude des
mécanismes de complexation des cations par lessabigmiques.

Mots clés : terres rares, acide humique, modé&isatPHREEQC, Model VI, spéciation,
complexation, aluminium, fer, compétition.



Abstract

This thesis aimed at understanding rare earthe&sncomplexation mechanisms to
humic acids and, especially: (i) explaining rarette@lements pattern variability observed in
organic-rich waters; (ii) improving a geochemicaésiation model to describe more precisely
processes controlling rare earth elements comptaxéaty humic acids; (iii) testing trivalent
cations (aluminium and iron) competitive effect tare earth elements complexation by
humic acids.

The first part was dedicated to an experimentadystof rare earth elements
complexation to humic acids at pH = 3 as a functbrrare earth loading (i.e. rare earth
element to humic acid concentration ratio). At Imading, humic acids have more affinity
for heavy rare earths whereas, at high loading,itiaegids have more affinity for middle rare
earths. This variable affinity implies a varialylitof rare earth elements-humic acids
complexation pattern and can be explained by huacids binding sites heterogeneity.
Indeed, humic acids present a few amount of stroollidentate sites whereas low affinity
sites are present in high concentrations in humidsamolecules.

In the second part, Humic lon binding model VI @b VI) was coupled with
PHREEQC. Model VI equations were modified in ortiedescribe more precisely rare earth
elements interactions with humic acids and wereothiced into the more generic model
PHREEQC. Humic acids present two major types oflinipp groups for cations: carboxylic
and phenolic groups which can participate in montate or multidentate complexes.
Comparison between rare earth elements bindingvimhaith standard ligands shows that
complexation patterns differ for carboxylic, phao@nd multidentate ligands. And in Model
VI, no binding site presented a phenolic-type patt®y defining Model VI sites rare earth
elements complexation patterns more consistent stithdard ligands, PHREEQC/Model VI
could simulate the variability of rare earth-hunaicids complexation pattern determined
experimentally. PHREEQC/Model VI also showed thghtl and heavy rare earths have
different preferential humic acid binding groups.

In the third part, competitive complexation betweare earth elements and trivalent
cations for humic acids binding was studied expentally. Aluminium and iron are strong
competitor for rare earth elements. However, thea@ons binding to humic acids
mechanisms evolve with experimental conditions thiedmajor aluminium and iron chemical
species in solution (i.e. hydrolyzed or not). Theb#erent binding mechanisms imply
different rare earth elements-humic acids complerapatterns. Therefore, aluminium and
iron have a strong influence on rare earth elerdemtsic acids complexation patterns.
Furthermore, rare earth elements can be used asbea pf competitor cations binding to
humic acids mechanisms.

Humic substances can bind strongly rare earth esiésn Their heterogeneity of
binding sites imply a variability of rare earth mlents pattern depending on the metal
loading, the pH and the nature of competitive cetid’ he present study provide new tools for
the interpretation of rare earth elements pattermatural organic-rich waters but also a new
method to determine cations binding to humic anéshanisms.

Keywords: rare earth elements, humic acids, modelfFHREEQC, Model VI, speciation,
complexation, aluminium, iron, competition.
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Introduction

Les terres rares (REE), ou lanthanides, formeatfamille de 15 éléments chimiques
(du La au Lu) appartenant au groupe IlIA dans esification périodique des éléments, du
numeéro atomique 57 au numeéro atomique 71. Le Pmdému atomique 61) n'étant pas
présent naturellement, seules 14 REE sont génésateftudiées. Les REE sont fréquemment
subdivisées en deux groupes, opposant les temess léméres (du La a I'Eu) aux REE lourdes
(du Gd au Lu). La notion de terres rares intermgsa(du Sm au Thb) est parfois introduite,
réduisant les REE légéeres et lourdes respectivermextensembles La-Nd et Dy-Lu. La
chimie des REE est caractérisée par la predomindimaegré d'oxydation +lIl. Les cations
REE ont une structure électronique de type [Xe®fec [0(La) < n < 14(Lu)]. Comme les
électrons de la couche électronique 4f sont degréles de couche interne, les REE forment
des composeés présentant des liaisons a caractégeecdominant. Le remplissage progressif
de la couche électronique 4f s’accompagne paruadlled’'une diminution faible mais
progressive des rayons ioniques et atomiques lg ttnla série, connue sous le terme de
‘contraction des lanthanides’. Cette ‘contractioeste cependant faible et explique les
propriétés chimiques trés voisines des lanthanidéessi, du fait de son plus faible rayon
ionique et considérant une liaison purement ionigue pourrait s’attendre a ce que le Lu
présente de plus fortes constantes de stabilitdagues les autres REE et ce, quel que soit le
type de ligand considéré. Or, les études réalisdgs!’ici sur la complexation des lanthanides
par les ligands en solution montrent que ce phénenae ‘contraction des lanthanides’ ne
régit pas systématiquement I'évolution des constaule stabilité des lanthanides avec un
ligand, que celui-ci soit inorganique (Byrne andl®bvitz, 1996) ou organique (Byrne and
Li, 1995).

Les REE sont naturellement présentes dans les@aleurs abondances sont le plus
souvent visualisées sous la forme de spectres,trepedans lesquels les abondances
normalisées en REE sont présentées en ordonn8eREIE étant ‘rangées’ en abscisse par
numéro atomique croissant. Les abondances norrealisént obtenues en divisant les
concentrations absolues mesurées dans les eaubegp@oncentrations mesurées dans un
réservoir de référence. Cette procédure de noratiais est utilisée pour éliminer les
variations d’abondances observées entre les teares de numeéro atomique pair et impair.
Les REE des eaux provenant de l'altération desl@ppes superficielles de la Terre, la
coutume veut que le réservoir de référence utildaiss le cas des eaux soit un réservoir
"rocheux" de surface. Deux types de réservoirs slassiquement utilisés: (i) la composition
moyenne de la cro(te continentale supérieure etalicomposition moyenne des schistes
argileux ou "shales" (Haskin et al., 1968; TaylbMeLennan, 1985; McLennan, 1989).
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Les REE dans les eaux superficielles se distribummtre deux composantes
principales traditionnellement séparées par fittrata 0,2 ou 0,45 um. La composante de
granulométrie >0.2um correspond a la fraction particulaire, tandis ¢meomposante de
granulométrie <0.2um, dite dissoute, regroupe en fait les fractionfotales (organiques et
minérales) et le "dissous vrai" (Sholkovitz, 19%%ers et al., 1997; Braun et al., 1998). Le
partage des terres rares entre chacune des datiorigest fortement influencé par des
processus de sorption sur les particules et légidek ainsi que par la complexation des REE
par les différents ligands organiques et inorgagsqorésents dans la solution. Les différences
de propriétés chimiques existant entre les difi@®rREE, méme si celles-ci sont faibles,
créent des différences dans la répartition deerdiffes REE entre solution et particules, et
entre des solutions de composition difféerentesnlkésulte une grande variabilité de spectres
due aux différences de composition chimique dex emturelles et de natures des phases
solides avec lesquelles les eaux naturelles soéteitibre. Cette propriété confere aux REE
un puissant pouvoir de tracage des circulationsawd’'®u de tracage des processus
biogéochimiques contrélant la composition des aztarelles (complexation des solutés par
des ligands en solution, adsorptions sur des p#&HC en suspension,
précipitation/dissolutions de minéraux, conditiomedox...) qu'il s’agisse des eaux
souterraines (Smedley, 1991; Johannesson et 8b; 1996b; 1997; Viers et al., 1997; Braun
et al., 1998; Johannesson et al., 1999; Dia et2800; Johannesson et Hendry, 2000;
Johannesson et al., 2000; Aubert et al., 2001;séanst Verweij, 2003; Duncan et Shaw,
2004; Gruau et al., 2004; Johannesson et al., 208kpon et al., 2004), des lacs (Fee et al.,
1992; Mdller et Bau, 1993; Johannesson et Lyon84;19995; Johannesson et Zhou, 1999;
De Carlo et Green, 2002; Gammons et al., 2003; é&hetcal., 2004), des rivieres et des
fleuves (Goldstein et Jacobsen, 1988; Elderfieldlgt1990; Sholkovitz, 1993; Sholkovitz,
1995; Bau et Dulski, 1996; Dupré et al., 1996; @adet et al., 1997; Viers et al., 1997;
Dupré et al., 1999; Elbaz-Poulichet et Dupuy, 19B8¢ca et al., 1999; Ingri et al., 2000;
Deberdt et al., 2002; Shiller et al., 2002; Geratdal., 2003; Gaillardet et al., 2004,
Andersson et al., 2006), ou des océans et des(@eldberg et al., 1963; Martin et al., 1976;
Elderfield et Greaves, 1982; De Baar et al., 1983jle et al., 1984; De Baar et al., 1985; De
Baar et al., 1988; Elderfield, 1988; Byrne et Kit®90; German et al., 1991; German et al.,
1995; Bau et al., 1996; Byrne et Sholkovitz, 19B&u et al., 1997; Duncan et Shaw, 2004,
Lawrence et Kamber, 2006).

Cependant, afin de pouvoir utiliser de maniereigeeles spectres de REE en tant que

traceur, une solide connaissance théorique deséreliffs processus pouvant induire des

8
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différences de répartition entre REE est nécessainsi, depuis ces vingt derniéres années,
de nombreuses études expérimentales ont eu poud’identifier le comportement et le
partage des REE entre différents types de solwgtodifférents types de surface minérale
telles que les oxydes de fer et de manganese @ttaKawabe, 2000 ; 2001; Quinn and
Byrne, 2004; 2006) ou certaines argiles (Takahashal., 2000 ; Coppin et al., 2002), la
capacité des terres rares a se lier avec des Sgamdolution (Byrne and Lee, 1995; Byrne
and Sholkovitz, 1996; Luo and Byrne 2004), ou deltules bactériennes (Takahashi et al.,
2005; 2007), ou encore le comportement des REE l@acas de la présence simultanée de
matiere organique et d’oxydes métalliques (Davranehal. 2004; Davranche et al., 2005;
Davranche et al., 2008). Les constantes thermodgna® obtenues lors de ces études
permettent la mise au point de modeles permettanprddire la spéciation des REE en
solution et leur partage entre les phases dissordésidales et particulaires et de révéler, par
la méme, les principaux mécanismes mis en jeu ldardgulation de la composition chimique
des eaux naturelles.

Une caractéristigue des REE est d’étre tres fatgntcomplexée par les matieres
organiques en solution. Ainsi, dans les eaux rigdresmatiére organique (teneur en Carbone
Organique Dissous ou COD >5mg/L) des études paafiltitation montrent que les REE sont
majoritairement associées a la phase colloidaleif@ki et al., 1992; Dupré et al., 1996;
1999; Viers et al., 1997; Ingri et al., 2000; Dtaak 2000; Gruau et al., 2004; Pokrovsky et
al., 2005; 2006). Cependant, deux types de speetrBEE sont rencontrés dans ces eaux
(Elderfield et al., 1990). Le premier est généralrtrobservé dans des eaux acides (pH < 6)
et présente un enrichissement relatif en REE irddraires (figure l.1a). Ce comportement
est attribué au contrdle de la spéciation des R&Hgs substances humiques présentes dans
ces eaux, lesquelles ont, d’apres certains auteums, plus forte affinité pour les REE
intermédiaires (Goldstein et Jacobsen 1988; Tandobtnnesson, 2003 ; Pourret et al.,
2007hb). Le second type est généralement obsengdisneaux neutres a basiques et présente
un enrichissement relatif en REE lourdes (figurkb). Ce comportement a été attribué
historiguement au contréle de la spéciation des RIBRS ces eaux par les carbonates,
lesquels présentent des constantes de complexab@santes du La au Lu (Luo and Byrne,
2004).
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Figure 1.1. Spectres de terres rares normalisés a la Cro(ién@atale Supérieure d'eaux de rivieres montrant
(a) un enrichissement en terres rares légéreseamatliaires et (b) un enrichissement en terres fangdes
(Goldstein et Jacobsen, 1988; Elderfield et al901 $holkovitz, 1995; Deberdt et al., 2002).

Cependant, des études récentes contredisent logitghése. Ainsi, Pourret et al.
(2007b) ont démontré expérimentalement que les RISEaient majoritairement complexés
aux substances humiques (>90%) pour des valeuyssidrissi élevées que 7.5, avec toujours
la méme plus forte complexation relative des REErmédiaires (figure 1.2a). Le role des
carbonates dans la genese des spectres enricRiEEtourdes observés dans certaines eaux
organiques semblent donc exclu. Reste une hypothéieenative, qui est celle d’'une
mauvaise appréciation des constantes de complex@ti® REE par les substances humiques.
Cette hypothése a pris corps suite aux travaussésapar Sonke and Salters (2006) qui ont
déterminé des constantes de complexation entred@RBEides humiques pour des pH de 6 a
9, en utilisant 'TEDTA comme ligand compétiteur desdes humiques. Ces auteurs ont en
effet observé une augmentation réguliere de la tmmpon du La au Lu (figure 1.2b). Ces
résultats remettent donc en cause la complexatiéiénentielle des REE intermédiaires par
les substances humiques telle qu’établit jusqud@apendant, a la différence des expériences
réalisées par Pourret et al. (2007b), les expémmifectuées par Sonke and Salters (2006)
I'ont été a un tres faible rapport REE/acides hwegy Se pose alors la question du rdle de ce
rapport sur la détermination des constantes de lexajion des REE par les acides humiques.
Ainsi, ces résultats montrent le besoin de commaitus précisément les mécanismes par
lesquels les REE se lient aux substances humiduesfet du rapport REE/acides humiques
sur ces mecanismes. Cette question renvoie égaieéntarstructure des substances humiques

et a la nature des sites par lesquels les REEmedices substances.
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Figure 1.2. (a) Coefficient de distribution des terres ramgesacides humiques et solution a pH = 6 (Powtret
al., 2007b). (b) Constantes de stabilité conditedles entre les terres rares et les acides humiguss = 6
(Sonke et Salters, 2006).

Les acides humiques sont des colloides organidgig®ids moléculaire compris entre
3 et 1000 kDa (Sparks, 1995) et sont constituéscipalement de carbone, d'hydrogéne,
d'oxygene et, dans de moindre proportions, d'aztgephosphore et de souffre. Plusieurs
classes de composés constituent ces colloides pkesguels on trouve des acides
carboxyliques, des phénols, des acides aminésadearides et des hydrocarbures (Thurman,
1985). Ces colloides jouent un réle majeur daspéeiation et le transport non seulement des
REE mais aussi de la plupart des cations métaBig(eeg. Al, Fe, Cu, Th,..) dans
I'environnement car ils possedent une grande daarde groupements fonctionnels
complexants. La complexation des cations métaliqgpar les acides humiques étant
fortement dépendante du pH, il est largement adiuis les groupements fonctionnels
impliqués sont principalement des groupements aoaiques de type carboxyliques et/ou
phénoliques (e.g. Tipping, 1998). L'absence detpadifinflexion distincts sur la courbe de
titration d'une solution d'acide humique montre tpgegroupements acido-basiques portées
par les substances humiques couvrent une large gatarnonstantes d'acidité (e.g. Ritchie et
Perdue, 2003). L’environnement atomique d'un grouge acido-basique influence la
stabilité de la liaison entre oxygene et hydrogé&ttant donné la complexité de la structure
moléculaire des substances humiques, des groupememhéme nature peuvent se retrouver
dans des environnements chimiques tres différexsliguant ainsi la gamme étendue des
constantes d’acidité observées expérimentalement.

Beaucoup de métaux ont été étudiés du point dedeuleur capacité a former des
complexes avec les substances humiques. C’estlpataexemple de Al (Mota et al., 1996;
Sutheimer and Cabaniss, 1997), Fe (Liu and Millé899; Weber et al., 2006), Ca, Cd, Cu
(Benedetti et al., 1995), Am (Peters et al., 20043, (Buschmann et al., 2004), Sb
(Buschmann and Sigg, 2006), Pb, Cd (Abate and MaXi02) et Eu (Lead et al. 1998, Glaus
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et al., 2000). Des études de compétition entreratmétalliques montrent que la compétition
a lieu pour les mémes types de sites des acidegjhes(Kinniburgh et al. 1999; Mandal et
al., 1999; Pinheiro et al. 2000; Tipping et al.020Tipping 2005; Marang et al., 2008). La
figure 1.3 présente une isotherme de complexatio@d a la surface d’acides humiques a pH
4 (Benedetti et al., 1995). Elle présente I'évantie la concentration en Cu complexé par
gramme de ligand en fonction de la concentratiol€eribre en solution. Les isothermes de
complexation du Cu avec deux ligands hypothétiglees les constantes sont égales aet0
10° sont également comparées pour une concentratitigaem total de 1 mmoly La pente

de l'isotherme pour les ligands hypothétique teeds\L lorsque la concentration en cuivre
dissous diminue. On parle alors d’isotherme de dexaion linéaire. L’isotherme de
complexation du Cu avec les acides humiques esliméaire, elle présente une pente égale a
0.43. Cette difféerence illustre I'hétérogénéité dgsupements complexants des acides
humiques et leur influence sur la complexation du En effet, pour de fortes concentrations
en Cu dissous, les acides humiques se comportebalginent comme des ligands plus
faibles que lorsque la concentration en Cu dissstifaible. Cette observation montre que les
acides humiques présentent une grande quantit@aleds faibles et une faible quantité de
ligands forts. L’hétérogénéité des acides humigues-vis de la complexation des cations
peut s’expliquer par trois mécanismes chimique} tot comme pour H la stabilité de
liaison métal-ligand est influencée par I'envirommeat chimique du groupement fonctionnel
complexant, expliquant la gamme de constantes alalis® mesurées pour les complexes
cation-acide humique. (ii) Contrairement ail, rsque plusieurs groupements fonctionnels
complexants des acides humiques (notés L) sonhpspan cation métallique peut former
une liaison avec chacun de ces groupements. Oa glars de complexe multidentate (notés
D). Un ligand multidentate présente une affinitérae pour un métal par rapport a un méme
nombre de ligands monodentates de méme nature quiemiCette stabilisation s’appelle
« effet de chélation » et est d0 a une différerecerdangement d’entropie lors de la formation
des complexes ML(ou M représente le cation métallique) et MD (MHret Hancock, 1996).
La denticité et ‘I'effet de chélation’ augmentergaiement la gamme de constantes de
stabilité cation-acide humique. (iii) Les acidesriigues sont également composé de N, de P
et de S qui peuvent former des ligands de surfaogplexants de certains cations métalliques,
par exemple, des groupements amine, phosphateoét rdspectivement. C’est le cas, par
exemple du Cu qui a une forte affinité pour lesugements amine des acides humiques
(Frenkel et al., 2000) ou de Hg qui a une fortend& pour les groupements thiol (Yoon et al.,
2005).
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Figure 1.3. Isotherme de complexation du Cu par des acidesduena pH = 4. Comparaison entre les acides
humiques (Benedetti et al., 1995) et deux ligangmthétiques dont log K Cu-ligand = 4 et 6.

L'hétérogénéité des groupements complexants lésnsamétalliques peut étre
modélisée soit par une distribution continue destames de stabilité soit par un grand
nombre de constantes de stabilité présentant degrsaliscretes. Ces deux concepts ont été
appligués dans les modeles spécifique de comptexates cations métalliques par les
substances humiques NICA-Donnan (Koopal et al.418@nedetti et al., 1995) et Model VI
(Tipping, 1998) qui reproduisent tous deux les ltéss obtenus en laboratoire de maniere
satisfaisante. Le concept de sites de complexatiscrets permet de concevoir les acides
humiques comme un ensemble de groupements carbogsli phénoliqgues formant des sites
de complexation soit monodentates soit multidestat® l'aide de cette représentation
simplifiée des ligands des acides humiques, ilpestible de comparer leurs propriétés de
complexation des terres rares avec celui de ligardsaniques modeles, présentant des
structures comparables aux ligands suspectés i/amtie dans les liaisons cations-substances
humiques. Cette approche s’est avérée tres utile poterprétation des mécanismes
d’adsorption des REE sur des surfaces hétérogexissque les cellules de bactéries
(Takahashi et al., 2005; 2007; 2010). La figuredofnpare les constantes de complexation
entre les REE et des ligands modéles carboxylitpede acétique; Fig. I.4a), phénolique (le
catéchol ; Fig. 1.4b) et chélate (I'acide nitrilatétique ou NTA; Fig. l.4c) (Byrne and Li,
1995). Le catéchol a été choisi comme ligand mogéiénolique car les constantes de

stabilité entre les REE et le phénol ne sont pamwes. Cette figure montre que les REE
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présentent un comportement différent en fonctiotadeature du ligand. En effet, le ligand
modele faible représenté par l'acide acétique a pine forte affinité pour les REE
intermédiaires, alors que le ligand modeéle plus feprésenté par le catéchol montre des
constantes de stabilité avec les REE qui augmefddgeiment du La au Sm puis Iégerement
jusqu'aux REE les plus lourdes. Le ligand modél@ath, représenté par le NTA, montre
quant a lui des constantes de stabilité avec leB REH augmentent trés fortement et de
maniére continue du La au Lu. En fait, la tendaoloservée d’'un accroissement relatif des
constantes des REE lourdes, par rapport aux REdggavec I'accroissement de la force du
ligand est généralisable a I'ensemble des ligarginaues. La figure 1.4d présente le rapport
des constantes de stabilité entre Lu et La en ifamcte la constante de stabilité moyenne du
groupe des REE avec 101 ligands organiques (ByndelLa 1995). Le rapport Lu/La est
utilisé comme indicateur de la différence des camists de complexation entre REE lourdes et
REE légéres. Cette figure montre que plus le ligastdort, plus son affinité relative pour les
REE lourdes est grande. De plus, les REE interrirédidorment systématiquement des
complexes plus stables que les REE léegeres. Lasdgyfaibles présentent donc une plus forte

affinité pour les REE intermédiaires que pour I&ERourdes et I1égeéres.
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Figure 1.4. Constantes de stabilité des terres rares avd@aje acétique, (b) le catéchol et (c) le NTA) (d
Rapport des constantes de stabilité de Lu et Lipection de la constante moyenne pour les ternes naour
101 ligands organiques (Byrne et Li, 1995).
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Ainsi, au sein des acides humiques, la présensédeateaux propriétés complexantes et
d'abondances différentes fournit une explicatiotepiellement unificatrice des différences
de résultats obtenus par Sonke et Salters (200®)watet et al. (2007b). En effet, les ligands
forts des acides humiques étant présents en phig fguantité que les ligands faibles (cf
figure 1.3 et les explications associées), on afatta ce qu’'un faible rapport REE/acides
humiques génére une stabilité des complexes crbessiepuis le La jusqu’'au Lu, comme
observé avec le NTA. A l'inverse, on s’attend aqo&in rapport REE/acides humiques élevé
induise des complexes plus stables pour les REEn@diaires, comme observé avec l'acide
acétigue. Les groupements carboxyliques sont desds plus faibles mais présentent une
plus forte constante d'acidité que les groupemgémoliques. Ainsi, le pH pourrait influer
sur la distribution des REE entre les sites carligugs et phénoliques des acides humiques.
D'apres les figures l.4a et l.4b, les groupemeatbaxyliques et phénoliques des acides
humiques pourraient former des complexes plus esalpéspectivement pour les REE
intermédiaires et lourdes, comme c'est le cas eeide acétique et le catéchol. Finalement,
I'ensemble de ces hypothéses suggere qu'un catiopétiteur des REE pourrait limiter la
complexation des REE l|égeres ou lourdes selon dbnité@a relative pour les sites
carboxyliques, phénoliques et chélates des acidesdues. En fonction de la spéciation des
REE au sein des acides humiques et donc des amglithimique du milieu (i.e. pH,
REE/acides humiques, concentration et nature diésnsaprésents), les acides humiques
pourraient complexer préférentiellement soit lesERiBtermédiaires soit les lourdes. La
variabilité des spectres de REE dans les eaux sri@me matiére organique serait alors
intimement liée a une augmentation de la solubditénh groupe particulier des REE due a
leur complexation préférentielle par les colloideganiques.

L'objectif de ce travail est d'expliquer la variaé des spectres de REE observée dans
les eaux riches en matiére organique ou la spéciatts REE est majoritairement controlée
par les colloides organiques. Plus spécifigueméng’agit d'étudier (i) l'influence de
I'nétérogénéité de composition et d’abondance demipgments fonctionnels sur la
complexation des differentes REE par les acidesidues et (ii) les facteurs pouvant
influencer la distribution des REE sur ces diffésesites de complexation. Pour atteindre ce
double objectif, des expériences d'équilibre depleration des REE par les acides humiques
ont été réalisées en conditions contrblées de dadioe en fonction du rapport REE/acide
humique, du pH, et de la nature et de la conceémtratle cations compétiteurs. La
modélisation des résultats expérimentaux par Madeh été utilisée afin de tester les

hypothéses quant aux mécanismes de complexatioREEset, plus particulierement, leur
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distribution sur les sites carboxyliques, phénagjet chélates des acides humiques en
fonction des facteurs étudiés expérimentalememtal&ment, les résultats obtenus par le
couplage expérimentation-modélisation ont été comés aux spectres de terres rares
mesurés dans les eaux organiques naturelles aftorderendre I'origine et la signification
des variabilités de forme observées.

Ce manuscrit, qui se présente comme une succedsditles rédigés en anglais
publiés ou soumis dans des revues scientifiquesnationales, comprend quatre grandes
parties : lapremiére partie est consacrée a l'influence du rapport REE/acigeidue sur la
complexation quantitative des différentes REE par dcides humiques afin de vérifier la
principale hypothese émise lors de la comparaisgsnrésultats de Sonke et Salters (2006) et
de Pourret et al. (2007b) : le spectre des REE tméps aux acides humiques dépend-il de
la nature de la liaison entre terres rares et duigeique ? Laleuxieme partiea pour but de
vérifier, par modélisation, si la complexation dBEE par les acides humiques peut
s'expliquer par la participation simultanée dessitarboxyliques, phénoliques et chélates
présentant respectivement un comportement prochkaclde acétique, du catéchol et du
NTA vis-a-vis de la complexation des REE. Des miodifons ont été apportées a Model VI
qui a été intégré dans PHREEQC afin (i) de réatissrsimulations de complexation des REE
par les acides humiques proches des résultats imgrdéaux obtenus dans des conditions
variées, (ii) de simuler un acide humique dont déss de complexation présentent des
spectres de constante de stabilité avec les REEcplnérent avec des ligands organiques de
référence et (iii) d’étudier la distribution REErsensemble des sites des acides humiques et
ainsi de déterminer les facteurs susceptibles diifiaole spectre des terres rares complexées
par les acides humiques. L&a®isieme et quatrieme partiessont dédiées a I'étude du
comportement des REE lorsqu'elles sont en commetdvec un autre cation trivalent : les
autres cations peuvent-ils modifier la distributi@ative des REE sur les sites des acides
humiques ? Deux études successives ont été mengefbet Fe comme compétiteurs des
REE. Enfin, lesconclusionset lesimplications des principaux résultats sont synthétisées et

desperspectivessont proposees.

16



II. Chapitre | :

Effet de la charge en métaux sur la
complexation des terres rares par les
acides humiques
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Metal loading effect on rare earth element
binding to humic acid: experimental and
modelling evidence

Cette partie est extraite de Geochimica et Cosmachi Acta, Marsac R., Davranche M.,
Gruau G. and Dia A. (2010) Metal loading effectrare earth element binding to humic acid:

experimental and modelling evidence, 74, 1749-1761.
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Résume-L’effet de la charge en métaux sur la complexaties terres rares (REE) par les
acides humiques (HA) a été étudié en combinantetdmiques d'ultrafiltration et ICP-MS.

Les expériences de complexation REE-HA ont étéceféems a pH 3 pour des rapports
molaires REE/C allant de 4@ 2,7.1G. Les résultats montrent que la quantité relatiee d

REE liées aux HA augmente fortement lorsque le setpBREE/C diminue. Le spectre des
coefficients (og K5 ) de partages augmente pour les REE intermédigMREE) pour un

rapport REE/C élevé tandis qu’il augmente de maniéguliére du La au Lu pour un rapport
REE/C faible. La modélisation avec Model VI peytragduire cette variation a condition que
() le parametreALK, (i.e. le paramétre de Model VI qui permet de terompte de
I'existence de sites forts présent a de faiblesues) croit du La au Lu et (ii) les valeurs de
log Kua, précédemment publiée, sont Iégérement modifi@es, particulierement pour les

REE lourdes (HREE). Le modéle démontre que lesatiaris des spectres deg K ;== avec

la charge en métaux sont dues a la complexatiorR#s par deux types de sites de HA

présents dans des proportions différentes : (i) failde quantité de sites forts, complexant
préférentiellement les HREE, controlent le spedeelog K= a de faibles rapport REE/C
tandis que (ii) une grande quantité de sites faible HA, complexant préférentiellement les
MREE, contrélent le spectre degK =" a de forts rapport REE/C. La charge en métaux a

donc un effet majeur sur la complexation des REEH?a et pourrait expliquer la diversité
des spectres de complexation des REE par HA préuédat publiés. Une étude approfondie
de la littérature suggere que les sites fortsyésta de faible rapport REE/C, pourraient étre
des ligands carboxyliqgues multidentates avec, pieteament, la participation de ligands
contenant des atomes d’azote ou de phosphoreeRieal, I'examen de données publiées de
terrain suggére que la charge en métaux, décrits datte étude, pourrait expliquer la
variabilité des spectres de REE observées darealesriches en matiere organique dissoute
(DOC>5mg ! and 4&pH<7).

Abstract- The effect of metal loading on the binding of raeeth elements (REE) to humic
acid (HA) was studied by combining ultrafiltratia@nd Inductively Coupled Plasma Mass
Spectrometry techniques. REE-HA complexation expents were performed at pH 3 for
REE/C molar ratios ranging from ca 4xX1f 2.7x10*. Results show that the relative amount

of REE bound to HA strongly increases with decregadREE/C. A middle-REE (MREE)

downward concavity is shown dgg KI5 patterns at high metal loading, whereas pagtatn

19



Metal loading effect REE binding to humic acid

low metal loading display a regular increase fromta Lu. Humic lon Model VI modelling
are close to the experimental data variations, igeavthat (i) theALK, parameter (i.e. the
Model VI parameter taken into account the presearicgrong but low density binding sites)
is allowed to increase regularly from La to Lu (frd..1 to 2.1) and (ii) the published logiK
values (i.e. the REE-HA binding constants spedifidViodel VI) are slightly modified, in
particular with respect to heavy REE. The modellagproach provided evidence that
log K ®F patterns with varying REE/C likely arises bes®REE binding to HA occurs
through two types of binding sites in different digyr (i) a few strong sites that preferentially

complex the heavy REE and thus control thg K™ patterns at low REE/C; (i) a larger

amount of weaker binding sites that preferentiabbynplex the middle REE and thus control

the log K™ pattern at high REE/C. Hence, metal loadingrtsxa major effect on HA-

mediated REE binding, which could explain the dsitgrof published conditional constants
for REE binding with HA. A literature survey suggeshat the few strong sites activated at
low REE/C could be multidentate carboxylic sitesperhaps N- or P-containing functional
groups. Finally, an examination of the literatuedd data proposed that the described loading
effect could account for much of the variation iEER patterns observed in natural organic-
rich waters (DOC>5mg L and 4&pH<7).

1. Introduction

There is now widespread evidence that rare edethents (REE) in natural organic
waters occur as organic complexes (Bidoglio etl®91; Glaus et al., 1995; Takahashi et al.,
1997; Viers et al., 1997; Dia et al., 2000; Tang dohannesson, 2003; Gruau et al., 2004;
Pourret et al., 2007a, b; Glaus et al., 2000; Yaotamat al., 2005; Sonke and Salters, 2006;
Stern et al., 2007; Pédrot et al., 2008; Yamamat@le 2010). This explains why the
determination of conditional binding constants lté REE by humic acids (HA) has recently
become a major issue of REE hydrochemical studieend and Johannesson, 2003;
Yamamoto et al., 2005; Sonke and Salters, 2006rr€oet al., 2007a, b; Stern et al., 2007;
and Yamamoto et al., 2010). Several recent stugtiesed that determining such constants is
not an easy task because of the presence of ablgossetal loading effect, leading to
variations in thelog K patterns with variations in REE/HA ratio. Thiamamoto et al.

(2005 and 2006) and Pourret et al. (2007b) repoatetiiddle REE (MREE) downward

concavity in thelog K ;*F patterns from complexation experiments conduetehigh metal
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loading (i.e. REE/C molar ratio ranging from™l@ 1.5x1(%, with C corresponding to the
amount of organic carbon). By contrast, Sonke aalies (2006) and Stern et al. (2007)

reported an overall increase of thegK5™ values from La to Lu (so-called lanthanide

contraction effect) from experiments at much [oR&E/C (10Y). One possible explanation
for this discrepancy is that the binding of the REiEh HA occurs through the heterogeneity
of the HA binding sites, having different stabiltgnstants and occurring in markedly distinct
density. More specifically, the "lanthanide contraic effect” observed in low metal loading

experiments could be due to the dominant bindinghef REE to high affinity sites which,
although occurring in the range of a few percemtyld determine théog K ;=5 pattern under

such low REE/C conditions. These sites, whose b@dirength regularly increases with the
REE atomic number, could be multidendate carbosgities, or phenolic, or aminocarboxylic
sites as suggested by Stern et al. (2007) and &acamd Martinez (2009). Alternatively, the
MREE downward concavity observed at high metal ilogccould be due to the binding
characteristics of high density but weak sites,clwlwould determine the HA binding under
high REE/C conditions. These sites would complexMREE much more efficiently than the
LREE and the HREE, and could be attributed to carlio sites, which are known to be the
main binding sites of REE in HA as demonstratedNIBXAFS analysis (C 1s-near edge X-
ray absorption fine structure) of Eu-HA complexekigh Eu/C ratio (Plaschke et al., 2004).
The binding characteristics of different trace reetaith HA were previously studied by
adsorption isotherm experiments. These studiessémton the binding of Al (Kinniburg et al.
1999), Ca, Cd, Cu (Benedetti et al. 1995), Am (Reé&t al., 2001), As (Buschmann et al.,
2004), Sb (Buschmann and Sigg, 2006), Pb and CateAand Masini, 2002) to humic
substances (HS), evidenced an increase in thengrstrength following the metal loading
decrease, that can be related to HS surface diéeolgeneity. Such non-linear binding was
also observed by Hummel et al. (2000) for Eu comgtien to HA. These studies agree with
the hypothesis of a variation of the apparéogK ;™ patterns with REE/C due to the
heterogeneity of the HA binding sites occurring different density. More recently,
Yamamoto et al. (2010) demonstrated a regular angdrgssive evolution of théog K 5=
patterns with decreasing metal loading, from a deand concave MREE distribution to a
pattern showing the lanthanide contraction effddbwever, this hypothesis still lacks
corroboration from a comprehensive study involvexgerimental and modelling approaches.

In the present study, REE-HA binding experimengsarperformed simultaneously on

the 14 naturally occurring REE over a wide rang®BfE/C molar ratio (ranging from 4x10
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to 2.7x107). Whereas the Sonke and Salters study used CE-&CBMow REE/C and the

Pourret et al. (2007) study used ultrafiltrationntmned with ICP-MS, at high metal loading,
all the here below presented data were obtainatyuke same combined ultrafiltration and
ICP-MS techniques. The experimental data are aedlys assess the variation in binding
sites with changing REE/C using Humic lon bindingdél VI (hereafter denoted as Model
VI), developed by Tipping (1998). Finally, a congtibn of 350 samples of organic-rich,
river-, and soil-waters were pooled to show whetharations in REE pattern displayed by
natural organic-rich waters could be due to a metaling effect.

2. Materials and methods

All chemicals used in this study were of analtigaade, with all experimental
solutions being prepared with doubly-deionised wafMilli-Q system, Millipore™).
Synthetic REE solutions were prepared from a mtREE standard (10 mg'lLAccu Tracé
Reference Standard). Polyethylene containers usedattain REE-HA complexation
equilibrium were all previously soaked in 10% Uttuae HNQ for 48h at 60°C, then rinsed
with deionised water for 24h at 60°C to remove REE contamination sources. All

experiments were performed at room temperature20¥C+ 2.
2.1.  Humic acid

Purified humic acid (HA) was obtained from syntbe&ldrich humic acid (Aldrichi",
H1, 675-2). The purification was performed with firetocol of Vermeer et al. (1998), except
that a tangential ultrafiltration step was addedetbove any possible HA molecules <10 kDa
using a Labscale TFF system equipped with a Palligd. membrane (PLCGCI10,
Millipore™). Humic acid was freeze-dried and stored in asglesntainer. Prior to use,
purified HA was solubilized overnight in a solutiaf 0.01 M NaCl at pH = 10 to ensure
complete dissolution (Vermeer et al., 1998).

2.2. Experimental set-up of the REE binding with HA

A standard batch equilibrium techniqgue was usedttmly REE complexation with
HA. The fourteen REE were added simultaneously $olation of 5 to 40 mg t of HA and
10% M NaCl. The REE/C (metal loading) varied from 4X1® 2.7x10". REE-HA binding
experiments were carried out at pH = 3. This acigid was chosen to avoid total

complexation of the REE with HA, and to prevent piemation of the REE inorganic
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fraction by OH and CQ?. Owing to their low stability constants (-0.66<Ipg-0.41 at 0.7 M
ionic strength and 25°C) (Byrne and Sholkovitz, AQREE-CI| complexes were neglected.
All inorganic REE can thus be confidently assunmeddcur as free aqueous REEpecies in
all the experiments, and are modelled accordinfng and Johannesson, 2003; Pourret et
al., 2007a). According to Yamamoto et al. (2009),aAd Fe form stable complexes with
carboxylic sites within humic substances and cameoexcluded completely by purification
of HA. Although humic acid was here purified with acidic cation-exchange resin (Dionex
50) at pH 1, some Al and Fe could effectively remiai HA. Therefore, HA sites strongly
bound with residual Fe and Al may be considerednats available for cation binding.
Moreover, HA site density is generally evaluated gmtentiometric titration carried out
between pH 2 and 11 (e.g. Ritchie and Perdue, 2@#)sidering the titration pH, titrations
do not allow removal of residual Fe and Al from tH& surface. In consequence, the HA
sites strongly bound with Fe and Al do not accdantsurface site density. Therefore, the
potential effect of residual Al and Fe on REE bimgdwvas not taken into account in this study.
Prior to REE addition, the pH was adjusted diretblya value of 3 in the HA suspensions,
which were then filtered to remove any potentiaqgpitate. The dissolved organic carbon
(DOC) concentration was then measured to assedsuinddA concentration of the filtrate.
Immediately following REE addition, a solution alwf was systematically analysed to
determine the exact REE concentration and thustriie REE/C of each experimental
suspension.

Experimental suspensions were stirred for 48 re&mh equilibrium according to the
protocol defined by Pourret et al. (2007b). Thewé&s monitored regularly with a combined
Radiometer Red Rod electrode, calibrated with WTehdard solutions (pH 4 and 7). The
accuracy of pH measurements wa3.05 pH units. At equilibrium (48 h), 10 mL of eth
suspension were sampled and ultra-filtered at 5 toDseparate the REE-HA complexes from
the remaining inorganic REE. Ultrafiltrations weraried out by centrifuging the suspension
aliquots through 15 mL centrifugal tubes equippéith wermeable membranes of 5 kDa pore
size (Vivaspin 15RH12, Sartorius). All the membransed were first washed with 0.15 mol
L"> HCI, then rinsed twice with MilliQ water to minise contamination. Centrifugations were
performed using a Jouan G4.12 centrifuge with simgpgpucket rotor at 3000 g for 30 min.

Dissolved organic carbon concentrations measunmedthie ultrafiltrates were
systematically lower than or equal to 0.1 m§ b concentration corresponding to the blank

value currently observed in our laboratory (e.gurket et al., 2007b). The 10 kDa
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ultrafiltration step added in the HA purificatiomgpocol ensures that no organic molecules
pass through the 5 kDa ultrafiltration cells. Poesly, Pourret et al. (2007b) showed from
mass balance calculations, that more than 98% OE RMre recovered and that REE
adsorption onto the membrane and the cell devices wesignificant. Hence, the
concentrations of REE complexed to HA correspomittht to the difference between the
initial REE concentration and the REE concentraiotihhe <5 kDa ultrafiltrate.

The REE complexation with HA is described using #pparent partition coefficient
Kq, as follows:

gLn, adsorbed.™*/gDOCL™

m
K, (Ln)=
o(L;) pogLln® mL?

(1.1)
where Ln = La to Lu.
2.3. Solution analysis

Rare earth element concentrations were determaneflennes | University with an
Agilent Technologie®" HP4500 ICP-MS instrument. All sample solutions evémjected
directly, except the initial suspensions, which evamalysed to determine precisely the
REE/C ratios for each experiment. The suspensions fiveteligested with sub-boiled nitric
acid (HNG 14 N) at 100°C, then resolubilized in HN0.37 N after complete evaporation to
avoid interferences with organic matter during masslysis by ICP-MS. Quantitative
analyses were performed using a conventional eateadibration procedure. Three external
standard solutions with REE concentrations similath® analysed samples were prepared
from a multi-REE standard solution (Accu Trace™ Refeee 10 mg [}, USA). Indium was
added to all samples as an internal standard enheeatration of 0.8imol L™ (100 ppb) to
correct for instrumental drift and possible mataKects. Indium was also added to the
external standard solutions. Calibration curvesewsalculated from measured REE/indium
intensity ratios. As established from repeatedyaea of multi-REE standard solution (Accu
Trace™ Reference, USA) and the SLRS-4 water standaedinstrumental error on REE
analysis is below 3 %. Chemical blanks of all indiaal REE were all lower than detection
limit (1ng L), and are thus negligible.

Dissolved organic carbon concentrations were deted using a Shimadzu 5000
TOC analyzer. The accuracy of DOC concentration nreasents is estimated &t5%, as

determined by repeated analysis of freshly prepstaadard solutions (potassium biphtalate).

24



Metal loading effect REE binding to humic acid

2.4.  Humic lon binding Model VI

The Humic lon binding Model VI (Model VI) has beprecisely described by Tipping
(1998). This model is a discrete binding site moghich takes into account electrostatic
interactions. Eight sites are considered, divida#d an equal number of Type A sites (the
weak acidic group, commonly associated with carboxynctional groups) and Type B sites
(the strong acidic group, commonly associated pitanolic functional groups). There are n
(mol g*) Type A sites and4#2 (mol g*) Type B sites. The thermodynamic properties oheac
site are described by intrinsic proton-binding ¢ants (pka or pKg) and the spread of the
values QpKa or ApKg). Cation binding is described by the intrinsic dimg constant of a
given cation with each type of site (hamely, logakand log Kyg), together with a parameter
(ALK ) describing the spread of values around the meé@grtonsidering results from many
datasets, a universal average value\bK; was obtained for all cations, and a correlation
established between logyK and log Kua (Tipping, 1998). Model VI parameters used for
REE binding to humic acid modelling (Tipping, 198§ presented in Table I1.1.

Model VI also takes into account the formatiorbafentate and tridentate complexes
by a proximity factor, which quantifies whether thimding sites are close enough to form
multidentate sit€s The occurrence of bidendate and tridendate sisescalculated
probalistically. A fraction of multidentate sitearcbe considered as equivalent to strong sites,
and may be compared to other strong sites formedtbyms such as N, P or S (Tipping,
2007). The binding constant of the bidendate aidéndate sites are calculated by increasing
the logarithms of monodendate site constants iy Kl,, where N=1 and 2 for 9 and 0.9% of
the bidentate sites, respectively, and N= 1.5 arfdr® and 0.9% of the tridentate sites,
respectively (Tipping, 2002). Thus, ti¢ K, parameter (so-called "the strong binding site

term") introduced in Model VI, can be used to maziion binding by the few strong sites.

! Text modified from the published article.
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Parameter Description Values

Na Amount of type A sites (molQ 3.310°

Ng Amount of type B sites (moly 0.5xmn

pKa Intrinsic proton dissociation constant for typesifes 4.1

pKs Intrinsic proton dissociation constant for typsiiks 8.8

ApKa Distribution terms that modifies pK 2.1

ApKg Distribution terms that modifies pK 3.6

log Kya Intrinsic equilibrium constant for metal bindingtgpe A sites Fitted from experimental data
log Kvs Intrinsic equilibrium constant for metal bindingtgpe B sites 3.39 log i -1.15

ALK Distribution term that modifies log 2.8

ALK, Distribution term that modifies the strengths @fdmtate and tridentate sites  Fitted from expertaledata
P Electrostatic parameter -330

Ksel Selectivity coefficient for counterion accumulatio 1

M Molecular weight 15000 Da

r Molecular radius 1.72 nm

Table 11.1. Model VI parameters used for REE binding to huati (Tipping, 1998).

3. Results

(All experimental data can be found in the suppletauey file)
3.1. Experimental data

The influence of metal loading on REE complexatwith HA is examined by
considering the variation of the REE distributiaefficient (log K=") patterns as a function
of the REE/C (Fig. Il.1). Firstly, a variation iha log K™ value is observed from 4.8 to 6.6
for La, and from 4.8 to 7.3 for Lu over the randdasted REE/C (from 4xIbto 2.7x10).
Secondly, and more importantly, the suggested tianiaof the logK = patterns with
changing REE/C is confirmed (see discussions irriébat al., 2007b and Stern at al., 2007).
More specifically,log K5 patterns at low REE/C display a continuousamient from La
to Lu, a feature already reported by Sonke andealf2006) and Stern et al. (2007) for
patterns obtained at similarly low REE/C. Conveystdg K patterns at high REE/C show

the typical downward concavity of the MREE earlieported by Davranche et al. (2005),
Yamamoto et al., (2005) and Pourret et al., (20Gron high metal loading experiments.

This logK ™ pattern variation can be quantified by meanstha log(K5*/ KS™) and
log(K$'/K ) (denoted below as log(La/Sm) and log(Gd/Yb), retipely). Indeed, the

log K™ patterns from low REE/C experiments - displgythe typical increase from La to

Lu - are characterized by log (La/Sm) and log (G3)/Yalues <0, whereas patterns from high
REE/C experiments - showing the characteristic deavd concavity of the MREE - have log
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(La/Sm) and log (Gd/Yb) ratios <0 and >0, respatyiv As a whole, the log (Gd/Yb)
decreases more strongly with decreasing REE/C (fidrth for REE/C = 2.7xIfto -0.35 for
REE/C = 4x10) than the log (La/Sm) (from -0.24 for REE/C = 21@%to -0.41 for REE/C =
4x10%.

8.0
7.5
ol REE/C
—%-0.4 16
¥ 6.5 --091¢
2 —A-3.010°
- 601 W —=-9110

././.,_./H\H_.\._._'/H —-27.310
5.5
>0 M_H

45 T T T T T T T T T T T T T 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure I1.1. Variation of log K&

triplicates.

as a function of REE/C. Error bars correspondtémdard deviation of

Log K4 and log (REE/C) display negative linear correlagigR2>0.99) when reported
together (e.g., La, Lu; Fig. 11.2) within the te$tREE/C range. ThéogK == increase with
the decreasing metal loading demonstrates theinearity of the REE-HA binding involved
by the HA binding site heterogeneity. Slopeslag K ;= versus log REE/C noted @= La

to Lu), which corresponds to the non linearity ¢icefnt of the REE-HA binding increase
regularly along the REE series, suggesting that HREding to HA is strongly influenced
by the HA site heterogeneity (Fig. 11.3). Our résudemonstrate that REE-HA binding occurs

through high density but weak HA sites at high rigtading, implying a concavéog K ;=
pattern. By contrast, at low metal loading, REE aothbly HREE are preferentially bound to
strong affinity but low density HA sites, which ioives a regulatog K ;= increase from La

to Lu.
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Figure 11.2. Diagram illustrating negative linear correlatidmestween log Kd and log (REE/C) for La and Lu.
Error bars correspond to standard deviation oficapes.
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Figure 11.3. Variation of "a" coefficient through the REE seati€a" is a measure of the non-linearity of the
REE-HA binding isotherms, determined by the slopleg K" versus log (REE/C).

3.2. Calculating log K1a andALK2 values

Calculations are performed using the computer rarmgWWHAM 6 (Version 6.0.13),
which includes Model VI. We used a classic stratdwt consists of adjusting the intrinsic
parameters of the model to each REE simultaneaugli/the minimization of the root mean
square error (rmse). We not only adjust logaK(i.e. the parameter that quantifies REE
complexation via the high-density, low-affinity e, but also thALK, values. ALK is the

parameter that addresses the non-linearity of étiercHA binding in Model VI and is used
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to increase HA strong site influence on the bindifigping (2002) designat&LK, as “the
strong binding site term". This procedure is a urideature of the present study, as all
previous workers have considered this parametetoastant and equal to 0.29 for each
individual REE (e.g. Pourret et al., 2007b). Poueteal.’s (2007b) log ka dataset was used
as initial log Kua values. Considering th#@lLK, and |g coefficient represent both the non
linearity of the REE-HA binding and the subsequgAtsite heterogeneityALK , values were

optimised assuming a linear correlation with@&LK,=2.98+ g - 1.88).

REE log Kua®  log Kya® ALK ,? rmsé?
La 2.58 2.70 1.10 0.02
Ce 2.60 2.72 1.15 0.02
Pr 2.61 2.73 1.20 0.02
Nd 2.63 2.74 1.20 0.01
Sm 2.65 2.75 1.30 0.01
Eu 2.65 2.74 1.35 0.01
Gd 2.63 2.72 1.35 0.01
Tb 2.62 2.71 1.50 0.01
Dy 2.61 2.70 1.60 0.02
Ho 2.60 2.69 1.65 0.02
Er 2.60 2.69 1.70 0.01
Tm 2.59 2.67 1.90 0.01
Yb 2.60 2.65 2.05 0.02
Lu 2.60 2.64 2.10 0.02

(1) Pourret et al. (2007b)

(2) This study
Table 11.2. Log KMA andALK?2 values fitted from the experimental data usivigdel VI. The quality of the fit
is determined by the rmse, calcuIated\/hﬁeanaogVexp ‘|09Vca1c)2 , where v is the amount of REE bound to

HA per gram of DOC for experimental and modellecadagspectively. The log KMA data published by Peur
et al. (2007b) are shown for comparison.

Table 11.2 reports the two sets of optimized logakandALK , values thus obtained
for the 14 analysed REE. As indicated, by rmsee&lix0.03), the fits can be considered of
good quality. The optimizedLK , values are intermediate between the values falémt Al
and Fe (0.46 and 2.20, respectively) determinedipping et al. (2002). The new set of
optimized log kya values is compared with the earlier dataset pldtisby Pourret et al.
(2007b) (Table 11.2). The new values are highenttige previous results by ca. 0.1 log unit.
They are also distinguished by the presence oigatgbut continuous decrease of LogiK
from Dy to Lu. The optimized log ¥, andALK; values reported in Table 1.2 are used to
draw the calculated La and Lu adsorption isothé¥im. (Il.4a) as well as log (La/Sm) and log
(Gd/Yb) variations vs. log (REE/C) (Fig. Il.4b). @hcomparison between calculated and
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experimental data shows a reasonably good fit wherhonstrates the ability of Model VI to

predict the REE-HA binding at high and low REE/€ plrticular, calculated log (La/Sm) and
log (Gd/Yb) decrease with decreasing log (REE/@)the same way as the experimental
values (Fig. 11.4b).
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Figure 11.4. Binding of REE by HA. (a) La-HA and Lu-HA bindingotherm, presented for La and Lu, and (b)
Variation of log (La/Sm) and log (Gd/Yb) versus I§BEE/C). Closed symbols and lines correspond to
experimental data and best fits, respectively. Hyers correspond to standard deviation of tripéisa

4. Discussion

4.1. Comparison with the literature

In Model VI, the log Ksa values may be regarded as representing the binding

characteristics of weak sites controlling REE cawrption with HA at high REE/C.
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Although, these values do not represent stabilitystants, the relative variation of logyK

through the REE series likely reflects the abiliythe weak sites to bind REE. Thus, the
weak sites may be considered as preferentially éoxmy the MREE whereas the strong
sites, whose complexation constant dependAbK,, may be regarded as preferentially

complexing HREE rather than MREE or LREE.
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Figure 1.5. REE patterns for apparent REE-HA binding constbttined from (a) high REE/C experiments
(weak sites) and (b) low REE/C experiments (strsitegs). Data source: this study for log&and log K(REE-
T16) (log K Model VI strongest site: 0.9% of T16e3i Sonke and Salters (2006) (Leonardite coal ptA= 7);
Pourret et al. (2007b) (Aldrich HA); Yamamoto et@010) (Suwannee River HA; pH = 4.7).

In Figure 11.5a, the optimized logu& values were compared with the logiKvalues
reported earlier by Pourret et al. (2007b), as wsllwith the conditional stability constants
(log B) published by Yamamoto et al. (2010). Both puldsldatasets were computed from
high metal loading experiments (3XREE/C<3x1F) in which the REE behaviour should
be determined by the weak sites. This comparisamesesting since the three datasets were
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obtained using different experimental techniquesnely: ultrafiltration in the present study
and Pourret et al.'s datasets (2007b), as agailvens extraction for the dataset reported by
Yamamoto et al. (2010). Quite clearly, the thredadaets exhibit similar patterns,
characterized by a strong MREE downward concavitiie apparent decrease of the
optimized log Kua from Dy to Lu is a consequence of the higtK ; values introduced into
Model VI to accurately describe REE binding by HZptimizedALK , values computed from
the new experimental data are not only differemntefach REE (varying from 1.1 to 2.1), but
also much higher than the common value of 0.29 taediopy users of Model VI (i.e. Pourret et
al., 2007b; Yamamoto et al., 2010).

In Figure I1.5b, log K pattern of the REE-HA stgwst, but less abundant, site
occurring in Model VI (i.e. 0.9% of T16 site, whok®y K is increased by 3 ALK, in
Tipping, 1998), noted log K(REE-T16), is comparedhat of logp reported by Sonke and
Salters (2006) and Yamamoto et al. (2010) for loatahloading experiments. All patterns
are characterized by a continuous increase frontollau. This similarity is considered as
confirming that theALK ; values computed here can be used to model theof@®ong sites
controlling REE binding at low REE/C.

4.2. Impact of ALK, values on modelling results at high to low REE/C

To obtain further insight into the influence otLK, parameter in calculating REE
complexation by HA using Model VI, modelling calatibns were performed at REE/C lower
than present experimental ratios, using (i) the é&md commoALK , value of 0.29 proposed
by Tipping (1998) for each REE (simulation 1), gimdthe optimizedALK , (simulation 2). In
these simulations, the HA concentration, the pHthedonic strength of the solution are kept
constant and equal to 10 mg'L3, and 16 M NaCl, respectively. Rare earth element
concentration ranges from 1@o 10" M. These simulations were carried out to determine
quantitatively the bias introduced under low REEAGo0 conditions by using th&lL K, value
of 0.29. Moreover, this approach is also a waympleasizing and quantifying the role of
strong binding sites in controlling REE binding viHA at low to high REE/C ratio. The
common use of thALK , value of 0.29 leads to a large underestimatioRBE bound to HA
when the REE/C becomes lower than ca’, Hs compared to the predictions performed with
the optimizedALK ; values. For La, the underestimation ranges fromOc& log units for
REE/C of ca. 1dup to ca 1.5 for REE/C of ca. 10The underestimation is even higher for
Lu: from ca. 1 log unit for REE/C of ca. t@p to ca. 3.5 for REE/C of ca. 10The higher
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underestimation obtained for Lu is consistent with fact that the optimizefALK, values,

which must be introduced in Model VI to account fioee strong REE-binding sites, are much
higher for Lu (2.1) than for La (1.1). In agreemaith this behaviour, and as illustrated in

Figure 1.6, the use of a low and constAhK , value of 0.29 as proposed by Tipping (1998)

would lead to an underestimation of the fractiorthef REE bound to HA under low REE/C

conditions. More importantlyALK , values of 0.29 would also produce a biasegK ;=

pattern that remains concave whatever the metdiriga
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Figure 11.6. Variation of (a) log K and (b) log K" relative to the log (REE/C), on a large range @ftah
loading. Comparison of Model VI prediction with (ALK, = 0.29 (dashed line) and (2) with the optimized
ALK (bold dashed line). Symbols represent experimeatdtd. Error bars correspond to standard deviatfon

triplicates.

4.3. Nature of the binding sites

Previous studies have shown that the downward asdtycof log Kya or/and log

KdREE

patterns obtained from high REE/C experimentsiss apparent in the patterns for
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simple organic compounds possessing carboxylictimmal groups such as acetic acid (Fig.
[I.7a; Yamamoto et al., 2005, and Pourret et &Q7d). As stated above, the weak sites that
control the binding of REE to humic substancesigh lREE/C are likely to be carboxylic
functional groups, a hypothesis supported by tHes-GIEXAFS analyses of saturated Eu-HA
complexes published by Plaschke et al. (2004). ithdies that simple organic compounds
having carboxylic functional groups such as acdiag Byrne and Li, 1995) can be regarded

as analogues of these weak sites.
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Figure 11.7. REE patterns comparing the Log,Kobtained in this study and log K published fortecacid and

bacteria cells Bacillus Subtillis) (a), as well log K(REE-T16), log K Model VI strgest site (0.9% of T16
site);(this study) and log K of NTA, oxalic acidchphosphate complexes (b). Data source: this sBygyne and

Li (1995); Schijf and Byrne (2001); Takahashi et(2D07).

A similar comparative approach may provide infaotiora about the nature of the

strong sites. High-affinity sites in HA are gengrahought to comprise phenolic functions
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and/or multi-dentate carboxylic (Takahashi et 4B97; Stern et al., 2007; Pourret and
Martinez, 2009). Amine sites are known to be inedlvn the complexation of Am (lIl) and
Cu (II) by HA (Peters et al., 2001; Wu and Tana2@)1), so they could be also involved in
strong binding sites. Due to the high pKa of HA pblee sites (around 9; Ritchie and Perdue,
2003), it is unlikely that strong sites correspoaghenolic sites given the low pH value (pH
= 3) of the present experiments. Stability constaatterns of REE-phosphate, REE-oxalic
acid and REE-NTA complexes exhibit the same lantieanontraction effect as the log K of
the REE-HA strongest sites occurring in Model VIERT16) complexes (Byrne and
Sholkovitz, 1996; Schijf and Byrne, 2001; Takahashial., 2007; Fig. 1.7b). Rare earth
element binding to oxalic acid and NTA occurs qittierough multicarboxylic sites or
multicarboxylic N-containing sites. Given the siamity of the stability constant patterns, the
strong sites that control REE binding at low REEMIght be similar to simple
multicarboxylic sites, or multicarboxylic sites ¢aming amino or, possibly, phosphate
binding groups.

Finally, the new log Iga and log K (REE-T16) patterns were also comparetth wi
patterns of REE binding to bacteria celBs gubtilis;, Takahashi et al., 2007; see Fig. Il.7a).
These patterns are interesting because they contiienbinding features of the strong and
weak sites of HA, namely a relative enrichment loé tHREE and a middle downward
concavity of the MREE. As observed in the preséundys Takahashi et al. (2007) found that,
with decreased metal loading, the log"¥ between the bacteria suspension and the
experimental solution increased more strongly tten log K55 (Fig. 1.1, and Fig. 2 in
Takahashi et al., 2007). More recently, Takahashi.g2008) demonstrated that the binding
of the LREE and of the HREE at the surface of b&ctewolved two types of sites:
monodentate phosphate sites for the LREE and reuliade phosphate sites (alkylphosphates)
for the HREE. Although bacteria cells cannot be parad to HA, it is a striking observation
that similar variations in metal loading led to 8anchanges in REE binding capacity and a
similar fractionation of REE distribution patterns.

To conclude, this literature review suggests thatfew strong sites activated at low
REE/C in REE binding with HA could be multidentai@boxylic sites, or perhaps N-, or P-
functional groups. The identification of the examwdture of these sites clearly remains a
challenging issue. To solve this problem, furthetaded high-resolution spectroscopic

investigations of REE-HA complexes involving, fotaenple, EXAFS studies are required.
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4.4. s there any evidence for a metal loading effectatural organic-rich waters?

There is now ample evidence that humic substa(té83 control REE speciation in
natural organic-rich waters (Bidoglio et al., 199hkahashi et al., 1997; Glaus et al., 1995;
Viers et al., 1997; Dia et al., 2000; Glaus et 2000; Gruau et al., 2004; Johannesson et al.,
2004; Davranche et al., 2005; Yamamoto et al., 2@086; 2010; Sonke and Salters, 2006;
Pourret et al.,, 2007a, b; Stern et al., 2007; Dmha et al., 2008; Pédrot et al., 2008;
Yamamoto et al., 2010). Speciation studies show tiearly 100% of the REE occur as
organic complexes in such waters (Viers et al. 1994 et al., 2000; Tang and Johannesson,
2003; Gruau et al., 2004; Johannesson et al., 200drret et al., 2007b; Pédrot et al., 2008).
Yet, REE patterns are highly variable in these wgatés shown on Figure I1.8, which
presents a compilation of REE data for <0.2umriideorganic-rich waters, log (La/Sgax
and log (Gd/Yb)cc values vary by ca. 0.5 and 0.8 log units in suclievs, respectively,
reflecting strong fractionation of the REE patterAdl the waters compiled in Figure 1.8
have DOC concentrations >5 mg,Land pH values in the range 4 to 7. This impliet the
REE pattern in these waters must be controllelbast in part, by the binding affinities of the
organic molecules REE binding sites. Given theltegquresented in this study, we are led to
pose the following question: could the variatiorRBE pattern displayed by natural organic-

rich waters be due to the metal loading effect?
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Figure 11.8. Literature compilation of log (Gd/Yb}c versus log (La/Sm)c, illustrating coherent variations of
REE pattern, in natural organic-rich river- and-saters. The REE patterns indicate the types of R&ttern
specific to each corner of the diagram. Data saurEga et al. (2000), Viers et al. (2000), Gailletreet al.
(2004), Gruau et al. (2004), Tosiani et al. (20@4jterives (2007).

Addressing this question is not a trivial task d&aese of the pH dependence of the
metal loading effect, and the chemical compositianability of these waters. Nevertheless,
we can note the following two features which allosvto consider this possibility. Figure 11.8
presents a compilation of 350 samples of orgawmit;rriver-, and soil-waters. Besides the
strong variability of the REE pattern, Figure lisBows that organic-rich waters are not
randomly distributed when plotted in a log (La/Seg) versus log (Gd/Yhkjcc diagram.
Indeed, the data points are almost entirely resttito the upper and lower left-hand corners
of the diagram, illustrating that REE patterns mgamic-rich waters range from patterns
showing a MREE downward concavity to patterns shgvé continuous enrichment from La
to Lu. Only a very small number of waters (7 outidbtal of 350) display patterns exhibiting
a continuous enrichment from Lu to La, or showinjlREE upward concavity. This non-
random distribution of REE patterns in organic-rislaters was already pointed out by
Pourret et al. (2007b), although based on a cotgnilgpooling a far more limited number of
waters (Fig. 6 in Pourret et al., 2007b). Figudegal and 11.9b plotting log (La/Smigc and
log (Gd/Yb),cc against log (REE/C), respectively, display botlhy iha/Sm)cc and log
(Gd/Yb)ycc decrease with decreasing metal loading, whichoissistent with the present
experimental results, HREE-HS and MREE-HS bindiamg favoured at low and high metal
loading, respectively. Therefore, natural waterthviow REE/C should exhibit an HREE-
enriched REE pattern, by contrast to high REE/Cewmgatvhich should display a MREE-
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enriched REE pattern. The dispersion of data olkseim Figures 11.8 and 1.9 may be
attributed to two major uncertainties. (i) The nhédading should be expressed as log (M/C)
where M represents the sum of the dissolved catisaiscompete with REE for HS surface
sites. However, because metallic nano-oxides (FAlpmay be included in the <0.gm
water fraction, (e.g. Pokrovsky et al. 2006; Pédebtal., 2009), log (M/C) could be
overestimated. By contrast, published chemical watampositions often lack the entire
cation content, which consequence could be an astieration of the log (M/C). (i) REE
distribution may also be strongly influenced by sieface functional group heterogeneity and
density of the different HS types. Although theseartainties, REE distributions in Figures
[1.8 and 11.9 do correspond to the expected distrdns if the REE pattern shape prevailing in

organic-rich waters is controlled by a metal logogffect.
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Figure 11.9. (a) Log (La/Sm)cc and (b) log (Gd/Yh)cc versus log REE/C for the data compiled in Figuré. |
Solid line represents the linear relationship.
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Thus, the special fractionation of REE patterneatural organic-rich waters suggests
that the metal loading effect could be the causth®inarked variability of REE patterns that
characterize these systems. As a whole, the presargtigation, when combined with results
from previous studies by Yamamoto et al. (2005;@80%onke and Salters (2006), Stern et al.
(2007) and Pourret et al. (2007b) demonstrates hatiA binding site heterogeneity (strong
and weak sites) directly influences the REE conmgtiex patterns, and (ii) this latter point
may be explained by a loading effect: at low métading, stronger sites are favoured
yielding HREE-enriched REE patterns, whereas, gh metal loading, the more abundant
weaker sites dominate complexation leading to REHEems with MREE downward

concavity.

5. Summary

The effect of metal loading on the binding of thee earth elements (REE) to humic
acid (HA) was studied by combining ultrafiltratia@nd Inductively Coupled Plasma Mass
Spectrometry techniques. REE-HA binding experimevese performed at pH 3 for REE/C
ranging from ca 4xI0to 2.7x1(, using a standard batch equilibration method. Reshow
that the relative amount of REE bound to HA strgnigicreases with decreasing REE/C.

Moreover, a middle-REE (MREE) downward concavitylisplayed bylog K5 patterns at

high metal loading, whereas patterns at low meiadliing exhibit a regular increase from La

to Lu. These results demonstrate that the vartglufi REE-HA binding patterns published so

far (Yamamoto et al., 2005; 2006; 2010; Sonke aalte&, 2006; Pourret et al., 2007b; Stern
et al., 2007) is not an artefact resulting from tise of different analytical procedures. The
variability of patterns is real, reflecting the peace of two types of sites in HA surface, each
occurring in markedly distinct proportions and e&elving different binding affinities for the

REE. The resulting metal loading effect explaine trariation oflogK ™= patterns with

changing REE/C.

Calculations performed using Model VI show that ttwvo types of sites involved in
the binding of REE with HA can be defined by the ddbVI intrinsic log Kya and ALK
parametersALK, parameter being free to vary among the REE seé@ipfimization of both
parameters provides evidence that high densitywmatk sites determine the distribution of
REE to HA at high REE/C, favouring the complexatafnthe MREE. By contrast, the few
strong sites determine the distribution of REE tA &t low REE/C, favouring the HREE
complexation. A literature review suggests thatféhe strong sites activated at low REE/C
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could be multidentate carboxylic sites, or perhBlpsor P-functional groups, whereas the
weak sites involved at high metal loading are jiked be monodendate carboxylic sites.
Application of Model VI to the experimental dataogls that this model closely reproduces
the observed variations. Hence, this model is g pewerful tool for studying and taking into

account the loading effect that controls REE bigdg HA.

Finally, confronting the variability of REE pattey in natural organic-rich waters and
their metal loading level, expressed as REE/C, shibat the loading effect discussed here
could explain part of the shape variability of Rg&tterns observed in these waters. Overall,
our results suggest that further factors, suchamspetitive cations and/or colloidal nano-
oxides, should be considered to improve the matadihg effect accuracy. Also the
variability of humic substances chemical compositghould be considered to explain the
diversity of the binding sites that may be involvedREE complexation mediated by organic
matter. These other factors should be taken intowd to model and thus better understand
REE cycling and transport in natural systems. Cagan, Model VI may provide a reliable

and powerful tool for this purpose.
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Modélisation des interactions entre
terres rares et acides humiques
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An improved description of the interactions
between rare earth elements and humic
acids by modeling: PHREEQCGModel VI
coupling

Cette partie est extraite de Geochimica et Cosmachi Acta, Marsac R., Davranche M.,
Gruau G., Bouhnik-Le Coz M. and Dia A. (2011) Arpiraved description of the interactions

between rare earth elements and humic acids bylmgdBHREEQC-Model VI coupling (In

press).
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Résumé-Le modeéle de complexation des ions par les subssamumiques Model VI - utilisé
précédemment pour modéliser les équilibre de caorafitth des terres rares (REE) par les
acides humiques (HA) - a été modifié afin de temmmpte des différences de spectres de
complexation des REE entre les groupements carigpred et phénoliques des HA. Les
modifications apportées améliorent significativeméss résultats de modélisation. Elles
permettent, pour la premiere fois, de reproduirentiére satisfaisante un large jeu de
données expérimentales de complexation de I'ensenidd REE par HA avec les mémes
parametres et equations. L'utilisation de PHREEQ@htme que les REE légeres (LREE) et
lourdes (HREE) ne se complexent pas aux mémes gmoeqts fonctionnels des HA. Les
LREE se lient préférentiellement a des groupemeatboxyliques tandis que les HREE se
lient préférentiellement a des groupements carlphgnoliques et phénoliques. Cette
différence de comportement entre LREE et HREE m@aumduire un fractionnement des
REE lorsqu’elles sont en compétition avec d’aut@sons pour la complexation par les sites
des HA. L'étude des données disponibles de comiiexantre cations et ligands organiques
suggére que Af pourrait limiter la complexation des HREE par 4. Ce nouveau modéle
devrait améliorer la modélisation hydrochimique &&E puisque PHREEQC tient compte
d'un grand nombre de réactions chimiques telles qles équilibres de
dissolution/précipitation de minéraux et les réawi d’oxydo-réduction mais peut aussi

modéliser les cinétiques de réaction et du traigpone dimension.

Abstract- The Humic lon Binding Model VI (Model VI) - previsly used to model the
equilibrium binding of rare earth elements (REE) loymic acid (HA) - was modified to
account for differences in the REE constant pasteshthe HA carboxylic and phenolic
groups, and introduced into PHREEQC to calculateRIEE speciation on the HA binding
sites. The modifications were shown to greatly iowerthe modeling. They allow for the first
time to both satisfactorily and simultaneously maoaléarge set of multi-REE experimental
data with the same set of equations and paramdtkesuse of PHREEQC shows that the
light rare earth elements (LREE) and heavy rarthedements (HREE) do not bind to HA by
the same functional groups. The LREE are prefakytoound to carboxylic groups, whereas
the HREE are preferentially bound to carboxy-phienahd phenolic groups. This binding
differentiation might lead to a fractionation of REA patterns when competition between
REE and other metals occur during complexationuivesy of the available data shows that
competition with Af* could lead to the development of HREE-depleted pé#fterns. This
new model should improve the hydrochemical modetihthe REE since PHREEQC takes
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into account chemical reactions such as mineradotliion/precipitation equilibrium and
redox reactions, but also models kinetically cdidb reactions and one-dimensional

transport.

1. Introduction

Dissolved humic acids (HA) are complex macro-moles that contain a large variety
of functional groups giving rise to strong bindingpacities with cations. Because of HA
ubiquity, a lot of effort has been made in the @iktyears to set up thermodynamic models
that are suitable for predicting cation complexatily HA in natural waters (Marinsky and
Ephraim, 1986; Tipping and Hurley, 1992; Koopakkt 1994; Kim and Czerwinski, 1996;
Tipping, 1998; Sasaki et al., 2008). The two maypes of HA-cation binding surface groups
are the carboxylic and phenolic groups. Each typeers a large range of cation stability
constants (log K). The two most used cation-HA rigdmodels are Model VI (Tipping,
1998), in which both the carboxylic and phenolioups are discrete entities displaying
specific stability constants, and NICA-Donnan (Kburgh et al., 1996), in which continuous
distributions of log K are considered. In both misd¢he variety of the HA binding sites is
taken into account, as the log K distribution iscekted from the cation-carboxylic and
cation-phenolic specific binding parameters. Byirfg the datasets for each of these two
models, Tipping (1998) and Milne et al. (2003) weailele to determine the generic HA
binding parameters for a wide variety of cationsey found that cation-phenolic model
parameters can be mathematically correlated toorca&trboxylic parameters. These
mathematical correlations are very useful to esgmahenolic binding parameters from
carboxylic binding parameters, notably when experntal data are limited or non-existent.
For Model VI, Tipping (1998) chose to impose a éineelationship between the carboxylic
and phenolic cation binding parameters (lagskand log Kus, respectively). Thus, only one
parameter has to be adjusted in order to desdnbénteraction of cations with humic acids
using Model V1, i.e. Log Ifa.

Rare earth elements (REE) are a highly coheramdssef elements, whose chemical
properties vary regularly along the series. Thelative affinity for ligands can be visualized
in the plot of the intrinsic stability constantedlK) or the partition coefficient between two
phases (log K versus the REE atomic number. Different and d$weshapes of log K
patterns are therefore displayed depending onidhads (Byrne and Li, 1995). Moreover, the
REE are particularly suitable to study cation-HAenactions. Experimental and field studies

showed that when HAs are present in natural wataost of the REE occur as REE-HA
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complexes (Bidoglio et al., 1991; Takahashi et297; Viers et al., 1997; Dia et al., 2000;
Tang and Johannesson, 2003; Johannesson et a&;, @Afau et al., 2004; Davranche et al.,
2005; Sonke and Salters 2006; Pourret et al., 2007aPédrot et al., 2008). Recent
experimental studies on REE-HA binding have sholat the metal loading (REE/HA) can
modify the REE partitioning between an aqueous tewiuand HA (Marsac et al., 2010;
Yamamoto et al., 2010). At high loading, a middlEER (MREE) downward concavity,
typical of REE binding to low affinity carboxyliates, was observed. However, under low
REE/HA conditions, the log Kpattern exhibited a regular increase from La t@ Which is
typical of REE binding to strong affinity multidexté sites (Marsac et al., 2010; Yamamoto et
al., 2010). These two types of log, Katterns correspond to the log K patterns obtafoed
the corresponding simple organic ligands (nameBbtiacacid for the carboxylic sites, and
EDTA for the multidentate sites). Their successogeurrence is plausible since the site
density of the HA high affinity sites is much lowdan the density of the low affinity sites.
Marsac et al. (2010) showed that in order to prgp®odel this data with Model VI, it was
necessary to let the parameter accounting for itle &ffinity sites,ALK,, vary among the
REE series instead of keeping it constant, as camhmrassumed. However, although there is
a good agreement between the experimental and etbdata, the HA sites defined in Model
VI are still not fully satisfactory for the REE s&s. The assumption of a similar log K pattern
shape for the carboxylic and phenolic sites, imgobg the Log Kia-Log Kug linear
relationship, is not consistent with the log K pattobserved for the REE-catechol complex -
an analog of phenol - which exhibits a regular eéase in heavy-REE (HREE) log K values
(IUPAC, Stability Constants Database). Because @liesites have a lower acidic constant
(K3) than carboxylic sites and occur in lower denéRytchie and Perdue, 2003), their log K
pattern could theoretically be directly determindy performing REE-HA binding
experiments at pH > 7 and low REE/HA ratios. Howevkese kinds of experiments are
technically hard to perform with regard to the lagueous REE concentration imposed by the
pH values. Marsac et al. (2010) and Yamamoto ei24110) therefore carried out their
experimental studies at a low pH (3 and 4.7, respey) in order to be able to measure the
REE aqueous concentration at low REE/HA ratios.rrebet al. (2007b) explored higher pH
values (up to 10.5), but the high imposed REE/H##orprevented the study of the phenolic
log K patterns. This problem might be circumvenibgdstudying REE-HA binding through
competition ligand experiments with EDTA, as premly done by Sonke and Salters (2006).
However, as stated by Yamamoto et al. (2010),rbeeasing log K(REE-EDTA) values from
La to Lu implies that each REE binding is not stadat the same metal loading, thereby
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preventing the comparison of the log K patterndlite patterns for the conditional stability
constants.

In this study, a modeling approach was used ttuat@whether the HA phenolic sites
differ from the HA carboxylic sites in their abifito complex REE. The stability constants of
the REE-HA phenolic sites were thus independerghjmated. For this purpose, Model VI
equations were introduced into PHREEQC (ParkhundtAppelo, 1999), following Liu et al.
(2008). The PHREEQC/Model VI model was then usefittthe HA-REE binding datasets
published by Sonke and Salters (2006), Pourrdt €@07b) and Marsac et al. (2010).

2. Materials and methods

2.1. Humic lon binding Model VI

The humic-ion binding Model VI was developed byding (1998) and introduced
into the WHAM 6 program. A thorough description bdel VI can be found in Tipping
(1998). The model is a discrete binding site madakch takes electrostatic interactions into
account. Eight sites are considered and dividedlantequal number of type A sites (the weak
acidic sites, commonly associated with carboxylinctional groups) and type B sites (the
strong acidic sites, commonly associated with pherfionctional groups). There are imol
g™) type A sites and 412 type B sites. Proton binding is described byt median intrinsic
constants (pk or pKg) and two parameters defining the spread of thalibqum constants
around the medial\pKa or ApKg). The intrinsic equilibrium constants for catioimding are
defined by two median constants (logiKand log Kug), together with parameterdl(K
and ALK ;g) that define the spread of the values around tedians. By considering the
results from many datasets, a universal averageevalALK; was obtained for all cations
(2.8) and a linear relationship was establishedvéen the log Kgs and log kua parameters
(Tipping, 1998):

log Ky = 3.39 x log Kua — 1.15 (1.1)

Therefore, only one single adjustable parametay Kua) is necessary to describe
metal complexation by HA in Model VI. In Model V¢ations first hydrolysis products (e.g.
LaOH*") are also considered to bind to HA with the samemeters than the corresponding
aquo ions.

Some of the type A and type B monodentate sitedaran bi- and tridentate sites. The

stability constants of these bi- and tridentatessdare defined by the sum of the log K values
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of the monodentate sites of which they are corstituCation-HA binding can occur through
carboxylic groups (CG), carboxy-phenolic groups @}Rr phenolic groups (PG). A small
part of the stability constants of multidentateup® are increased by thé K, parameter, the
so-called "strong binding site term" (Tipping, 1998LK is attributed to both favorable
spatial arrangements of the ligands, which staslithe complex, and to the chelate effect or
participation of ligands, such as the nitrogen-aomnihg groupsALK is the parameter of the
HA site heterogeneity. An elevation ALK, increases the range of the stability constants
covered by the HA sites, thus increasing the hgtareity of the HA sites. The total
heterogeneity of the HA surface sites in Model &/tefined by 80 different sites.
An electrical double layer, where only counter-iaas accumulate, is defined. The double
layer thickness is set by the Debye-Hiickel paramet@&he distribution of ions between the
diffuse layer and the bulk solution is calculated & simple Donnan model. The Donnan
volume (\p) is the volume adjacent to the surface. The alstdtic correction is represented
by an empirical equation which mimics the Boltzméactor:

Exp (-zRP/RT) = exp (-2PzZ log)l) (n.2)
where P is an adjustable parameter, z is the iargeh Z is the net humic acid charge (eqg/qg), |
is the ionic strength (mol}), y is the surface potential (V), T is the temperatie F is the
Faraday constant and R is the gas constant. TheelMddparameters used in the present

study are summarized in Table Ill.1.

Parameter Description Values
Na Amount of type A sites (mol 3.310-3
Ng Amount of type B sites (mol 0.5xn
pKa Intrinsic proton dissociation constant for typesifes 4.1
pKg Intrinsic proton dissociation constant for typeiBes 8.8
ApKa Distribution term that modifies pK 2.1
ApKg Distribution term that modifies pK 3.6
| Intrinsic equilibrium constant for metal bindingtgpe Fitted from
0og Kua . .
A sites experimental data
| Intrinsic equilibrium constant for metal bindingtgpe Fitted from
0g Kve ; ;
B sites experimental data
ALK Distribution term that modifies logy and log Kss 2.8
ALK Distribution term that modifies the strengths dfitted from
2 bidentate and tridentate sites experimental data

Fitted from WHAM
2
SA HA surface area (m 1Q1 6/Model VI simulations

K Debye-Hiickel parameter (m) (3.29 x 10991

Table 111.1. Parameters used in this study to model REE binldynlgumic acid.
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2.2. PHREEQC/Model VI coupling

PHREEQC is based on an ion-association aqueouslrand was designed to perform
speciation and saturation-index calculations (Paidthand Appelo 1999). The cation-HA
binding reaction with the 80 types of HA sites defl in Model VI was written and
introduced into the PHREEQC “minteq.v4” databasefoBe removing the constraint
imposed by the linear relationship between logaKand log Kus, a first version of
PHREEQC/Model VI using the equations defined in WMIA&/Model VI was tested for its
ability to give identical results to WHAM 6/Model IVHumic acid was defined as the
SOLUTION_MASTER_SPECIES, SOLUTION_SPECIES and PHASE the “minteq.v4”
database. The 80 types of sites considered by Modelwere defined as the
SURFACE_MASTER_SPECIES, and their respective gtgbilconstants as the
SURFACE_SPECIES in the “minteq.v4” database. Thisc@dure is similar to that used
previously by Liu et al. (2008) to model the bingliof Eu by HA in clay pore water using the
same PHREEQC-Model VI combination, except thahis study, we usedLK, values# 0.
Therefore, the 80 binding sites defined by Tipp(h§98) are taken into account versus only
32 sites in Liu et al. (2008). In order to modehigar REE binding by each specific HA sites
with WHAM 6/Model VI and PHREEQC/Model VI, REE-HAIiMding simulations were
compared with the corresponding REE-simple ligandsplexes in solution. The results
obtained differed between both models. TheK; parameter (=2.8) should actually be
defined as\pKa - ALK 14, for carboxylic groups, and @pKg - ALK 15, for phenolic groups
(i.,e. ALK ;4 = -0.7 andALK 15 = 0.8). In order to model the non-specific bindinga similar
fashion (i.e. ions accumulated around HA molecbleglectrostatic attraction) as well as the
electrostatic correction in WHAM 6/Model VI and PEHRQC/Model VI, the Gouy-Chapman
type double layer defined in PHREEQC was coupleth \ai Donnan phase, excluding the
presence of co-ions. The Debye-Hickel parameteas calculated from the relationship=
(3.29 x 18 x 1" (Appelo and Postma, 2005). In PHREEQC, the suréaea (SA), upon
which the Boltzmann factor depends, is an adjustgirameter. Marsac et al. (2010)
determined Model VI REE-HA specific binding paraerewith P = -330. To satisfy equation
[11.2, the PHREEQC SA was simply determined byirfgtthe HA surface charge (awm in
eq g*) generated by WHAM 6/Model VI as a function of pat,varied NaCl concentrations
and 10 mg of HA. The best fit was obtained for aeg@yal to 40000, 19000 and 13000 n2 g
at an ionic strength 0.001, 0.01 and 0.1, respelgtiBy this method we found freeoc=
0.92 X Quuam + 3 10% (R2 = 1). Since SA decreases with P, our resuéiscansistent with
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those of Liu et al. (2008) who determined SA = 3D&® g* at an ionic strength of 0.015 mol
L™ and P = -120.

2.3. Experimental data

Three datasets were used to calibrate the PHRBEEAQM& VI parameters for REE
binding to HA (Sonke and Salters, 2006; Pourredalet2007b; Marsac et al., 2010). These
datasets were preferentially chosen because treyder data for the entire REE group and
they covered a large range of pHs, metal loadind arganic ligand competition. The

experimental conditions of the three datasets asediven below.

2.3.1. Pourret et al's. dataset (2007hb)

Pourret et al. (2007b) performed REE-HA bindingpeniments for the 14 REE
simultaneously over pHs ranging from 2 to 10.5raiamic strength (IS) of IOM. The HA
used was purified Aldrich Humic Acid. The experinteewere performed with 50 ppb of each
REE at three HA concentrations: 5, 10 and 20 md3.10°<REE/HA<2 10 mol REE/mol
C). The separation of HA from the inorganic compkexvas performed by ultrafiltration. The
REE concentrations were measured by Inductivelyp&alPlasma Mass Spectrometry (ICP-
MS). The results showed an increase in the REE-H#dilhg with increasing pH and
increasing HA concentrations. The log K REE-HA eattis marked by a downward, MREE
concavity. These data therefore provide a dataseREE-HA binding at high metal loading
and over a large pH range where the REE are bauhktAtby carboxylic or phenolic sites,
depending on the pH. Note however, that the dapddat 7 were not considered in the model
calibration, since 100% of the REE were bound to iHAourret et al. (2007b), making the
data useless for the calibration of the model.

2.3.2. Marsac et al.'s dataset (2010)

Marsac et al. (2010) used Pourret et al.'s me{@0607b) to study the metal loading
effect on REE binding to HA (4 T&REE/HA<2.7 1¢ mol REE/mol C). In order to obtain
measurable REE concentrations in the solution, dMarst al. (2010) performed all their
experiments under acidic conditions (pH = 3). Téwdd strength was fixed at M. Marsac
et al. (2010) observed an increase in the REE-HWibg and a change in the log K REE-HA
pattern with decreasing metal loading. At high réading, the log K REE-HA pattern
exhibited a MREE-downward concavity and at low rhigtading, a regular increase from La

to Lu was observed. These data therefore provideRBE-HA complexation dataset at
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variable metal loading under acidic pH conditioAspH 3 and low metal loading, the REE
are bound to HA by low density strong multidentsites, whereas at high loading, the REE

are primarily bound to high density weak sites.

2.3.3. Sonke and Salters' dataset (2006)

Sonke and Salters (2006) performed REE-HA bindigeriments for each REE
separately. The HA used was purified Leonardite HAese authors used EDTA as a
competitive ligand of HA for the REE. The experirteewere carried out at low metal loading
(2 10* mol REE/mol C), slightly acidic to basic pH (69pand an IS = 0.1 M. The separation
and measurement of the EDTA-REE and HA-REE compglexere done by capillary
electrophoresis coupled with ICP-MS. This studyvptes single REE-HA binding data for
high pH and low metal loading, two conditions tlt@innot be obtained by the methods
developed by Pourret et al. (2007b) and Marsat. €2@10). To simulate Sonke and Salters’
experiments (2006), EDTA was introduced into theREEQC “minteq.v4” database as the
SOLUTION_MASTER_SPECIES and SOLUTION_SPECIES. ToerfEDTA protonation
constants and the fourteen REE-EDTA stability canist for IS = 0 given in Sonke and
Salters (2006) were also introduced as the SOLUTISRECIES.

2.4. Modeling strategy

Linear free energy relationships (LFER) are comiywaised to determine the cation-
HA binding parameters (Tipping, 1998). This methaas used by several authors to estimate
the log Kua parameter in Model VI (or the previous version,ddbV) in order to describe
the REE-HA binding (Tang and Johannesson, 2003k&d2006; Pourret et al., 2007b). In
particular, Tang and Johannesson (2003) and Poetriadt (2007b) demonstrated that REE-
HA binding could be reasonably well modeled by gdime existing LFER between logyK
(pPKma in Model V) and log K for metal complexation byetic acid. However, Marsac et al.
(2010) demonstrated that logyK for the HREE are lower than those estimated byRFE
when log kua and ALK, were optimized simultaneously. The decrease in Kag
compensates for the higtLK, values obtained for the HREE. Here, the new REEKQA
were optimized, thus keeping a linear relationshifh log Kya reported in Marsac et al.
(2010). This method allows preserving the sameepatiog Kua the REE-HA carboxylic
binding parameter, mainly influences the calcufaidd REE-HA binding at acidic to neutral
pHs since the carboxylic groups have high prot@satiation constants. Therefore, the log
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Kwua values were first optimized by fitting the "acitiexperimental data from Pourret et al.
(2007b) and Marsac et al. (2010).

Log Kug represents the binding parameter for the HA phergsbups. However, no
stability constants are currently available for RE&mplexation by phenol. Therefore,
catechol was used as an analog. A linear relatipnghs applied between the log K values
for REE-catechol (IUPAC stability constant databaged log K in order to impose a
phenolic-type pattern onto logy§. Because phenolic groups have low acidic consi{&@}y
the influence of log ks on REE-HA binding is mainly observed at neutralbtsic pHs.
Therefore, log Iy was optimized by fitting the data of Sonke ande3al(2006).

As already statedALK, represents the HA heterogeneity parameter or titweg
binding site term of Model VIALK indicates the presence of multidentate sites, whos
affinity for REE increases from La to Lu (Byrne ahg 1995; Sonke and Salters, 2006;
Pourret et al., 2007b; Marsac et al., 2010). TigitP98) suggests that theK, parameter is
similar for the carboxylic and phenolic multidemtaites. However, preliminary experimental
data fitting, carried out during the course of thtigdy, showed that the three datasets used to
optimize the HA binding parameters could not bés&attorily modeled, except when using
different ALK, values for the carboxylic and phenolic sites. he tsame way that
PHREEQC/Model VI allows independent logsK and log K optimization, it also allows
different ALK, values to be ascribed to the multidentate sitgemnlding on their composition
in carboxylic ALK 2¢) or phenolic ALK 2p) sites. Note that the strong binding site termthef
carboxylic-phenolic multidentate sites are caladats theALK,c and ALK, weighted
average, depending on the chemical compositiorhefsites. Because the density of the
multidentate sites is low at the surface of HA,irtteentrol on REE binding occurs mainly
under low metal loading conditions, and under lowd &igh pH conditions for the carboxylic
and phenolic sites, respectively. ConsequedlyK »c optimization was first performed with
Marsac et al.'s data (2010) afbK ,p optimization with Sonke and Salters' data (208®th
ALK ;¢ andALK ;p were constrained to increase progressively fronmtoLhu due to a linear
correlation between the nefL K ;c andALK ;p and theALK, previously reported by Marsac
et al. (2010).

Errors between the experimental data and the ledilons were quantified by the root
mean square error of the regression (rmse), ie.sthm of the squares of the differences
between the observed and calculateddpgvherev is the amount of REE bound to HA per

gram of dissolved organic carbon (DOC). The fit wassidered as being good when the total
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rmse calculated from the whole REE and experimemadlitions was low and when the rmse
values for each REE were close to each other. Toa#ehmg strategy here above described
shows that some of WHAM 6/Model VI constrains ongpaeters were suppressed only to
introduce other comparable constrains. Therefore, HAW 6/Model VI and
PHREEQC/Model VI fit goodness can be compared tyegith rmse since the degree of
freedom does not significantly varies from a madeinother.

3. Results

3.1. Modeling parameters

The new REE-HA binding parameters were obtainemnfrthe combination of
PHREEQC/Model VI and the assumptions and strateggnibed above. They were adjusted
until a reasonable fit - quantified by the rmseasweached. The results are presented in Table
[11.2. In Figure 1.1, they are compared with tiREE-HA binding parameters obtained by
Marsac et al. (2010) with WHAM 6/Model VI and theresponding model ligands (i.e.
acetic acid for log Iga and catechol for log #g). The following equations for the linear
relationships were used to determine the REE-HAcifipebinding parameters with
PHREEQC/Model VI:

log Kwa = 2.12 x log Ka(1) — 2.44 (R2=0.98)  (lI1.3)
log Kug = 0.37 x log K(REE-catechol) + 0.86  (R? = 0.95)111.4)

ALK 5c = 0.26 XALK »(1) + 1.74 (R2=0.97) (lI.5)
ALK 2p = 0.72 XALK (1) + 3.60 (R2=1) (111.6)

where log Kua(1) andALK (1) refer to the log ka andALK; values determined by Marsac
et al. (2010).

52



Modeling REE-humic acid binding with PHREEQC/Moté!

4.0 (a)

-O- Log Kya . (Marsac et al., 2010)

|
1
N

-@-Log K4 . (this study)

—A— Acetic acid
3.5 + 3

07 mﬁ 2

2.5 T T T T T T T T T T T T T l

Log K ma
(p1oe onaoe-33y) M 6o

[EnY
)]

-O-Log Kyg' (Marsac et al., 2010)
-8-Log Ky’ (this study)
—A— Cathecol

10 (b)

|

I
[EnY
w

Log K mB

(loydoared-33y) M o1

I
T
(o]

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

47 (0) -0- ALK, (Marsac et al., 2010)
-o- ALK,¢ (this study)

& ALKyp (this study)

ALK 2 and ALK 2c

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure IIl.1. Comparison of the REE patterns for the HA bindiagameters obtained by Marsac et al. (2010)
with WHAM 6/Model VI and the patterns obtained wRtHREEQC/Model VI: (a) log ks compared with log

K (REE-acetic acid), (b) log ¥#g compared with log K(REE-catechol) and d)K,c andALK ,p (this study)
compared witlALK , (Marsac et al., 201&LK , = ALK ;¢ = ALK 5p).
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REE log Kua® log Kya® log Kyg® log Kysg® ALK, ALK,? ALK +? rmsé” rmsé?

La 2.70 3.29 8.00 4.39 1.10 2.01 4.39 0.09 0.07
Ce 2.72 3.34 8.07 4.54 1.15 2.02 4.43 0.08 0.06
Pr 2.73 3.36 8.10 4.69 1.20 2.06 4.46 0.07 0.05
Nd 2.74 3.37 8.14 4.76 1.20 2.06 4.46 0.08 0.05
Sm 2.75 3.39 8.17 4.90 1.30 2.09 454 0.08 0.05
Eu 2.74 3.36 8.14 4.98 1.35 2.10 4.57 0.08 0.05
Gd 2.72 3.33 8.07 4.99 1.35 2.10 4.57 0.10 0.06
Th 2.71 3.30 8.04 5.03 1.50 2.12 4.68 0.11 0.06
Dy 2.70 3.27 8.00 5.06 1.60 2.14 4.75 0.12 0.07
Ho 2.69 3.24 7.97 5.09 1.65 2.16 4.79 0.14 0.08
Er 2.69 3.25 7.97 5.09 1.70 2.17 4.82 0.15 0.09
Tm 2.67 3.22 7.90 5.14 1.90 2.22 4.97 0.15 0.09
Yb 2.65 3.19 7.83 5.18 2.05 2.26 5.08 0.15 0.10
Lu 2.64 3.16 7.80 5.23 2.10 231 511 0.16 0.10
Mean 2.70 3.29 8.02 4.93 1.51 2.13 4.69 0.11  0.07

(1) Marsac et al. (2010)
(2) This study

Table II1.2. Log Kya, log Kus, ALK,c and ALK,r values fitted from the experimental data using
PHREEQC/Model VI. The quality of the fit is detemad by the rmse, calculated as

\/mean(bgl/exp - |09Vca1c)2 , Wherev is the amount of REE bound to HA per gram of D@C€the experimental

and modeled data, respectively. The lggnKlog Kyg, ALK, (whereALK, = ALK ,c = ALK ,p) data published by
Marsac et al. (2010) using WHAM 6/Model VI are shofer comparison.

The removal of the constraint imposed by the limektionship between logus and
log Kys in WHAMG6/Model VI and the use of REE-catechol kimgl parameters results in a
significant increase of the logu& values (3.29 versus 2.7, on average, in Marsat 2010).
By contrast, the log kg values are greatly reduced: from 8.02 to 4.93%mrage, in Marsac
et al. (2010) and as reported in this study, raspdg. The log Ky values produced
independently with PHREEQC/Model VI are very diffat from the log Igs values
calculated with the log Ms-log Kua linear correlation established by Tipping (1998) i
WHAMG6/Model VI (Eqg. Ill.1). The present log i and log Kss are not related to each other
by a linear correlation, but their relative ordémtagnitude order is preserved, logd< log
Kwma. Tipping (1998) obtained values of log/KEu) = 3.09 and log ks(Eu) = 5.33, when
they independently optimized the logiKand log kug values for Eu during the construction
of Model VI. These values are close to the valugsioed here in this study: loguK(Eu) =
3.36 and log Igs(Eu) = 4.98; (Table I1.2). ThALK,c andALK »p values obtained here are
higher than thé\LK , values reported in Marsac et al. (2010) (denotedL& »(1) in Table
[11.2) for all REE. Hence, HA appears more heterogmis with respect to REE binding when

the constraint of a singlBLK, value is deleted. ThALKc andALK ,p patterns also differ
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from the ALK patterns given in Marsac et al. (2010). The mal@nge concerns thie K ¢
pattern which presents a lower increase for HREdh tMarsac et al. (201Q)\LK, (Fig.
[ll.1c). This lower increase for HREE is the consexce of both the introduction of REE-
phenolic site binding constants that increase flamto Lu, and the propagation of this
increase to the phenolic containing-multidentate ksinding constants. As a result, the strong
multi-phenolic sites, which depend &hK,p, are no longer constrained to accommodate so
much HREE, which explains why the increaseAltK ,p for HREE is less pronounced as
compared td\LK ; presented in Marsac et al. (2010) (Fig. 111.2c).

In Model VI, theALK , are thought to depend on either the geometryettrboxylic
and phenolic multidentate siteALK, accounts for favorable arrangement of the spatial
ligands that stabilize REE complexes), or the imgolent of additional groups, notably
nitrogen-containing groups (Tipping, 1998). Tippi(lP98) suggested thdi K, could be
estimated from the metal stability constants witHsN'hereforeALK ; is linearly correlated
with the stability constant of metal-Nidomplexes in WHAM 6/Model VI. ThALK, values
obtained for the REE using this linear relationship very low (e.g. 0.29 for Eu), and much
lower than theALK, values calculated in Marsac et al. (2010), and/thi€ ,c and ALK 2p
values obtained in the present study. This may esstgidpat the participation of N-containing
groups only plays a small role in the strong, Inid &ridentate binding sites. The strength of
these sites has to be mainly due to the developmiefdavorable spatial arrangements of
carboxylic and phenolic ligands as well as theafté chelation. It is interesting to note that
the highALK ,p values stemming from the new simulations compenfeaitthe decrease in the
log Kus values generated by this simulation. Because picegroups have high pKa (Ritchie
and Perdue, 2003), only a small fraction of the RERble to bind to monodentate phenolic
ligands, as the majority remain bound to specifidtilentate, phenol-containing groups.

3.2. Experimental data fit

The three experimental datasets used to optinlizeModel VI parameters were
modeled separately. The results of the simulationth WHAM 6/Model VI and
PHREEQC/Model VI are compared in Figure IIl.2 fgrEu binding by HA at pH 2 to 7 and
under high metal loading conditions (Pourret e &lxperimental dataset (2007b); Fig. Ill.2a),
(i) La and Lu binding by HA at pH = 3 under var@bnetal loading conditions (Marsac et
al.'s dataset (2010); Fig. 11.2b), and (iii) Ennbding by HA at pH 6 to 9 with EDTA, and
under low metal loading conditions (Sonke and $sltedataset (2006); Fig. lll.2c). The
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guality of the fits can also be evaluated by conmgathe measured and simulated REE
distribution patterns (log & for the data of Pourret et al. (2007b) and Marstal. (2010)
(Figs. 1ll.2d and lll.2e, respectively), or the maeed and simulated patterns of the
conditional REE-HA stability constants (Id8us) for Sonke and Salters' data (2006) (Fig.
[11.2f). The logBusVvalues wereorrected from the REE-EDTA interaction (Sonke &adters
2006). The new hypotheses in PHREEQC/Model VI maiphificantly improve the quality
of the fits as the total rmse (i.e. calculated fioe whole REE and conditions studied)
decreased from 0.10 to 0.07 (Table 111.2). Thera immoderate improvement in the fit for
Pourret et al.'s results (2007b) (from 0.10 to Y).@vhich is primarily seen in high pH
conditions at low metal loading (Figs. 1ll.2a aribd2d). By contrast, the improvement of the
fit is very significant for Sonke and Salters' dé2806), as the rmse is divided by a factor of
around 2: 0.10 in the new calculations versus h26/HAM 6/Model VI. This improvement
is particularly significant for the LREE at high pld.g. at pH 9 in Fig. IIl.2f). The strong
overestimation of the lo@ys values obtained for the LREE under this pH cooditwith
WHAM 6/Model VI is no longer apparent. At a high @dd low REE/HA ratio, the REE are
strongly bound to the HA phenolic groups. The LR&¥erestimation of the latter with
WHAM 6/Model VI is the consequence of the LogA&<Log Kysg linear relationship, the HA
phenolic sites present high stability constant©iwREE. Rmse increases slightly for Marsac
et al.'s results (2010), from 0.02 with WHAM 6/Mddd to 0.04 with the new parameters,

but remains very low.
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Figure 11l.2. Comparison between published experimental dateRfoE binding with HA and the results of
simulations of the same data using WHAM 6/Model &hd PHREEQC/Model VI, respectively. The
experimental data are from Pourret et al. (200@h)Nlarsac et al. (2010) (b) and Sonke and Sa|2€86) (c).

The "patterns shown" correspond to the REE-HA pagtepresented for the experiments demarcated avith
open symbol, in (d), (e) and (f).
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4. Discussion

The independent optimization of the HA carboxyind phenolic binding parameters
(i.,e. removal of the log Ka-log Kyg linear relationship and\LK, dissociation for the
carboxylic and phenolic groups) allowed for thetfiime to satisfactorily and simultaneously
model a large set of multi-REE experimental datéghwhe same set of equations and
parameters. The following discussion will show ttiese parameter modifications not only
improve the fit of the data, but that the 80 HAesipresent REE log K patterns that are more
consistent with the data available for simple orgdigands (Byrne and Li, 1995). We will
also discuss the implications of these parametedifinations on REE speciation of the
different HA sites. This was possible for the fitishe by the introduction of Model VI into
PHREEQC.

4.1. Assessing the consistency of the new modeling petiens

Figure 111.3 presents a plot comparing the log/K., ratio, which represent the
fractionation of the REE Log K pattern with the eage REE stability constants determined
for (i) 101 organic ligands studied independeniByre and Li, 1995) and (ii) the 80 HA
sites defined in WHAM 6/Model VI and PHREEQC/Modél Since the REE-ligand log K
values were available at IS = 0.1M, the REE-HA Kkogalues were calculated at IS = 0.1M
using the Davies equation. The log.K 4 ratio shows a positive correlation when reported
against the average REE log K value (R2=0.77). Thrselation indicates that the LREE and
MREE have more affinity for weak carboxylic ligandsich as acetic acid, than the HREE
whereas HREE have more affinity for strong multiadés ligands, such as EDTA, than LREE
and MREE. This general increase in the log/K, ratio with increasing stability constants
can be used to assess the consistency and acaidrd@y/new optimized parameters obtained
for the 80 HA sites. It is remarkable that the REE-log K values defined by the new
optimized parameters show a similar positive catieh (R2=0.75) as do the data for the 101
ligands, whereas the parameters obtained in WHAMIo6BEI VI lead to a dispersion of the
log (KLu/KLa) versus the average stability constants in Fidli@ (no observed correlation).
More particularly, because of the logykLog Kug linear relationship in WHAM 6/Model
VI, strong HA sites (i.e. average REE log K > 18gent K, > K., which is not observed
among either the 101 organic ligands or the HAsgitefined with the new PHREEQC/Model
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VI parameters. Consequently, PHREEQC/Model VI apptabe more realistic than WHAM
6/Model VI.

y=0.19x+0.02 ﬁﬁ
R?=0.79

Log (K Lu/Kl_a)

a Organic ligands

o HA sites in
WHAM6/Model VI

& HA sites in

© PHREEQC/Model VI
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Figure 1I1.3. Log (K./K.s) versus the average REE Loggdk values obtained for 101 organic ligands (Byrne
and Li, 1995) and for the 80 ligands defined in WMiA/Model VI and PHREEQC/Model VI. Log (/K ) is
used as an indicator of the REE-ligand pattern. lifear regression for the 101 organic ligands (i&yand Li,
1995) and for the 80 HA sites obtained here witREEQC/Model VI are also presented.

4.2. REE distribution on HA sites

This section compares the REE speciation on the sSdAace obtained using the
WHAM 6/Model VI hypotheses (i.e. using the loguklog Kyg linear relationship and a
single and constanALK, value for all REE; Tipping, 1998) and the new hy@ses
stemming from this study and involved in PHREEQCddibVI. In Model VI, 80 different
sites are expected to participate in the cationd#ding. To simplify the REE speciation on
the HA surface, these 80 sites can be gatheredeweral groups based on two main
characteristics: the chemical nature of the ligagids carboxylic groups: CG, phenolic
groups: PG and carboxy-phenolic groups: CPG) amdr tthenticity (i.e. mono-, bi- and
tridentate sites).

Figure 111.4 displays the calculations performeéd@h metal loading using Pourret et

al.'s experimental conditions (2007b), namely H&mg L, and over a wide pH range for
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La, Eu and Lu, respectively. At high metal loaditige few strong binding sites play a
subordinate role in HA-REE complexation. The crderthat primarily differentiates the two
simulations is the chemical nature of the bindiitgss(i.e. whether they are CG, CPG or PG
sites). The WHAM 6/Model VI complexation hypothesgsld very similar speciation results
for all of the REE. The complexation is dominatgd@PG in each case (&g = 50-80%;
Lucpc = 50-60%). The situation is clearly different hiet new hypotheses and new modeling
parameters are used. The speciation of La and ha isnger similar. The dominant REE-HA
species for La is CG (80 to 100% vs. pH) insteadCBiG when using the equations and
parameters of WHAM 6/Model VI. The LREE speciatggmerated by the new equations and
parameters (dominant role of the carboxylic groupsgonsistent with the C 1s-NEXAFS
analysis of Eu-HA complexes at high metal loadind éow pH (pH = 5.1), which showed
that Eu was bound to HA carboxylic sites (Plasobikal., 2004; Naber et al., 2006). Note that

the new equations and parameters do not inducdisag changes in Lu-HA speciation.
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Figure Ill.4. Speciation calculation results for La (a), Eu énd Lu (c) depending on the complexation
hypotheses used. The simulated experimental datthase from Pourret et al. (2007b). CG: carboxgtimups;
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With regards to the effects of site denticity undgh metal loading and varying pH
conditions (data not shown), the main consequehteeonew equations and parameters is to
reduce the relative amount of the REE bound to rdentate sites to almost 0%, whereas it
could reach 15% at pH = 7 with the WHAM 6/Model pdrameters. REE-HA binding occurs
mainly through bidentate sites (80-90%) under mgdtal loading conditions, regardless of
the REE and pH. Only a small proportion (10 to 2@%pending on the REE) is bound to the
tridentate sites. Another consequence of the newatemns and parameters is a drastic
decrease of the REE bound to tridentate sitesvatn®tal loading (Marsac et al. 2010;
experimental conditions). The WHAM 6/Model VI eqguais and parameters led to a (i) large
increase of the REE bound to HA tridentate siteth wiecreasing metal loading at pH = 3
(20% at 2 1F metal loading to 60% at 4 Tometal loading for La) (Fig. I11.5) and (ii)
fractionation between La and Lu: the relative amairLa bound to tridentate sites increased
much more strongly than that of Lu with decreasimgtal loading. The new equations and
parameters clearly modify the REE speciation on $i#tAs. Firstly, the increase of the REE
bound to tridentate sites with decreasing metatlitgp is less pronounced. Secondly, the
amount of La bound to tridentate sites always rem&wer than that of Lu even under very
low metal loading. This effect is clearly a conseee of the disappearance of multidentate
sites combining REE log K >15 and log K> log K, in the new modeling strategy, a

combination that is totally unrealistic based ogufre IlI.3.
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Figure 111.5. The proportion of La and Lu bound to tridentatessiversus the REE/HA ratios. The displayed
evolutions depend on whether the new equations padameters or those formerly installed in
WHAM6/ModelVI are used. The simulated experimetaia are from Marsac et al. (2010).
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4.3. Consequences for cation competition

In natural waters, the REE compete with many otfissolved cations during HA
complexation. Among the cations present in natwaters, several cations, such ad"fend
Al**, are known to complex strongly with HA (Tanizakias., 1992; Takahashi et al., 1997;
Dupré et al., 1999; Olivié-Lauquet et al., 1999jafd at al., 2004; Tipping et al., 2002;
Tipping, 2005; Lofts et al., 2008), and are therefa strong potential competitor of REE for
HA binding. Experimental studies of a single REHpfold et al., 2005; 2007) and a
modeling study of the whole REE series (Tang arthdoesson, 2003) showed that Al and
Fe could significantly reduce the amount of the Riind to HA. Therefore, the question to
be asked is if metal competition could modify th&ERHA pattern. This cation-REE
competition can be accessed through WHAM 6/Modetixfulations. Although the logp-
log Kug linear relationship used in WHAM 6/Model VI impdighat all cations will exhibit
the same carboxylic to phenolic HA site affinitihetcompetitive metal tendency to form
strong multidentate complexes (simulated by Ah& , parameter) can modify the REE-HA
pattern. For instance, th&LK, value is equal to 0.46 for &land 2.2 for F& (Tipping,
1998). Therefore, according to WHAM 6/Model VI'sfidiéion of HA, Al** and F&" will
compete more efficiently for the LREE and HREE pedively, since thé&\LK, parameter
increases from La to Lu. However, the results oietdihere demonstrate that the LREE and
HREE are not complexed to the same sites. The LREEpreferentially complexed to
carboxylic sites, whereas the HREE are preferalolynd to carboxy-phenolic sites (Fig.
[11.4). Therefore, a metal will compete with the R different ways depending on whether
it complexes itself preferentially with the carbégyor phenolic sites. This unequal
competition will produce REE-HA fractionation patte that are different from the WHAM
6/Model VI simulations. The occurrence of competimgtals with strong affinities for
phenolic sites will lead to a release of part af HREE bound to HA. As part of the HA
phenolic groups are unavailable for REE binding, tsulting REE-HA pattern will present
the specific feature of carboxylic ligands such atic acid (Fig. lll.1a). Given that
competing metals have strong affinities for carbiexgites, this will lead to a relative
decrease in the LREE bound to HA. The resulting REEpattern will present the specific
feature of phenolic ligands such as catechol (Hidb).

To evaluate the expected effects of metal comepetibn the REE-HA binding
patterns, the stability constants of the potemtishpeting metals with acetic acid and catechol

were compiled and compared both between them atidtiae stability constants of the REE
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(IUPAC, Stability Constants Database). Metals sashAF* and Cd@*, with regards to their
high affinity for phenol-bearing sites, should mmentially compete with the HREE (Fig.
[11.6). The resulting REE pattern should exhiblbwer increase for HREE than that expected
without any competition. Cadmium competition shorddult in a relative LREE depletion in
the REE-HA pattern, as €dhas more affinity for carboxylic groups (assumed bie
analogous with acetic acid) than for phenolic gso(gssumed to be analogous with catechol)
when compared with the average REE. By contrast, ¢@mpetition should not result in a
fractionation of the REE-HA pattern since’Fpresents a relative affinity for carboxylic and
phenolic groups, equal to that of the average R¥ffe that the effect of Al and F&* on the
REE-HA pattern with regards to their affinity foarboxylic and phenolic ligands is opposed
to what is expected with WHAM 6/Model VI. These suened impacts, though plausible,
must nevertheless be viewed with caution: only afffenity for carboxylic and phenolic
ligands is discussed here. The metal affinity foultrdentate ligands is also a binding
mechanism thereby affecting the REE-HA pattern. cdsnpared to the light rare earth
elements, heavy rare earth elements are indeed bwaned to the HA multidentate sites.
Experimental studies should be conducted to coniirrthis statement is both true and
accurate. The present improvements in the modai&EE-HA binding will therefore
provide a valuable and powerful tool for the intetption of future experimental results.
These expected effects of metal competition on RieE-HA pattern have two
important implications. (i) The change in the RE&t@rn could provide a way to highlight
the occurrence of competing processes. It mighh énedp to clarify the affinity of a given
metal for the different HA sites. Several studiessén shown the difficulty of calibrating
cation-HA binding parameters, especially in cattmmpetition experiments. An example of
this is Al with the NICA-Donnan model (Kinniburgh al., 1996). Because Al is a possible
competitor to Pb, Kinniburgh et al. (1999) consatethat Al was only bound to phenolic
groups. However, since Al is able to compete witth &d Pb, Pinheiro et al. (2000)
considered that Al and Pb were only assigned todomd with carboxylic groups. Our results
suggest that the REE-HA pattern could be used psobe of the metal affinity for HA
binding sites in further REE-metal competition esipents, depending on whether the metal
competes with LREE (i.e. a higher affinity for HArboxylic sites), HREE (i.e. a higher
affinity for HA phenolic sites) or every REE. (illhe REE pattern variability in natural
organic-rich waters is generally attributed to ttmmpetition between dissolved organic
matter (DOM) and carbonate (Elderfield et al., 199@ng and Johannesson, 2010). A
MREE-enrich pattern is observed when REE bindind®M dominates, whereas a HREE-
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enrich pattern is observed (a REE-carbonate logdfease from LREE to HREE; Luo and
Byrne, 2004) when REE binding by carbonate domsatowever, the LREE and HREE
affinity for HA can also vary with regards to thensidered metal loading (cation/DOM
concentration ratio). Therefore, the present stsuggests that not only the metal loading
could account for the diversity of the REE pattemmsorganic-rich waters (Marsac et al.,

2010), but also the “phenolic” and “carboxylic” cpeting cations, especially Zland F&".
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Figure 111.6. Literature compilation of metal-acetic acid ortezdol binding constants. The straight line passing
through the mean REE value indicates metals thatldmot compete differently with the LREE and MREE
Conversely, metals below this line, such ag"Cshould compete primarily with the LREE, wherdasse above
this line, such as Al, should be mainly in competition with the HREE t®aources: IUPAC Stability constants

database.

5. Summary

The results show that removal of the log KMA-IolIR linear relationship existing in
Model VI, coupled with the introduction of two inglendentALK2 sets to describe the REE
equilibrium complexation with HA low density strosges, resulted in a strong improvement
of REE-HA interaction modeling. This new modelingpeoach allows, for the first time, to
simultaneously and satisfactorily model a largecdenulti-REE binding to HA experimental
data. The increase for HREE in the log KMB pattesbtained by removing the linear
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relationship, is consistent with the phenolic nataf type B sites and REE-catechol binding
constants, as catechol is considered as analogtlugplenolic ligands. REE log K with the
80 HA sites defined in Model VI, calculated fronethewly optimized REE-HA Model VI
parameters, are consistent with the REE stabititystants for the 101 simple organic ligands,
in contrast with the previous data. The introductif the new Model VI equations and
parameters into PHREEQC allows for the first timénighlight the speciation of the REE at
the HA surface. The modeling data show that the ERBd HREE are not bound to similar
HA sites. The LREE are preferentially bound to oasic groups, whereas HREE are
preferentially complexed to carboxy-phenolic ancemtiic groups. As a consequence, a
different REE-HA pattern could arise from competitibetween cations and REE for HA
binding, depending on the cation affinity for thesierent groups. A survey of available data
shows that competition with Al should result in a release of part of the HREEnbioto HA,
whereas competition with Feshould not have any effect on the REE-HA patt€wmpeting
cations for phenolic and carboxylic HA sites magréfore account for the diversity of the
REE patterns observed in natural organic-rich vgater

Further experimental studies have to be conduiembnfirm the accuracy of these
predictions, which should largely benefit from gherformed improvements in the modeling
of REE-HA interactions. The PHREEQC/Model VI modst-up provides a valuable and
powerful tool for the interpretation of complex RE&BmMpetitor metal-HA interactions. The
PHREEQC/Model VI coupling should also improve theltochemical modeling of the REE
since PHREEQC/Model VI accounts for chemical remdi such as mineral
dissolution/precipitation, redox reactions, andriin@deling of kinetically-controlled reactions
and one-dimensional transport. Finally, it shoutdniighlighted that the new modeling results
argue for the development of fine spectroscopicsmesments to confirm the exact nature of

the HA sites involved in the complexation of thelRIiEy HA.
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Aluminium competitive effect on Rare
Earth Elements binding to humic acid

Cette partie est extraite d’'un article soumis adhaunica et Cosmochimica Acta, Marsac R.,
Davranche M., Gruau G, Dia A. and Bouhnik-Le Coz (2011) Aluminium competitive

effect on Rare Earth Elements binding to humic .acid
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Résumé-Les mécanismes de compétition entre terres r&EE) et aluminium (Al) pour la
complexation par les acides humiques (HA) ont &idiés en combinant des expériences de
laboratoire et la modélisation afin de détermineffdt de Al sur la complexation des REE par
les HA. Les résultats montrent que*Abst un plus fort compétiteur pour les REE lourdes
(HREE) a pH acide (pH = 3) et a un faible rappa@tcdncentration REE/HA. Ces résultats
démontrent que Al a une forte affinité pour leesitnultidentates des HA, présents a de
faibles teneurs. A des pH plus élevés, entre 5 et & un rapport REE/HA plus élevé, Al est
un plus fort compétiteur pour les REE légéres (LRESHggérant que Al se lie aux
groupements carboxyliqgues des HA plutét qu'aux gemoents phénoliques. Les paramétre
de complexation entre Al et HA de PHREEQC/Modelont été optimisés afin de décrire
simultanément la complexation de Al par HA et stiatale compétition sur la complexation
des REE par HA. L’interaction entre Al et HA a pH5>a été simulée par une tres forte
complexation de AI(OHJ par les groupements carboxyliques de HA suggéraetd’autres
especes hydrolysées de Al sont impliqguées dansniplexation de Al par HA. Ces espéces
seraient probablement des poly-hydroxy-cationscaraplexation des especes polynucléaires
de Al n'a pas pu étre introduite dans le modelesquielle devrait impliquer des sites d’'une
denticité supérieure a ceux définis dans le modekdte étude fournit des connaissances
fondamentales quant aux mécanismes de compétitiva BEE et Al pour la complexation
par HA : l'effet de compétition de Al dépend de safiinité relative pour les ligands
carboxyliques, phénoliques et chélates et peut doodifier le spectre de complexation des
REE par HA. Les eaux naturelles neutres et richesnatiére organique devraient étre
appauvries en LREE puisque, dans ces conditiop$id@l ne se lie probablement pas ni aux
groupements phénoliques ni aux groupements foritidentates de HA. Par extrapolation
des résultats obtenus avec Al, d’autres cationspétiteurs potentiels tels que le fer (Fe)
pourraient avoir leur propre effet de compétitiam & complexation des REE par HA. Par
conséquent, pour pourvoir comprendre et modélesematiabilité des spectres des REE dans
les eaux, une connaissance précise des mécanismasrplexation des différents cations
compétiteurs des REE par HA est requise. Finalema#inontre la puissance des REE
lorsqu’elles sont utilisées comme « sonde de apéni» dans le but de décrire les
mécanismes de complexation des cations par HA codémmntré, dans le cas présent, pour
les différentes especes chimiques de Al.

Abstract- Competitive mechanism between rare earth elem@#HE) and aluminium for

humic acid (HA) binding were investigated by comibg laboratory experiments and
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modeling to study the effect of Al on REE-HA compiéon. Results indicates that Al
competes dominantly with heavy REE (HREE) in acidgH=3) and low REE/HA
concentration ratio conditions assessing the A ffinity for the few HA multidentate sites.
Under higher pH - 5 to 6 - and high REE/HA condigp Al is more competitive for light
REE (LREE) suggesting that Al is bound to HA candax rather than phenolic sites.
PHREEQC/Model VI Al-HA binding parameters were optzed to simulate precisely both
Al binding to HA and Al competitive effect on REEnHing to HA. Al-HA interaction at pH
>5 was simulated by a strong complexation of Al(gHHy HA carboxylic groups suggesting
that hydrolyzed species other than Al(GH)ere involved in the complexation. Polynuclear
hydroxy-Al-HA complexes are expected. This mechanuld not be introduced into the
model since it should involve HA sites with higltanticity than those defined in the model.
The present study provides fundamental knowledgAleREE competitive mechanisms for
HA binding: Al competitive effect depends on théatwe affinity of the different Al species
for carboxylic, phenolic or chelate ligands andréiere can modify REE-HA pattern. Under
circumneutral pH conditions in natural waters, Absld lead to LREE-depleted patterns
since Al is not expected to bind efficiently neithe HA phenolic groups nor to strong HA
multidentate groups. As deduced from the behavidgkl species, other potential competitor
cations such as iron are expected to have their aaampetitive effect on REE-HA binding.
Therefore, in order to reliably understand and rh&teE-HA pattern variations in natural
waters, a precise knowledge of the exact behavitmeodifferent REE competitor cations is
required. Finally, this study highlights the alyilibf the REE to be used as a “speciation
probe” to precisely describe cation interactionthviHA as here evidenced with the different

Al species.

1. Introduction

Rare earth elements (REE) are a group of 14 elentbat are strongly bound with
natural dissolved organic matter (DOM) (Takahaslalg 1997; Viers et al., 1997; Dia et al.,
2000; Tang and Johannesson, 2003; Johannessan 20G4; Gruau et al., 2004; Davranche
et al., 2005; Sonke and Salters, 2006; Pourrdt,2@07a; Pédrot et al., 2008; Marsac et al.,
2010; Yamamoto et al., 2010). The unigue propeftRBE is to consist of a chemically
coherent series of elements. The regular variatialeng the series can generate
DOM/solution partition coefficient (R patterns showing specific shapes depending on the
binding conditions (i.e. the nature of the funcéibgroup involved). REE binding by humic

acid (HA) experiments conducted under variable REEfatios (defined as the REE to
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REE

carbon molar ratio) and pH conditions exhibit chesyin Ky~ pattern demonstrated to occur

through HA binding sites heterogeneity (Marsac let 2011). More precisely, REE-HA
binding experiments under acidic and low REE/HA ditans yielded K FF
showing an increase of heavy REE (HREE) as comparbght REE (LREE). This feature is
involved by the REE binding to HA few strong sitkat are similar to chelate ligands such as
EDTA and have more affinity for HREE than LREE (8erand Salters, 2006; Marsac et al.,
2010; Yamamoto et al., 2010). Experiments conduatebigh REE/HA conditions showed
K4 EF pattern with an increase for the middle REE (MREBRgcific of REE binding with

carboxylic ligands such as acetic acid (Tang arthdoesson, 2003; Pourret et al., 2007b).

patterns

This downward MREE concavity was suggested to hesldped through the REE binding
with abundant and weak HA carboxylic sites. Thi§¥ pattern dependence to REE/HA and
involved HA binding site was successfully modelgdviarsac et al. (2011) using the specific
humic-ion binding model (Model VI) developed by pipg (1998). The modeling approach
suggest that at high REE/HA conditions, althoughEERare dominantly (>80%) bound to
carboxylic sites, a majority of HREE (>80%) are bduo phenolic and carboxy-phenolic
sites (Marsac et al., 2011). The experimental aratelng results raise therefore the
possibility that REE could be used as a tool t@eine which of the carboxylic, phenolic or
chelate functional groups are implicated in thedivig of a given cation by HA. All cations
able to compete with REE for HA binding could naiyoinvolve a quantitative decrease of
the complexed REE bound to HA but also modify tlieERHA Ky pattern depending on their
respective affinity for carboxylic, phenolic or ¢aee HA sites. Conversely, variations of the
REE-HA Ky pattern patterns observed in the presence of geitine cation could provide
additional clues to explain why REE pattern vaoias occur in natural, organic-rich waters
(Marsac et al., 2010, and references therein).

In this respect, aluminum (Al) is of particularterest. Aluminium is abundant in
natural, organic-rich waters, specifically acidiater, with AF* activity up to around I®mol
L™ (Tipping, 2005). Moreover, Al has strong affinfr HA and is thus a strong competitor
for cations-HA binding including REE (Bidoglio €t,al991; Tanizaki et al., 1992; Takahashi
et al., 1997; Dupré et al., 1999; Kinniburgh et 4899; Pinheiro et al., 2000; Tipping et al.,
2002; Lippold et al., 2005). The competitive birgliof Al with the whole REE group has not
been experimentally studied. A common belief ig tlas preferentially bound to strong HA
sites and is therefore a stronger competitor foEHRhan for LREE. As a consequence, Al
should induce a relative decrease of HREE in t§f&"Kpattern (Yamamoto et al., 2010; Tang

and Johannesson, 2010; Marsac et al., 2011). Howths stronger competition of Al for
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HREE is opposite to the current parameters of M&lalescribing Al and REE binding to
HA. The ALK, parameter that defines the strength of HA multigiensites ardLK(Al)<
ALK »(LREE)<ALK2(HREE). Therefore, Model VI currently predicts aosiger competitive
effect of Al on LREE than on HREE.

In the present study, REE-AI-HA binding experineewere performed simultaneously
on the 14 naturally occurring REE over a range efanloading and pH conditions. The aim
of this work is threefold: i) to experimentally iestigate the competitive effects of Al on REE
complexation by HA in conditions that highlight tleompetition with the few strong
multidentate and phenolic groups, respectivelytoiigvaluate the ability of PHREEQC/Model
VI to predict the experimental data and to imprtdwe quality of the modeling and iii) to test

the ability of the REE to be used as a fingerpoirthe mechanisms of Al binding to HA.

2. Materials and methods

All chemicals used were of analytical grade, walh experimental solutions being
prepared with doubly-deionised water (Milli-Q systeMillipore™). Synthetic REE solutions
were prepared from a nitrate REE standard (10 mgAccu Tracé& Reference Standard).
Polyethylene containers used to study REE-HA corgtlien equilibrium were all previously
soaked in 10% Ultrapure HNGor 48h at 60°C, then rinsed with deionised wéber24h at
60°C to remove all REE contamination sources. Apeximents were performed at room

temperature, i.e. 20°€ 2.
2.1.  Humic acid

Purified humic acid (HA) was obtained from syntbe&ldrich humic acid (Aldricf",

H1, 675-2). The purification was performed with iretocol of Vermeer et al. (1998), except
that a tangential ultrafiltration step was addedetoove any possible HA molecules <10 kDa
using a Labscale TFF system equipped with a Pallidd. membrane (PLCGC10,
Millipore™). Humic acid was freeze-dried and stored in asglesntainer. Prior to use,
purified HA was solubilized overnight in a solutief 0.01 M NaCl at pH = 10 to ensure
complete dissolution (Vermeer et al., 1998). Thewsas$ adjusted to 3 in the HA suspensions,
which were then filtered at 0.2um to remove anyeptél precipitate and therefore to ensure
studying the same HA fraction in any experimentsfqggmed even at higher pH. The
dissolved organic carbon (DOC) concentration offiltrates was then measured to assess the

true HA concentration of the experimental susperssio
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2.2. Experimental set-up of the REE and Al binding to HA

A standard batch equilibrium technique was usestudy the competitive effect of Al
on REE binding by HA. The fourteen REE and Al weienultaneously added to HA
suspension set in a T (NaCl) electrolyte solution. Experimental susgiens were stirred
for 48 h to reach equilibrium according to the poati defined by Pourret et al. (2007b). The
pH was monitored regularly with a combined Radian&ed Rod electrode, calibrated with
WTW standard solutions (pH 4 and 7). The accurdcptd measurements was +0.05 pH
units. At equilibrium (48 h), 10 mL of the suspemwsivere sampled and ultra-filtered at 5 kDa
to separate the REE-HA and Al-HA complexes from iii@aining inorganic REE and Al.
Ultrafiltrations were carried out by centrifugingget suspension aliquots through 15 mL
centrifugal tubes equipped with permeable membrah&skDa pore size (Vivaspin 15RH12,
Sartorius). All the membranes used were first washih 0.15 mol ! HCI, then rinsed
twice with ultrapure water to minimize contaminati@€entrifugations were performed using
a Jouan G4.12 centrifuge with swinging bucket r@tioB000g for 30 min. Removing of HA
fractions <10 kDa in the HA mother solution ensutes no organic molecules pass through
the 5 kDa membrane at this stage of the experiméitsexperiments were performed in
triplicate.

Two types of REE-Al competition experiments weerfprmed. The first type was
performed at pH 3, under low REE/HA[REE] = 1 pM; DOC = 9 mg t:; REE/HA = 1.2
10° molREE/molC) and variable Al concentration (0 t @M) conditions. Under these
conditions, REE should be preferentially bound té& Hy means of the few strong
multidentate sites occurring on them. The competitivith Al for these sites, if occurring,

should result in a relative HREE depletion of thg KytF

pattern (see above). This first
series of experiments was limited to pH 3 becaugbkeh pH values do not allow keeping
measurable amounts of REE in solution, due todineREE/HA effect. The second series of
experiments was performed at variable pH rangimnfi3 to 6, using higher REE/HA
(X[REE] = 10 pM; DOC = 6.7 mg't; REE/HA = 2 1 molREE/molIC) and equal REE-AI
concentrations)([REE] = [Al] = 10 uM). Reference experiments withdl were performed
for comparison. Due to higher REE/HA, REE are exgatto be preferentially complexed by
carboxylic and phenolic functional groups in thiscend series of experiments, with an
expected increase of the phenolic/carboxylic rafith increasing pH due to the higher proton
dissociation constant of phenolic groups (Marsaalgt2011). Thus, this second series of

experiments was designed to provide informatioruabwe ability of Al to compete with REE
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for binding with HA phenolic sites. Speciation adhtions carried out with PHREEQC
showed that all inorganic REE could be confideaggumed to occur as free aqueous REE
species in the two series of experiments, and tB& Rehavior was therefore modeled,
accordingly (Tang and Johannesson, 2003; Pouradt, #007a; Marsac et al., 2010). The Al
speciation in 0.01 NaCl aqueous solution was sitadlavith PHREEQC. Stability constants
between Al and hydroxides from the minteq.v4 dagabaere used and the precipitation of
amorphous Al hydroxides was assumed (Figure NAIYminium activity was controlled by
the precipitation of Al(OHy, following the reaction:

Al(OH)3 + 3H = A** + 3H,0 Kso (IV.1)
And,

log as+ = log Kso— 3 pH (IV.2)

The log Kso was set equal to 10.8 (IUPAC, Stability Constddasabase). At pH 3, all
the inorganic Al species occur as free aqueou¥ #pecies. At high pH, Al occurs as
Al(OH),®™, especially between pH 5 and 6. At pH > 5, Al loyddes could precipitate and
would be removed from the solution as Al-HA comg@sy ultrafiltration at 5 kDa.

The REE complexation with HA is described using #pparent partition coefficient

K4, as follows:

-1 -1
K, (Ln,)= pgln adsorbed /gDOCL (V.3)

ugLn® mL™

where Ln= La to Lu.

Al(OH) ;
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Figure IV.1. Al speciation calculated with PHREEQC for [Al] ® LM, IS = 0.01 M (NaCl) and pH ranging
from 3 to 8.

74



Al competitive effect on REE binding to humic acid

2.3. Solution analysis

Rare earth elements and Al concentrations werermatied with an Agilent
Technologie§" HP4500 ICP-MS instrument. Ultrafiltrate, contaimiAl and REE inorganic
species, were injected directly after adding HN® a concentration of 0.37 N. The initial
suspensions were also analyzed to determine phedal cation concentrations for each
experiment. The suspensions were first digesteld sub-boiled nitric acid (HN914 N) at
100°C, and then resolubilized in HN@.37 N after complete evaporation, to avoid
interferences with organic carbon during mass amalipy ICP-MS. Quantitative analyses
were performed using a conventional external cafibn procedure. Three external standard
solutions with REE and Al concentrations similathie analyzed samples were prepared from
a multi-REE and an Al standard solution (Accu Tf&cReference, 10 mgt, USA). Indium
(In) was added to all samples as an internal stdrataa concentration of 0.8i#nol L™ (100
ppb) to correct for instrumental drift and possiblatrix effects. Indium was also added to the
external standard solutions. Calibration curvesewslculated from measured REE/In and
Al/In intensity ratios. As established from repehtmalyses of multi-REE standard solution
(Accu Trace™ Reference, USA) and the SLRS-4 watandard, the instrumental error on
REE and Al analysis were below 3 and 5 %, respelgtiv

Dissolved organic carbon concentrations were deted using a Shimadzu 5000
TOC analyzer. The accuracy of DOC concentrationsm@anents is estimated at5%, as

determined by repeated analysis of freshly prepst@udard solutions (potassium biphtalate).
2.4. PHREEQC/Model VI

Humic ion-Binding Model VI (hereafter referred tas Model VI) is a model
developed by Tipping (1998), which is implementedhe geochemical code WHAM 6. The
equations of this model were recently introduced the PHREEQC (version 2) developed
by Parkhurst and Appelo (1999) for the entire REEes to improve REE-HA binding
description, in particular by removing the lineatationship between logyJ& and log Kus
(Marsac et al., 2011). PHREEQC (version 2) is afmater code based on an ion-association
aqueous model, which was designed to perform sp@tiand saturation-index calculations
in waters.

In Model VI, HA is defined by discrete acido-basitemical groups (carboxylic and
phenolic) which can bind aqueous metal ions (eaj br AI*") and their first hydrolysis
product (e.g. LaOH or AIOH?"), forming either monodentate, bidentate or tridemnt
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complexes. In practice, thanks to Tipping's (1998)rk, cation stability constants are
adjusted using two parameters, logiaKand log Kus, respectively for carboxylic and
phenolic groups. Another parametAt K») is introduced to increase cation stability contga
with a fraction of the multidentate sites, consiggithem as chelate ligands or simulating the
participation in these multidentate sites of addidl chemical groups, such as nitrogen
containing groups. Marsac et al. (2011) showedtthaccurately simulate REE-HA binding,
ALK, parameter had to be optimized independently fabaeylic (ALK2c) and phenolic
groups ALK 2p). An electrical double layer, where only countems can accumulate, is also
defined in the model. The double layer thicknesseisby the Debye-Hiickel parameker
(3.29 x 18 x 13 (Appelo and Postma, 2005). The distribution ofsitretween the diffuse
layer and the bulk solution is calculated by a danponnan model. Intrinsic equilibrium
constants are corrected by the Boltzmann factdrdepends on HA surface area which was
determined to be equal to 19000 m?/g at ionic gtief 0.01 (Marsac et al., 2011). In this
study, HA was defined as the SOLUTION_MASTER_SPEE£;IBOLUTION_SPECIES and
PHASES in the PHREEQC database. The 80 types efceitsidered by Model VI to bind
REE, Al and their respective first hydrolysis prottu were defined as
SURFACE_MASTER_SPECIES, and their respective stgbil constants as
SURFACE_SPECIES in the PHREEQC database. Al hydeogrecipitation was also taken
into account by defining Al(OHjha) - noted "ha" for the experiments carried outhe
presence of HA - in the PHASES block of PHREEQCabkase. Aluminium activity was
controlled by the precipitation of Al(OH)following eq. IV.1 and IV.2. With ultrafiltratiomt

5 kDa, Al-HA amount and precipitated as hydroxidesnot be separately measured. The
calculated amount of Al present in the fractionkP48 is defined therefore by:

Al > 5 kDa = Al(OH)s + Al-HA (IV.4)

Errors between experiments and simulations weaatified by the root mean square
error of the regression (rmse), i.e. the sum ofstipgares of the differences between observed
and calculated log, whereuv is the amount of REE bound to HA per gram of dissidb
organic carbon (DOC). To consider a fit to be obdajuality, two conditions had to be
fulfilled, namely: i) that the total rmse calculdtt'om the whole experimental conditions and
REE were low, and ii) that the rmse values caleddor the fourteen REE were sufficiently

close to each other.
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3. Results

3.1. Experimental Al competitive effect on REE-HA bindin

Figure IV.2 illustrates Al influence on logsREF patterns at pH = 3 and low REE/HA
(= 1.2 10°). For [Al] = 0, REE-HA pattern increases from La Lku occurring through
preferential binding of REE to the low density sigomultidentate sites with higher affinity
for HREE than for LREE (Yamamoto et al., 2010; Maret al., 2010). The presence of 5 uM
of Al strongly decreases the amount of REE bounH A9 changing the log 55 patterns,
which increases for MREE (MREE downward concavifie Al concentration rise from 5
to 20 uM decreases the amount of REE bound to Hiddbes not influence the log /R
pattern which remains essentially identical to tfathe [Al] = 5 UM experiment. These data
indicate that Al competes more strongly with HREfart LREE in these experiments
promoting the REE complexation by strong multidentites, suggesting in turn that Al has a
stronger affinity for these sites. Low concentmatmf Al (1 uM, in the present study) can
suppress the metal loading effect developed forHREBBEbinding since these sites are in low
density on HA surface. Because fewer strong sttesag@ailable for REE, they can only bind
to HA weak sites present in higher surface densitypH 3, the main REE-HA binding sites

are thus carboxylic ligands whose stability contstamcrease for MREE.
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Figure IV.2. log K{EF patterns for REE, Al competitive binding to HA exjments at pH 3 and low REE/HA
ratios (1.2 16 molREE/molC) as a function of Al concentrationrdgrbars represent standard deviation from
triplicates (can be hidden by symbols).
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Figure 1V.3a presents the percentage of REE beaittA for [Al] = 0 and 10 uM for
the experiments conducted at high REE/HA (Z)18nd variable pH (3 to 6). Without Al,
around 30% of REE are bound to HA at pH = 3, a&dhat reaches 95% at pH = 6. The
presence of Al in equal amount to REE decreasegrthgortion of REE bound to HA. This
decrease is not uniform as revealed by an inflacgtiche REE-HA sorption-edge, by contrast
to experiment with Al which presents a sigmoid ghaphis rupture of the sorption-edge in
the REE-AI-HA experiment illustrates an apparentrdase of the Al competitive effect.
Aluminium is hydrolyzed from pH< 6 and Al(OK)precipitation might occur, decreasing

dissolved Al concentration and hence the compaetiidect of Al on REE binding to HA.
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Figure IV.3. REE-HA binding for high REE/HA experiments: (afesft of Al concentration on the % of REE
bound to HA relative to pH. (b) logf=F patterns with and without Al relative to pH.
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Figure IV.3b compares the log /K" patterns at pH = 3, 4.5 and 6 for the REE-HA
and REE-AI-HA experiments. As previously observédigh REE/HA and any pH studied
here, REE-HA experiments result in log™k® patterns with a MREE downward concavity,
specific of the predominant binding of REE with Wwe&igh density carboxylic HA sites
(Tang and Johannesson 2003; Pourret et al., 20d@bsac et al., 2010, and references
therein). With Al, the LREE/HREE balance is progigsly modified with increasing pH. At
pH = 3, the competitive effect of Al is more promoed for the HREE than for the LREE,
and at pH = 6, Al displaces more strongly LREE thREE (Fig. 1V.3b). The corresponding
change of the log KFF pattern from a log KF pattern presenting a MREE downward
concavity at pH = 3 to a logKEF pattern slightly increasing for HREE at pH = 6 htidpe
indicative of the type of HA sites that bind to ahd REE. At pH=3 with Al, the HREE
depletion suggests the preferential binding of dthe few strong multidentate HA sites as
for low REE/HA. Conversely, the LREE depletion oRHEE enrichment at pH = 6 points to
the inability of Al to bind to HA phenolic sites. &isac et al. (2011) showed that about 80%
of HREE are bound to HA phenolic and carboxy-phiengtoups (i.e. phenol-containing
groups) at pH=6. Conversely, at pH = 6, 80% LREE& laound to HA carboxylic groups.
Therefore, Al appears to be a strong competitdRIBE bound to COOH groups (i.e. mainly
the LREE) than REE bound to phenol-containing gso(ige. mainly the HREE). In turn,
Al(OH)&™ species - which are the dominant Al species at- present stronger affinity

for carboxylic groups than for phenolic groups.
3.2. Al and REE speciation modeling with PHREEQC/Modél V

The first step of the modeling strategy consisthe optimization of the Al(OH)Kso
as Al(OH) is expected to precipitate at the highest pH stlidThe activity of Al" were
calculated using PHREEQC from the dissolved Al emi@ation measured in solution (i.e. Al
present in the ultrafiltrate (< 5 kDa), and plotteghinst pH (Fig. 1V.4). According to eq.
IV.2, the activity of AF* reaches a solubility limit corresponding to logd 9. This value is
consistent with Al aqueous solutions equilibratedirty 48h (IUPAC Stability Constants
Database). Therefore, Al(Ok3olubility product was set equal to 9. As showrCynn et al.
(2004), REE can bind to Al(Okl)However, the log K55 on Al(OH); are very low. From the
experimental results of Quinn et al. (2004), theoam of REE adsorbed on Al(OHyvas
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estimated to be lower than 1% in the present exyerial conditionsJ[REE] = [Al]), even if
100% of Al is considered to precipitate.

¢ Experiments
—y=9-3pH
* * .
6 4
+
©
<
©
(@)
o
-8 -
'10 T T T T 1
2 3 4 5 6 7

Figure IV.4. Log ays. for Al-HA binding experiments af[REE] = [Al] = 10pM and [DOC] = 6.7 mg 't Log
ans+ data were calculated from measured, dissolved D&) Al concentrations. The line (y = 9 - 3 pH)
illustrates the control of Al activity by a Al(Okf phase with log Ko = 9.

The above experimental results were first modeisdig the Al-HA and REE-HA
parameters determined by Tipping et al. (2002)Madsac et al. (2011). In a second step, Al-
HA binding parameters were optimized taking benefiithe constraints-set provided by the
Al-REE competition experimental dataset. Figure5lyresents experimental and modeling
pattern of the percentage of REE bound to HA inpékperiments at low REE/HA and [Al]
=20 uM (Fig. IV.5a) and pH 6 arffREE] = [Al] = 10 uM (Fig. IV.5b). The modeled rdsi
were obtained from Tipping et al. (2002) and Marstal. (2011) HA binding parameters for
Al and REE, respectively. At low REE/HA, the expeental percentages of REE-HA present
MREE downward concavity by contrast to the simuatattern, which also exhibits a strong
increase for HREE (Fig. IV.5a). At pH 6, Al compiee effect on REE and more particularly
on LREE is underestimated: the simulated REE-HAc@atage pattern presents MREE
downward concavity, whereas the experimental peages of MREE- and HREE-HA were
similar (Fig. IV.5b). Calculated concentrations REE bound to HA are plotted versus
experimental results (log-log plot) for the whotadied conditions (Fig. IV.5c¢). The distance
from the 1:1 line indicates a poorer fit. Therefod competitive effect on REE-HA binding
Is not satisfactorily simulated. This discrepancygim be induced by the Al binding
parameters used by Tipping et al. (2002) which rawe appropriate to describe the Al
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competitive effect on REE-HA binding. Model VI RBEA binding parameters were
determined by Marsac et al. (2011) from a large REEbinding dataset in a large range of
pH and REE/HA conditions. By contrast, Al-HA paraers were determined from a more
limited range of pH (<4.5) since Al-HA experimentdtasets are limited (Tipping et al.,
2002). Therefore, Al-HA binding parameters weraroped with PHREEQC/Model VI.

PHREEQC/Model VI requires the simultaneous adjestimof four parameters to
describe Al binding by HA, namely: log\K, log Kus, ALK ,c andALK 2p which can generate
a high degree of uncertainty on each parameter witbwidually taken. The Al-HA binding
parameters cannot be directly fitted from the Al-E@ncentration since the possible presence
of AI(OH); in the >5 kDa fraction prevents the quantificatiminthe experimental Al-HA
concentration. However, the Al competitive effecdls REE-HA binding and REE-HA
concentration provide two independent constraiataely: (i) Al"® has strong affinity for HA
-COOH, -PhOH and their corresponding multidentaitigs (i.e. in competition mainly with
HREE) and (ii) AI(OH)®™ have more affinity for HA -COOH than for -PhOH gps (i.e.
mainly in competition with LREE).
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Figure IV.5. REE percentage bound to HA from experimental dathsimulation using PHREEQC/Model VI,
either in using Tipping et al. (2002) parameterstt@t line) or the optimized parameters determiimethis
study (plain line). (a) refers to the experimemdacted at pH 3, low REE/HA and [Al] = 20 uM, whase(b)
refers to the experiment performed at pH = 6, HREEE/HA and withZ[REE] = [Al] = 10 uM. (c) Diagram
showing the correspondence between the measuredirmnthted amount of REE bound to HA (log-log plot)
using Tipping et al. (2002) Al-HA parameters (oggmbols) and optimized parameters (full symbols).
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The new PHREEQC/Model VI HA binding parametersAbivere obtained by fitting
experimental data recovered from the present stodiREE-HA and Al>5kDa. The Al-HA
binding datasets from Kinniburgh et al. (1999) avieng et al. (2002) were also considered in
our modeling study. The new PHREEQC/Model VI Al-Hdnding parameters are reported
in Table IV.1. To define A as a stronger competitor for HREE, logsdfAl®") and
ALK ,AI*") (6.20 and 6.00, respectively) were set highemtfar Lu (5.23 and 5.11,
respectively) since Lu presents the highest lag KNdALKp. The log Kua(AlI®") was set
equal to 3 close to logya(Lu) (3.16), which is the lowest logus in the REE series. The
REE ALK,c are similar and range from 2.01 and 2.31 for La dm, respectively.
ALK >c(AI*") was set equal to 1 to limit Al competitive effect on LREE at low pH. The
optimization of the Al-HA binding parameters impesvthe REE data fits at low REE/HA,
pH = 3 and with [Al] = 20 uM. The underestimatiomisthe Al competitive effect on REE-
HA binding obtained with the initial Tipping et §2002) binding parameter are deleted. The
calculated percentages of REE bound to HA preseMREE downward concavity as
experimentally observed (Fig. 1V.5a). At pH = 6 ahigh REE/HA, the fit improvement
occurs through the introduction of the AI(QH¥pecies, which was not yet taken into account
in Model VI (Tipping, 1998; Tipping et al., 2002t pH = 5 to 6, AI(OH)" is the dominant
Al species in solution (Fig. IV.1). The logJ for AI(OH)," was adjusted to 4.2, whereas log
Kvg and strong binding site term@l(K,) were set equal to zero to limit Al(OF)
competition with HREE. The binding of AIGHwas not taken into account in order to keep
the same degree of freedom in both simulationss ®ptimization allows for the simulate of a
stronger Al competitive effect at pH > 5 and higiERHA (Table 1V.1). Moreover, a better
simulation is obtained as compared to simulatisisguTipping et al. (2002) Al-HA binding
parameters, rmse for REE being equal to 0.04 ab@, @espectively, for these simulations.
The fit improvement is illustrated on figure IV.5@here simulated versus experimental log
[REE-HA] are closer to the 1:1 line with the opteed parameters.

Parameter AP AOH)," A"/ AIOH*
Log Kya 3.00 4.20 2.6
Log Kys 6.20 0.00 7.66
ALKc 1.00 0.00 0.46
ALK,p 6.00 0.00 0.46

Table IV.1. log Kya, 10g Kus, ALK 5c andALK ,p for AI** and Al(OH)" fitted from the experimental data using
PHREEQC/Model VI. The log #a, log Kvs, ALK > (WhereALK, = ALK ,¢c = ALK »p) data published by Tipping
et al. (2002) using WHAM 6/Model VI, are shown fmmparison (A"/AIOH?").
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The log Kya of 4.2 required to take into account the Al(@Hpecies is higher than
log Kua(AI®*") (Table IV.1). This result is not entirely satisfary since the successive
hydrolysis constants of Al decrease from 9 to 7.3 with the increasing numbedld, i.e.
from AIOH?* to Al(OH)3(aqy Therefore, Al(OH)" should exhibit a binding constant with HA
COOH groups lower than that of Al We tried to modify Marsac et al. (2011) Model VI
parameters for REE: theoretically, by decreasingKga for REE, AI(OH)" could have the
same competitive effect for LREE with a lower, ahgrefore, more consistent loguK
However, this attempt led to a poor descriptionR&E patterns in the REE-HA systems.
Consequently, log #a value for AI(OH)Y" artificially equal to 4.2 was adopted to impligitl
take into account the occurrence of other Al-HA dong mechanisms, which will be
discussed in the following section.

Figure 1IV.6 compares experimental and simulatedlte for Al-HA binding. Figure
IV.6a compared simulated log [Al-HA] obtained wittihe optimized Al-HA binding
parameters versus experimental results for expetsret low REE/HA at pH 3 (the present
study) and from Kinniburgh et al. (1999) and Wehgle(2002). Fit are of good quality since
the rmse for Al is equal to 0.03 and experimental ealculated AI-HA amount were similar
in any conditions (Fig. IV.6a). The optimized Al-HAnding parameters did not improve the
fit as compared with Tipping et al (2002) Al-HA ding parameters (rmse = 0.04). Figure
IV.6b compares experimental and modeled resultsh®revolution of the percentage of Al >
5 kDa versus pH (i.e. the sum of Al bound to HA amid Al occurring as Al(OH)
precipitates). Modeling results using the paransetefr Al Tipping et al. (2002) agree
reasonably well with experimental data from pH 316 and 5.5-6.5, but not at pH 5, where
Al > 5 kDa is underestimated of 20%. However, tpgmized Al-HA binding parameters and
the introduction of AI(OH}" binding to HA limits this underestimation. Therefp if the
optimized Al-HA binding parameters do not strongtyprove the Al-HA binding (except at
pH 5 and high REE/HA), they strongly improve thedaling of Al competitive effect on
REE-HA binding.
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Figure IV.6. (a) Goodness of fit between experimental and stedl AI-HA amount using optimized
PHREEQC/Model VI Al-HA parameters for literaturetal@nd the present study data at pH 3 and low REE/H
(b) Percentage of Al present in the > 5 kDa fracfior experiments &[REE] = [Al] = 10uM, [DOC] = 6.7 mg
L™ and pH 3-6. Lines represent results simulated Wighping et al. (2002) parameters (dotted line) and
optimized binding parameters (plain line) for Al.

4. Discussion

4.1. Al-HA interaction at pH > 5

The need of high AI(OH) log Kya raises the question of the nature of the involved
Al species. One possibility is the existence ofypatlear Al-hydroxide species. Several
authors suggested that polynuclear hydroxy-Al sseaould bind to fulvic acids (FA)
especially at pH>5 (Browne and Discoll, 1993; Sutter and Cabaniss, 1997). Light Al

polycations (i.e. dimers or trimers) are usually stable in solution because they tend to
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condense to form more stable Al tridecamer or gibb@®asion et al., 1994). However, Al
dimers or trimers can be stabilized by organic ai¢@asey et al., 2001), which prevents the
formation of tridecamer species, particularly ifetlerganic ligand is HA (Hiradate and
Yamaguchi, 2003). Browne and Discoll (1993) sugegghat fulvate could stabilize the
formation of hydroxide-bridge bonds between twoatdms. A possible formation reaction
for these dimeric-Al hydroxides in the presencéiéfcould be as follows:

|
/O\
HAT—S +AI3+AlOH)," = [HAT—S—A[ Al (IV.4)

7
H

where HA-S represents a HA binding site, which dobé either mono- or multidentate
(electric charges of HA sites and®iligands have been omitted for simplicity). Intnathg
the reaction (IV.4) in PHREEQC/Model VI is howevenlikely to result in higher
competitive effect on REE-HA binding because thedisher occupies only one HA site. One
way to achieve this competitive effect would bedomsider a reaction in which both Al atoms

of the Al-hydroxide dimer would be bound to two H#tes. Such a reaction could be as

follows:
—S, —S,
AN
Al
HA +AB*+ AIOH)," = [HA] H—O_ _O0—H (IV.5)
Al
/
—S, —S

Where HA-S and -$ represent two different HA sites. This mechanismnot be introduced
easily in PREEQC/Model VI because of the descnptad HA sites as discrete groups.
Therefore, we suggest that the artificially highy lisua for AI(OH)," implicitly take into
account the stabilization of hydroxy-bridge bondimgfween Al by HA. The simulation, in
doing so, is clearly not realistic from a mechaaigbint of view, but the implementation of
this artificial value is able to reproduce satisbaity the effects of reaction (IV.5) on the Al-
REE competition (Fig. IV.5b). Tipping et al. (200&)ose to neglect the role of Al-hydroxide
dimers in their description of Al-HA interactiongd¢ause the consideration of these dimers
did not improve significantly the fit, as it is absed in the present study (Fig. IV.6). The
situation is different when the point is to evatdhe competition between Al and other
cations for HA binding. The results obtained heye Al-REE competition demonstrate that

the competitive effect of Al is considerably strdrened by the presence of Al-dimers. To
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date, this competitive effect of Al-dimers was netealed because Al competitive effect on
cation-humic binding was generally studied at pH @Mota et al., 1996, Kinniburgh et al.,
1999; Pinheiro et al., 2000). The present experiatieasults and the artificially high logu
Al(OH),"-HA clearly show that Al-HA interactions occur mbirby carboxylic HA sites
rather than by phenolic HA sites. Thus, under heumneutral pH conditions characteristic
of most natural waters, Al is therefore expectetda significant competitor of trace metals
and radionuclides presenting a high binding affifiir HA carboxylic groups as compared to

phenolic groups such as LREE.
4.2. Al-competition effect on the REE pattern shapeattiral organic-rich waters

Numerous studies established that dissolved argaatter (DOM) controls the REE
speciation in natural, organic-rich waters (Bidogdt al., 1991; Takahashi et al., 1997; Viers
et al., 1997; Dia et al., 2000; Johannesson eR@04; Gruau et al., 2004; Davranche et al.,
2005; Pourret et al., 2007a; Pédrot et al., 20D8poratory experiments here performed as
well as previous studies meanwhile established that binding has the potential of
fractionating REE depending on the involved HA lmggdsites and REE/HA ratio (Sonke and
Salters, 2006, Pourret et al., 2007b; Yamamotd.eP@10; Marsac et al., 2010; 2011). For
low REE/HA, when REE-HA binding occurs mainly thghustrong multidentate sites, REE
patterns of natural, organic-rich waters are exqeeth show a progressive increase from La to
Lu. By contrast, when REE-HA binding is dominatgdvizeak carboxylic sites (i.e. for high
REE/HA), patterns are expected to exhibit a MRERmeard concavity (Yamamoto et al.,
2010; Marsac et al. 2010). By compiling data froatunal, organic-rich waters, Marsac et al.
(2010) recently showed that REE patterns effectidedplayed variations that could be partly
due to the REE/HA (or metal loading) effect. Theetioccurrence of this effect is however
challenged by other mechanisms able to potentfedigtionate REE. The competitive effect
generated by other cations such as Al and Fe is pwssible mechanism (Tang and
Johannesson, 2010). Yamamoto et al. (2010) sughésée even low concentrations of Al
and Fe could delete the above “low REE/HA” fraciibon process. The experiments at pH 3
and low REE/HA reported in the present study shioat Al competition has effectively the
potential of limiting the higher HREE-HA binding mfirming this suggestion. However, at
pH > 5, the contrary is observed. Aluminium occnoe decreases LREE binding to HA.
Therefore, these results show that the Al bindiagHtA in circumneutral waters could
promote HREE enrichment in the dissolved fractioa. (< 0.2 uM) due to HREE higher
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affinity for HA binding as compared to that of LREB another words, Al competition with
REE at circumneutral pH enhances the metal loaglifegt on REE-HA pattern.

A loss of REE signatures specific of HA binding ymiae also observed in waters
where carbonate ligands compete with HA for REHlinig (Elderfield et al., 1990; Tang and
Johannesson 2010). REE affinity follows HA > cardten> FA. When REE binding with HA
dominates the REE speciation (i.e. at high HA catre¢gion), MREE-increased patterns are
expected due to the dominant role of carboxyliessit By contrast, when REE binding by
carbonate dominates (at low HA concentration), HRIBEChed patterns is expected as log
K(REE-carbonate) increase from LREE to HREE (Lud &yrne, 2004). This competitive
effect of carbonate is however highly pH-depend&durret et al. (2007b) showed that
carbonate could bind significantly REE (> 10%) oatypH > 7.5 in organic-rich waters. This
limited effect was highlighted by Marsac et al. 12Pwho reported marked variations of REE
patterns for selected natural organic-rich wateith WwH < 7, in which REE binding by
carbonates is anticipated to be insignificant. Redioth reported by Yamamoto et al. (2010)
and Marsac et al. (2010), and presented in thidysshow that HA can act as a preferential
carrier either for MREE or HREE, depending on tHeERHA conditions. However, we will
not try here to evaluate precisely the relationdfdgfween REE pattern and Al concentrations
in natural waters because the amount of Al thdy tcompetes with REE cannot be easily
determined. Concentrations of competitive Al areorggly pH-dependent because of Al
hydroxides solubility. Furthermore, a fraction b&tAl measured in the dissolved fraction (<
0.2 or 0.45um) of natural waters can be preserildsydroxides associated with organic
matter (Pokrovsky et al., 2006), thereby distorting evaluation of the Al amount available
for competition with REE. As a consequence, the amhaf competitive Al can only be
assessed from geochemical models, making this sseses complicated and sometimes
questionable. Another problem is that other catiarmesexpected to be able to compete with
REE for HA binding in natural waters. Among thes¢ians, Fe could be a strong competitor
of REE (Lippold et al., 2007), with effects on RIpB&ttern not yet experimentally evaluated.
Accordingly, without more information on the roléaiher cations including Fe, any attempt
to determine precisely how and to what extent tmapetition with Al affect the REE pattern
of natural, organic-rich waters is a difficult egise that appears to us more reasonable to
postpone before getting more experimental datanadkeling as well.

The present study confirms that the REE-HA pattigpends on the REE speciation
on HA and can be used as a fingerprint of the dantitHA binding sites in given pH or
REE/HA conditions. Modification of REE speciation 6lA - and thus in REE-HA pattern -
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is expected to occur not only in response to vianatof REE/HA ratio but, to the occupation
of HA sites by competitor cations, such as Al. Maret al. (2011) suggested that different
effects on REE-HA pattern are anticipated dependm¢he affinity of competitor cations for
carboxylic and phenolic sites. At pH > 5, the cotiipe effect of Al, occurring mainly for
LREE, confirms this hypothesis. Up to now, predin of REE speciation in natural,
organic-rich waters were performed using Model Mlthe previous version Model V), using
generic parameters for other cations (Tang andni@sson, 2003; Pourret et al., 2007b).
These predictions could only give information abitgt total amount of REE displaced by the
competitor cation but, not on the competition dffean the 14 REE taken individually.
Generic cation-HA binding parameters commonly usedlodel VI are those determined
initially by Tipping (1998) applying a linear reiabhship between carboxylic and phenolic
parameters. The cations present therefore the selaéve affinity for HA carboxylic and
phenolic functional groups. Even if this assumptgwes satisfactory modeling results for
competitive experiments between two cations (Tigpit098; Peters et al., 2001; Tipping et
al., 2002), the present REE-Al competition studgveh that these generic parameters are not
mechanistically sufficient to describe the effemtgation competition on REE pattern. To use
geochemical models as a reliable tool to descriBE Ratterns in natural, organic rich-waters,
a more accurate description of the different comgretations binding behavior with HA is
clearly required. In this perspective, further expental studies of cation-REE competitive
binding to HA are required, which might in turn ¢éakenefit of the “REE fingerprint” set up
in this and previous studies to further highligheé tomplex mechanisms involved in cation
binding to HA.

5. Summary

The competition experiments between REE and AMskdferent Al competition
effects depending on the pH and the REE/HA ratiodés acidic (pH = 3) and low REE/HA
conditions, Af* as the dominant Al species compete more stronglly WREE than with
LREE. Therefore, A" has high affinity for the low concentration of H#rong multidentate
sites. Under higher pH ranging from 5 to 6 and &rgREE/HA conditions, the competition is
higher for LREE than for HREE, suggesting a stromgraction of Al with HA carboxylic
groups. PHREEQC/Model VI Al-HA binding parametersere optimized to simulate
precisely both Al binding to HA and its competitieéfect on REE. Al-HA interaction at pH
>5 was simulated by the strong binding of Al(GHYo HA carboxylic groups. The
requirement of high binding logy& between HA carboxylic groups and Al(Qf)ndicated
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that hydrolyzed species other than Al(GH)ere involved in the complexation. Polynuclear
hydroxy-Al complexes are expected to be bound to HiAe polynuclear Al species binding
reactions could not be introduced in PHREEQC/Maddbecause they should involve higher
denticity sites than those defined in the modele Tinesent study provides fundamental
knowledge on AI-REE competitive mechanisms for Hidding. Aluminium competitive
effect depends clearly on the affinity of the diéiet Al species for carboxylic, phenolic or
chelate ligands and therefore can modify the REEgd#ern. From our experimental results,
we can conclude that, the presence of Al shouldecdthe metal loading effect on REE-HA
pattern (i.e. an increase from LREE to HREE) siAtes not expected to bind efficiently
neither to HA phenolic groups nor to the low amoohtHA strong multidentate groups. As
deduced from the different behavior depicted by difeerent Al species, other potential
competitor cations such as Fe are expected to thevweown competitive effect on REE-HA
binding. Therefore, a precise knowledge of the elabavior of the different REE competitor
cations is required in order to reliably understamd model REE-HA pattern variations in
natural waters. Finally, the REE-HA patterns rasgltfrom Al competition were used as a
probe to evaluate the ability of the different Alesies to bind with the different sites -
carboxylic, phenolic or chelate ligands. This apibf the REE to be used as a “speciation
probe” could be applied to other cations in ordeptecisely describe their interactions with
HA.
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V. Chapitre IV :

Compeétition entre terres rares et fer
pour la complexation par les acides
humiques

91



Iron competitive effect on REE binding to
organic matter. implications with regards
to REE patterns in waters

Cette partie est extraite d'un article en préparmpour Geochimica et Cosmochimica Acta,
Marsac R., Davranche M., Gruau G, Dia A., Pédrat Bbuhnik-Le Coz M. and Briant N.
Iron competitive effect on REE binding to organiatter: implications with regards to REE

patterns in waters.
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Résumé- Les mécanismes de compétition entre terres rdR&E) et fer (Fe) pour la
complexation par les acides humiques (HA) ont &idiés expérimentalement, entre pH 3 et
6, et par modélisation avec PHREEQC/Model VI. Céttele a pour but de déterminer I'effet
de compétition de Fe sur la complexation des REEH#a et, réciproquement, d'utiliser le
spectre de REE résultant en tant que témoin deamis#ces de complexation de Fe par HA.
Cette étude apporte donc de nouvelles informatirat aux processus de complexation de
Fe par la matiére organique dans I'environnemeas &xpériences montrent qu’a pH = 3,
Fe’* est un plus fort compétiteur pour les REE lour@d&EE) et, par conséquent, se
complexe préférentiellement aux sites forts muittdees de HA, présents en faible quantité.
A des pH plus élevés (e.g. pH = 6), méme si desdxydes de Fe précipitent, Fe devient
compétiteur de maniére équivalente pour I'enserdbieREE et, réciproquement, a une forte
affinité que ce soit pour les groupements carbgxgs ou phénoliques de HA. Ce
comportement a été attribué a la complexationideetes de Fe par HA. La complexation de
Fe,0.°" a été définie par la complexation,E8>°*, permettant de simuler la complexation
d’un trimere de Fe par deux sites discrets de ld¢finis dans PHREEQC/Modele VI (mono-

, bi- ou tridentates). Bien que PHREEQC/Model \@ntie compte de la formation de
complexes Fe-HA mononucléaires et polynucléai@spEciation de Fe n’est pas totalement
cohérente avec les observations faites lors deégedtes études par spectroscopie. D’autres
espéces telles que Fe&Hpourraient également se complexer aux HA maistréependant
pas pu étre pris en compte. Cette étude suggerdaguariabilité des spectres de REE
observée dans les eaux riches en matiére orgariguela spéciation des REE est contrdlée
par la matiére organique dissoute — pourrait e (g a la charge en métaux sur HA, (ii) aux

cations compétiteurs des REE pour la complexatssrHA et (iii) au pH.

Abstract- Competitive mechanisms between rare earth elem(&&&) and iron (Fe) for
humic acid (HA) binding were experimentally invegstied between pH 3 and 6 and by
modeling using PHREEQC/Model VI. This study aimédletermining Fe competitive effect
on the REE-HA complexation pattern and, in turnuse the resulting pattern as a probe of
Fe-HA binding mechanisms investigation. This cotlldrefore provide new insights in Fe-
organic matter binding process understanding witthi@ environment. At pH = 3, Ee
appears to be a strong competitor for heavy REEEHE)Rand, therefore, has strong affinity
for the few HA strong multidentate complexing sitas higher pH (e.g. pH = 6), even when
Fe (hydr)oxides are expected to precipitate, Fe petes equally for every REE and,
therefore, has high affinity for both HA carboxyhod phenolic sites. Such Fe behavior was
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attributed to the binding of Fe trimer to HA. Thading of FeO,>" to HA was defined by the
binding of Fe s0%°*, which assumes the binding of the Fe trimer to RMREEQC/Model VI
HA types of discrete sites (mono-, bi- or trideajatAlthough, PHREEQC/Model VI
simulation takes into account the formation of moedc and polymeric Fe-HA complexes,
calculated Fe speciation and spectroscopic obsengashow that the model is not entirely
consistent. Additional Fe species, such as FéQiday bind to HA but could not here be
taken into account. This study suggests that REEpavariability in organic-rich waters -
where dissolved organic matter controls the REEiagien - may be due to (i) HA metal

loading, (ii) REE competitor cations for HA bindiagd (iii) pH.

1. Introduction

Organic colloids such as humic acids (HA) are ubays in natural environment and
present a high binding capacity for dissolved nsetRlemarkable effort has been made for
more than two decades to elucidate processes ewadlv cation binding by HA, through
experimental and modeling approaches (e.g. Tipdi@§8; Milne et al., 2003 and references
therein). However, mechanisms controlling catiormptexation to HA are not fully
understood because of the complex structure of BlAassessed by a large heterogeneity of
occurring binding sites. Rare earth elements ageoap of fourteen elements whose unique
chemical properties make them highly sensitive #o $ite heterogeneity. Patterns of REE
partition coefficient between HA and aqueous sohutiK{*c5) exhibit specific shapes
depending on the binding conditions. In turn, th& K pattern can be interpreted as the
fingerprint of the major type of HA site, which bisiREE in given conditions. In experiments
performed at low REE/HA concentration ratiog"R increases from light REE (LREE) to
heavy REE (HREE) and is specific to REE bindingsbpng multidentate ligands, which are
present in low concentration in HA molecules (Soakd Salters, 2006; Marsac et al., 2010;
Yamamoto et al., 2010). At high REE/HA and pH 37K pattern exhibit an increase for
middle REE (MREE) which is specific to REE bindihy the abundant and weak HA
carboxylic sites (Tang and Johannesson 2003; Raetred., 2007b). At high REE/HA for pH
6, K{*F pattern displays also an increase for middle REREE). However, Marsac et al.
(2011a) demonstrated that HA carboxylic sites a@dnttREE-HA binding, whereas HA
phenolic groups control HREE-HA binding. This reésués obtained by both introducing the
specific humic-ion binding Model VI, developed bypping (1998) in the geochemical
speciation program PHREEQC, as well as new hypethgsoposed for REE-HA binding
(Marsac et al., 2011a). LREE and HREE are therdjotend to different preferential HA sites
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depending on the prevailing conditions. Therebgséhresults suggest that REE competitor
cations may variously influence the LREE- or HRERdIng with HA depending on their
own affinity for carboxylic, phenolic or strong ntidlientate HA sites. In turn, the resulting
K4 EE pattern might be used as a tool to identify thefemential HA binding sites of the
considered cations. This hypothesis was recensitedeby Marsac et al. (2011b) in a study
dedicated to REE-Al competitive binding to HA. Aw REE/HA and pH = 3, Al appeared
to be a stronger competitor for HREE than LREE heea\f* presents a high affinity for HA
strong multidentate sites. At high REE/HA and pB,-Al is more competitive for LREE than
HREE. A stabilization of hydroxy-Al polymers (ty@ilty dimers) by HA carboxylic sites may
explain such results. Both HA heterogeneity of mgdsites and REE competitor cations
might account for the variability of REE patternsserved in organic-rich waters, wherein
REE speciation is controlled by humic substancasré\et al., 1997; Dupré et al., 1999; Dia
et al., 2000; Johannesson et al., 2004; Gruau,etCfl4; Pédrot et al., 2008).

Iron is one of the most abundant elements on earththe importance of studying its
biogeochemistry is well established. Despite thw kblubility of Fe (hydr)oxides, high
concentrations can be found in organic-rich watasspciated with organic colloids (Oliviée-
Lauquet et al. 1999; Allard et al. 2004; Pokrovskyal., 2005; Pédrot et al., 2011). Indeed,
Dissolved Organic Matter (DOM) inhibits the fornwati of crystalline Fe (hydr)oxides to
form instead both Fe nano-(hydr)oxides coated iditbM and Fe(lll)-DOM complexes.
Therefore, Fe plays a major role in trace metal$ @dionuclide speciation because of its
strong competitive effect on cations binding to (Apping et al., 2002) and especially REE
(Tanizaki et al.,, 1992; Tang and Johannesson, 2Dgold et al.,, 2007). However, Fe
competitive effect on the whole REE group bindingHA has not been yet studied. Recent
spectroscopic studies demonstrated that, at higHA-eatio, Fe polynuclear species are
bound to HA (dimers or trimers) whereas, at lowHZe/ monomeric Fe-HA complexes are
formed (Karlsson and Persson, 2010). Using thekBtdm Humic Model (SHM), Gustafsson
et al. (2007) simulated satisfactorily Fe bindimgl ats competitive effect on various cations
binding to organic soils. They only took into acnbthe Fe dimers binding to organic matter
tridentate sites. Model VI considers®Fand FeOH' binding to HA but not the binding of Fe
polymers. Therefore, no currently available hunoig-binding model takes into account the
formation of both monomeric and polymeric Fe-HA qexes.

This study aimed at assessing the competitiveeffeFe on REE binding to HA and
in turn at identifying the HA surface sites and madsms involved in the Fe-HA binding.

REE-Fe-HA binding experiments were thus performeceroa pH range (3 to 6),
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simultaneously for the fourteen REE and Fe. Thelibop of Fe to HA was simulated using
PHREEQC/Model VI and Fe speciation was comparel piievious spectroscopic studies in
order to verify the consistency of the model. Hina large dataset of REE patterns in natural
organic-rich waters were compiled to determine Whet~e and Al might effectively affect

REE patterns through their competitive effect orEREA binding.

2. Materials and methods

2.1. PHREEQC/Model VI

Humic ion-Binding Model VI (hereafter referred tas Model VI) is a model
developed by Tipping (1998), which is implementedhe geochemical program WHAM 6.
Model VI equations were recently introduced inte PHREEQC (version 2) developed by
Parkhurst and Appelo (1999) for the whole REE grdgREEQC (version 2) is a computer
code based on an ion-association agueous modethwras designed to perform speciation
and saturation-index calculations in waters. PHREB@del VI coupling allowed
improving REE-HA binding description notably by remng the linear relationship between
Model VI carboxylic- and phenolic-cation bindingrpmeters (Marsac et al., 2011).

In Model VI, HA are described as discrete acideibahemical functional groups
(carboxylic and phenolic) able to bind aqueous fietss (e.g. L& or FE") and their first
hydrolysis product (e.g. LaCH or FeOH"), forming either monodentate, bidentate or
tridentate complexes. In the present study, theH?é®inding to HA was replaced by a Fe
polymer binding which limits the number of adjudtalparameters. In practice, thanks to
Tipping's (1998) work, cation stability constants adjusted using 2 parameters, lognkand
log Kwvs, respectively for carboxylic and phenolic groupgsother parameterALK>) is
introduced to increase cation stability constantth va fraction of the multidentate sites,
considering them as chelate ligands or involvinditamhal chemical groups, such as nitrogen
containing groups. To accurately simulate REE-HAdbig, Marsac et al. (2011a)
demonstrated that thALK, parameter had to be optimized independently fobaeylic
(ALK 2c) and phenolic groupsALK2p). An electrical double layer, where only countems
can accumulate, is also defined in the model. Tl layer thickness is set by the Debye-
Huickel parametex = (3.29 x 18 x 13 (Appelo and Postma, 2005). The distribution ofion
between the diffuse layer and the bulk solutiorcakculated by a simple Donnan model.

Intrinsic equilibrium constants are corrected bg Boltzmann factor that depends to HA

96



Fe competitive effect on REE binding to humic acid

surface area, which was determined to be equa®@@ and 15000 m?/g at ionic strength of
0.01 and 0.7M, respectively (Marsac et al., 20kl )he present study, HA was defined as the
SOLUTION_MASTER_SPECIES, SOLUTION_SPECIES and PHASE the PHREEQC
database. The 80 types of sites considered by Mdidigl bind REE, Fe and their respective
first hydrolysis products were defined as SURFACRSMER_SPECIES, and their
respective stability constants as SURFACE_SPECIBESthe PHREEQC database. Fe
hydroxide precipitation was also taken into accduntefining Fe(OHy)(ha) - noted "ha" for
the experiments carried out in the presence of HA the PHASES block of PHREEQC
database. The control of Fectivity by the precipitation of Fe(Okivas described following
the reaction:
Fe(OH) + 3H" = Fé* + 3H,0 Kso (V.1)

Errors between experiments and simulations weaatified by the root mean square
error of the regression (rmse), i.e. the sum ofstipgares of the differences between observed
and calculated log, whereuv is the amount of REE bound to HA per gram of digsid
organic carbon (DOC). The fit goodness was consdlef quality if two conditions are
fulfilled, (i) the total rmse calculated from thehale experimental conditions and REE must
be low, and (ii) the rmse values calculated forfthateen REE must be sufficiently close to

each other.
2.2. Reagents

All chemicals used were of analytical grade. Adperimental solutions were prepared
with doubly-deionised water (Milli-Q system, Milljpe™). Synthetic REE solutions were
prepared from a nitrate REE standard (10 my Bccu Trac& Reference Standard).
Polyethylene containers used to reach REE-HA coxapilen equilibrium were all previously
soaked in 10% Ultrapure HNGor 48h at 60°C, then rinsed with deionised wéber24h at
60°C to remove all REE contamination sources. Apeximents were performed at room
temperature, i.e. 20°€ 2.

Purified humic acid (HA) was obtained from syntbe&ldrich humic acid (Aldricf",
H1, 675-2). The purification was performed with firetocol of Vermeer et al. (1998), except
that a tangential ultrafiltration step was addedetoove any possible HA molecules <10 kDa
using a Labscale TFF system equipped with a Pallidd. membrane (PLCGC10,
Millipore™). Humic acid was freeze-dried and stored in asglesntainer. Prior to use,

purified HA was solubilized overnight in a solutief 0.01 M NaCl at pH = 10 to ensure

97



Fe competitive effect on REE binding to humic acid

complete dissolution (Vermeer et al., 1998). Thewd$ adjusted to 3 in the HA suspensions,
which were then filtered at 0.2um to remove anyeptéal precipitate and therefore to ensure
studying the same HA fraction in any experimentdgumed even at high pH. The dissolved
organic carbon (DOC) concentration of the filtratess then measured to assess the true HA

concentration of the experimental suspensions.
2.3. Experimental set-up of REE and Fe competitive lmgdiy HA

The experimental set-up for Fe-REE competitivedinig to HA described in the
following paragraph, was based on calculated REdridution on HA functional groups
using PHREEQC/Model VI. Calculations were perfornied~[REE] = 10 uM, [HA] = 6.7
mg L of carbon, an ionic strength equal to 0.01 M (Na&id for pH = 3 and 6. These
conditions correspond to those used by Marsac. €2@11b) for REE-HA binding. At pH 3,
REE are mainly distributed between HA carboxylid atrong multidentate sites because
phenolic sites are highly protonated. At pH = 6, bifes can be divided into two groups: the
carboxylic HA sites and the phenol-containing sitéhis latter group merges carboxy-
phenolic and phenolic HA sites. Figure V.1 représdime relative distribution of REE on the
various HA sites. At pH 3, REE are mainly boundctwboxylic groups, except for HREE
which are bound up to 50% with strong multidentates (i.e. for Lu). At pH 6, more simple
phenol-containing sites are deprotoned and thebbely REE. HREE speciation on HA sites
is dominated by phenol-containing sites (70% fo}, lwhereas LREE remain mainly bound
to HA through carboxylic sites (80% for La). Theyelaccording to PHREEQC/Model VI,
the potential Fe competitive effect should invo{)ea decrease of LREE-HA binding under
any pH conditions when REE are bound to HA carhioxsites, (ii) a decrease of HREE-HA
binding at pH 6 when REE are bound to phenol-comtgisites and (iii) a decrease of HREE-
HA binding at pH 3 when REE are bound to strongtidenhtate sites. Experiments of REE-
Fe-HA competitive binding were therefore performatdpH ranging from 3 to 6 at high
REE/HA ratio £[REE] = 10 pM; DOC = 6.7 mgt; REE/HA = 2 1¢ molREE/molC) and
2 [REE] = [Fe] = 10 uM. A standard batch equilibritechnique was used. The fourteen REE
and Fe were simultaneously added to HA solutiorirsat10? M (NaCl) electrolyte solution.
Experimental solutions were stirred for 48 h tocteaquilibrium according to the protocol
defined by Pourret et al. (2007b). The pH was radyl monitored with a combined
Radiometer Red Rod electrode, calibrated with WTehdard solutions (pH 4 and 7). The

accuracy of pH measurements was +0.05 pH unitseciilibrium (48 h), 10 mL of the
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suspension were sampled and ultra-filtered at 5 tdaeparate the REE-HA and Fe-HA
complexes from the remaining inorganic REE and W&afiltrations were carried out by
centrifuging the solution aliquots through 15 mincdugal tubes equipped with permeable
membranes of 5 kDa pore size (Vivaspin 15RH12,08as). All the membranes used were
first washed with 0.15 mol £ HCI, then rinsed twice with ultrapure water to imize
contamination. Centrifugations were performed usiripuan G4.12 centrifuge with swinging
bucket rotor at 3000g for 30 minutes. Removing #éf frhctions <10 kDa in the HA pristine
solution ensures that no organic molecules passighrthe 5 kDa membrane at this stage of
the experiments. All experiments were performettiplicate.

For comparison, experimental results of REE-HAdbig without Fe were obtained
from Marsac et al. (2011b). Speciation calculatioasied out with PHREEQC demonstrated
that all inorganic REE could be confidently assurtedccur as free aqueous REEpecies
in the two series of experiments. The REE inorgapeciation was modeled accordingly
(Tang and Johannesson, 2003; Pourret et al., 2004tsac et al., 2010). Conversely, Fe may
be distributed as P& FeOH" and Fe(OHy species and may precipitate as Fe(9H)
depending on pH. Hydrolysis constants for Fe wakert from Milne et al. (2003).

The REE complexation with HA is described using dipparent partition coefficientgkas

follows:

Ln adsorbed/gDOCL™
Kd(Lni)=“g : - 91 (V.2)
HogLni™ mL

where Ln= La to Lu.
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Figure V.1. Relative distribution of REE between the three andjlA sites binding REE, at high REE/HA
concentration ratiof[REE] = 10 uM, [DOC] = 6.7 mg t). The dominant sites are (a) carboxylic and strong
multidentate sites at pH=3 and (b) carboxylic ahdrmlic sites at pH=6.

2.4. Solution analysis

Rare earth elements and Fe concentrations (»#B0™") were determined with an
Agilent Technologie®" HP4500 ICP-MS instrument. Ultrafiltrate, contaipiffe and REE
inorganic species, were directly injected afteriagdHNO; to a concentration of 0.37 N. The
initial suspensions were also analyzed to precisdyermine the total REE and Fe
concentrations for each experiment. The suspensiens first digested with sub-boiled nitric
acid (HNG 14 N) at 100°C, and then resolubilized in HNO.37 N after complete
evaporation, to avoid interferences with organicboa during mass analysis by ICP-MS.
Quantitative analyses were performed using a cdioreal external calibration procedure.
Three external standard solutions with REE and dtecentrations similar to the analyzed

samples were prepared from a multi-REE and a Fmedatd solution (Accu Trace™
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Reference, 10 mg't, USA). Indium was added to all samples as an rialestandard at a
concentration of 0.87umol L (100 ppb) to correct instrumental drift and poksitmatrix
effects. Indium was also added to the externaldstah solutions. Calibration curves were
calculated from measured REE/indium and Fe/indintenisity ratios. As established from
repeated analyses of multi-REE standard solutionc@ATrace™ Reference, USA) and
SLRS-4 water standard, the instrumental error ok REd Fe analysis are below 3 and 5 %,
respectively. Iron concentrations < #6.L™" were analyzed using a furnace atomic adsorption
spectrometer (SOLAAR M6, THERMO).

Dissolved organic carbon concentrations were deted using a Shimadzu 5000
TOC analyzer. The accuracy of DOC concentrationsm@anents is estimated at5%, as

determined by repeated analysis of freshly prepstaadard solutions (potassium biphtalate).

3. Results

3.1. Experimental Fe competitive effect on REE bindiodHA

The percentage of REE bound to HA at [Fe] = 0 40duM are displayed in Figure
V.2. Without Fe, around 30% of REE are bound toddAH 3 and 95% is reached at pH = 6.
The presence of Fe in equal amount to REE decresasegyly REE-HA binding because less
than 10% of REE are bound to HA at pH 3 whereas 8884ound at pH 6. Iron competitive
effect is more pronounced at low pH because Fedxydie may precipitate at circumneutral
pH. The decrease of REE binding to HA in the preseasf the competitive Fe suggests that a
substantial amount of Fe might be complexed to Hi&neat pH conditions where Fe

hydroxides are expected to precipitate.
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Figure V.2. Percentage of REE bound to HA versus pH withouaieétin the presence of an equal amount of Fe
than Z[REE] (10uM). Error bars represent standard demiatfrom triplicates. Symbols correspond to
experimental data, whereas lines correspond to FEqREModel VI modeling.

The corresponding logEF patterns are plotted in Figure V.3 for REE-HA &igE-
Fe-HA systems at pH 3, 4.5 and 6. As observed evipus studies (Tang and Johannesson
2003; Pourret et al., 2007b) at high REE/HA ratab,any pH studied, REE-HA patterns
exhibit a MREE downward concavity. Marsac et al01(Pa) provided evidence that this
pattern is developed at pH 3 through the bindinghaf majority of REE with abundant
carboxylic HA sites. However, under such conditjoassubstantial proportion of HREE is
also bound to the low amount of strong multidentdre sites, even at high REE/HA (Fig.
V.la). At pH 3, Fe seems to compete with every REEmMore with HREE than with LREE.
Not only is Fe therefore a strong competitor forBERiBat are bound to carboxylic HA sites
but also for REE that are bound to HA strong melihte sites. Such behavior were also
observed - to a lesser extent - in REE-Al competibinding to HA experiments recently
conducted by Marsac et al. (2011b). Therefore, uadalic conditions, Fe appears to more
strongly complex to HA than Al for each type of Hite. At pH = 6, the REE pattern is
similar in the presence and abscence of Fe suggettat Fe competes equally with every
REE. Therefore, in such conditions, Fe is bountdth HA carboxylic and phenolic groups
by contrast with Al which is mainly bound to HA tlugh carboxylic sites (Marsac et al.,
2011b).
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Figure V.3. Log K“°F between HA and the inorganic solution with anchwitt Fe at three different pH (pH =
3, 4.5 and 6). Error bars represent standard dewifom triplicates.

3.2. Modeling with PHREEQC/Model VI

Recent spectroscopic studies of Fe interactiontls WA evidenced the formation Fe
polycations-HA complexes (Fe/HA =50 mg/g, pH 2 tb 6.9) constitutive of a mixture of
Fe dimer and trimer (Karlsson and Persson 2010)c&itrast, these researchers did not
detect such complexes at lower Fe concentratioeas§img/gHA). Vilgé-Ritter et al. (1999)
by coagulating natural organic matter with Fe, sbdwhat the Fe trimer was dominant and
that each Fe atom is complexed with organic mditetwo or three bonds. Because the
present experimental study was performed in conpparfaigh Fe/HA conditions (40 mg/g),
the present modeling study integrates the bindfrfgegolymers to HA.

Parameter Fe’" Fe; s0°°
Log Kya 3.80 2.20
Log Kyg 7.50 6.30

ALK e 4.00 0.00
ALK,p 4.00 0.00

Table V.1.Log Kya, log Kyg, ALK ,c andALK ,p for F€* and Fe<{0**" fitted from the experimental data from
the present study and Liu and Millero (1999) usd¢REEQC/Model VI.
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In Model VI, Tipping (1998) described Fe-HA bindiby the binding of both Béand
FeOH" species. The complexation of Fe polymers was therenot taken into account.
Gustafsson et al. (2007) modeled Fe binding toagénic matter with the Stockholm Humic
Model (SHM) using only F©*. Thereby, Fe monomer complexes were not taken into
account in SHM. In the present study, Fe-HA inteosmc was described with
PHREEQC/Model VI using two Fe chemical species ag Tipping’s (1998) definition of
Model VI: F€* and a Fe polymer. The degree of freedom of PHREEQGe! VI is
therefore as low as possible and similar to thd3&'ldAM 6/Model VI. Specific HA binding
parameters for both Eeand Fe polymer and ¢ of Fe(OH} were simultaneously adjusted
by minimizing the rmse. The chemical formula of the polymer was also determined by
fitting and minimization of the rmse. Here, PHREH®Gdel VI was constrained to simulate
both the Fe amount retained by the 5 kDa ultrafilhn (Fe>5kDa) and the Fe competitive
effect on REE-HA binding. Data from Liu and Mille(@999) who studied Fe solubility in 0.7
M NaCl solution in the presence of HA relative td gwith [HA] = 0.6 mg LY and HA
concentration (with pH = 8) were also taken intoamt. Fe hydrolysis constants and logK
= 3.7 of Milne et al. (2003) were used for Liu aidlero (1999) experiments.

100
Fe > 5kDa
80
1) 60 - " Fetrimer-HA .
s Ao \
\ / \\
© 40 - /// AN
20 - '
. Fe(OH
Fe®_HA (OH)s(s)
O T T T T 1
2 3 4 5 6 7

Figure V.4. Percentage of Fe present in the fraction > 5 kbeoimpetition with REE for HA binding versus
pH. Symbols correspond to experimental data, wiselieas represent Fe-HA binding as simulated thinoug
PHREEQC/Model VI modeling.
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Figure V.5. REE percentage bound to HA in the presence ofréim Experimental data and simulation using
PHREEQC/Model VI at two pH (pH = 3 and 6).

PHREEQC/Model VI Fe-HA binding parameters thatvymted the best fit for both
REE-Fe competitive experiments (this study) and FleeHA binding data from Liu and
Millero (1999) are presented in Table V.1. At lowi,pFe* appears to be a strong REE
competitor for any kind of HA sites because logakFe’") = 3.7 > log Kua(SnT") = 3.39, log
Kue(FE) = 7.5 > log Kis(Lu®*) = 5.23 andALK ,o(F€*") = 4 > ALK »o(Lu®*") =2.31 (cited
REE have the highest binding parameters withirRB& group). OnLK ,5(F€™) (= 4) was
lower than REEALK 2p (ALK 25(La®") = 4.39). Using a largekLK ,5(F€*") value in the model
led to an overestimation of Fe solubility for LincaMillero (1999) dataset (data not shown).
The average values ALK ,c(Fe™*) and ALK »5(F€*") were however higher than that of REE.
For higher pH, preliminary tests revealed thatlibst fit for Fe was obtained by introducing
the FgO,>" binding to HA:

HA-S™ + Fe0,°" = HA-S-FeO,* ™" (V.3)

Where HA-S represent a HA complexing site (mono-, bi- ordrithte). However, the Fe
competitive effect on REE was impossible to sinmldhrough PHREEQC/Model VI

modeling. Equation V.3 implies indeed that the Fmér binds to HA only through one
discrete site. The competitive effect of the Fen#ni on REE is therefore lower than
experimental data even if Fe>5kDa was satisfagtonibdeled. The definition of discrete HA
sites in PHREEQC/Model VI does not allow easilyrspoly-cations to bind to several HA
sites. To simulate HA-Fe trimer complexation with efficient competitive effect on REE,

the binding of half a trimer (F@0*°") to HA sites was instead introduced. This allows
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simulating Fe trimer binding to HA by two discresges without further consideration of
spatial site arrangement. The;58*°* log Kua and log Kz were set to 2.2 and 6.3,
respectively. The Fe trimeALK,c and ALK,p were set equal to O because Fe trimer
competitive effect on HREE was not observed inghesent experiments. The Fe(QH)g
Ksowas set to 5.4 for our dataset suggesting a poodgred precipitated Fe hydroxide. This
high value of Fe(OH)log Ksowas already calculated in the presence of HA (Webea.,
2006). The new optimized set of Fe-HA binding pagters allows the fit to be considered of
good quality because rmse is equal to 0.02 forrek @05 for the whole REE group (Fig.
V.4). The simulated speciation of Fe on HA is algported in Figure V.4. As observed by
Tipping et al. (2002), P& is dominant only at low pH (pH = 3 in our simutat). The iron
trimer becomes dominant with the increasing pH, isutimited by the precipitation of
hydroxides at pH > 4.5. Experimental and modeldtepas of REE bound to HA at pH 3 and
6 are plotted in Figure V.5. At pH = 3, modeledadmdicate that & is the dominant Fe
species bound to HA sites, and especially to stroaljidentate sites. Iron competitive effect
is therefore higher for HREE. At pH = 6, where the trimer dominates, modeled Fe
competitive effect is similar for all REE. The Farter competes similarly with LREE for HA
carboxylic sites and HREE for HA phenolic sites.déted data for Liu and Millero (1999)
experimental conditions are plotted in Figure Vo6 fH = 8 and varying HA concentrations
(Fig. V.6a) and varying pH at [HA] = 0.6 mg'l(Fig. V.6b). PHREEQC/Model VI could not
satisfactorily simulate present and Liu and Mill¢t@99) experimental data with the same set
of Fe-HA binding parameters. When a reasonably gfiiods achieved for the present
experimental results, Fe solubility in the preseat&lA is overestimated for the data from
Liu and Millero (1999) especially at pH = 8 (Figu¥e6). Such discrepancy was already
encountered in studies aiming at calibrating mdaeting parameters for Fe-HA binding
(Tipping et al., 2002; Gustafsson et al., 2007}thkse previous studies, the authors calculated
lower Fe-HA stability constants using the data frbm and Millero (1999) than for other
experimental Fe-HA binding datasets. Liu and Mdl€d998) successfully studied the Fe
solubility in the presence of HA by filtering theMA suspension at 0.02um. However, DOC
was not monitored and a substantial amount of HA tharefore have been retained during
the filtration at 0.02 um because of the potent@ coagulation involved by Fe or HA
coating on precipitated Fe hydroxides. Such HAntbd@ would induce an underestimation of
Fe-HA stability constants calculated from experitaérdata of Liu and Millero (1999).

2.5+

However, by simply decreasing loguK for Fe s0°°" from 6 to 5.5, the model could

satisfactorily simulate Liu and Millero (1999) (seéetted lines in Figure V.6).
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Figure V.6. Experimental results, from Liu and Millero (1998§,Fe(lll) solubility in 0.7M NaCl solution (a) at
pH 8 versus HA concentration and (b) with HA = @dh6 mg L* versus pH. Solid lines represent modeled
results with PHREEQC/Model VI Fe-HA binding parasrstin Table V.1. Dotted lines correspond to result

with log Kyg = 5.5 for Fg0*°".

4. Discussion

4.1. Simulated Fe speciation and spectroscopic data

The consideration of Beand Fe trimer binding to HA allowed modeling Satisorily
both Fe-HA binding and the Fe competitive effectRBE. The Fe competitive effect on
REE-HA binding provides unique information abouttb&e monomer and Fe trimer binding
to HA mechanisms. Such poly-Fe-HA complexes wersenled through spectroscopic
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analysis in similar experimental conditions to #hassed in the present work (Fe/HA =
50mg/g) (Karlsson and Persson, 2010). Furthermtwese authors estimated that the
proportion of Fe polymer represented 10% at pHash@ 35% at pH 6.9 of total complexed Fe
to HA. By contrast, they did not detect such cometeat lower Fe concentrations (i.e.
5mg/gHA). To compare modeling and spectroscopi@,de-HA binding were simulated
with the Karlsson and Persson (2010) experimentadditions. At Fe/HA = 50mg/qg,
PHREEQC/model VI predicts that the Fe polymer repnéed 69% at pH = 4.2 and 42% at
pH = 6.9. The lower contribution of the Fe trimer@d 6.9 is explained by Fe(O)
precipitation. PHREEQC/model VI overestimates kaer binding to HA at pH = 4.2 but is
close to the percentage determined by KarlssornPanslson (2010) at pH = 6.9. At Fe/HA =
5mg/g and pH 3 to 5, 100% of Fe is bound to HA @snenonuclear complexes. At pH = 5.5,
10% of Fe is bound to HA as polynuclear speciesrandhes 60% at pH 7. These calculated
proportions are not consistent with the spectroscopservations suggesting that Fe-HA
binding may be more complex than the hypothesdsedsta PHREEQC/model VI. In the
present modeling study, only ¥ewas considered able to bind to HA by forming
mononuclear complexes. At low Fe/HA,*Felominates Fe speciation on HA sites but its
occurrence is limited when pH increases. Other Beanuclear species such as FéOiay
also bind to HA. Such species, if taken into ac¢pwould dominate Fe-HA binding at higher
pH than F&. Therefore, the introduction of Fe®Hn PHREEQC/Model VI would limit the
formation of the Fe trimer (i) at pH = 4.2 and FA/H 50mg/g and (ii) at pH > 5 and Fe/HA
= 5mg/g. Unfortunately, this Fe-HA binding mechamisould not be taken into account in
the model because its influence could not be gfiethtin our experiments. However, even if
simulated Fe speciation is not entirely satisfactas compared to the knowledge gained
through spectroscopic data, the Fe-HA PHREEQC/Matdbinding parameters provide a

consistent description of both Fe speciation withahd Fe competitive effect on REE.
4.2. Impact of cation competition on REE patterns irurgtorganic-rich waters

In natural organic-rich waters REE speciation isinty controlled by humic
substances (Bidoglio et al., 1991; Takahashi etl807; Viers et al., 1997; Dia et al., 2000;
Johannesson et al., 2004; Gruau et al., 2004; Deleaet al., 2005; Pourret et al., 2007a;
Pédrot et al., 2008). Coupling experimentation anddeling allowed identifying the
controlling factors of REE distribution on HA siteBhese factors are (ihe metal loading
(Yamamoto et al., 2010; Marsac et al. 2010): at RRE/HA, REE binding occurs mainly
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through HA strong multidentate sites, whereas gh IREE/HA, REE binding is dominated
by HA weak carboxylic sites. This modification ofER speciation on HA sites directly
controls the REE-HA pattern which increases fromtdd.u at low REE/HA and exhibits a
MREE downward concavity at high REE/HA. By contrast laboratory experiments,
REE/HA ratio are very low ranging from £@o 10* mol REE/mol C in natural waters (Tang
and Johannesson, 2010). The HA metal loading ieefine imposed by other cations that
potentially compete with REE. (iilfhe competitive trivalent cations: Al and Fe competition
with REE for HA binding can control the REE distriton on HA sites (Marsac et al., 2011b;
the present study). This Al and Fe competitive afldepends itself on the organic matter
metal loading and the pH conditions prevailing oluson. (iii) Finally the pH: the pH
appears to be the major factor controlling the REEEecomplexation pattern through indirect
effects on both HA metal loading and Fe and Al cetitpe behavior on REE-HA binding.
Aluminium and Fe activities are strongly pH depemideecause of the relatively low
solubility of their (hydr)oxides. Therefore, becau#&l and Fe aqueous concentrations
decrease with increasing pH, HA metal loading ghbr at acidic pH than at circumneutral
pH.

Because experimental conditions could remainrtanfnatural conditions, simulations
were also performed with the World Average Rivert&¥va(see Table 11 in Tang and
Johannesson, 2003) to illustrate which could beRE&-HA log Ky pattern developed in
conditions relevant to natural waters. We alsoofe#dd their assumption that 80% of the
active DOM (= 5 mg [} is present as fulvic acid (FA) and 20% as HA. ldwer, because
REE-FA binding parameters for PHREEQC/Model VI wai@ yet determined, only the
amount of HA (= 1 mg ) was introduced in the model. The binding of Cand Md" to
HA were introduced in PHREEQC/Model VI database #r&ir HA binding parameters were
taken from Tipping (1998). Log 4% for Al(OH); and Fe(OH) were set equal to 9 and 5,
respectively, which correspond to poorly crysta&lioxy)hydroxide. REE-HA log Kpatterns
were normalized to La and are plotted from pH =048tin Figure V.7. REE-HA log K
patterns regularly evolve from a MREE increasingfgua to a pattern displaying a strong
increase from La to Lu. At low pH, Al and Fe areosger competitors for HREE. Middle
REE present the highest log; Kvith HA among the REE group. At circumneutral pFé
competes similarly for all REE although Al competasre efficiently with LREE.
Furthermore, AI(OH) solubility is higher than Fe(ORl) Therefore, Al is the major REE
competitor for HA binding under circumneutral caimahs involving that HREE present the

highest log K with HA among the REE group. In figure V.7 are ajz@sented stability
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constants patterns of REEgGand REE(C@), normalized to La (Luo and Byrne, 2004). At
pH = 7 and 8, REE-HA pattern present a comparaideease from La to Lu to the patterns

with carbonate.
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Figure V.7. REE-HA log Ky normalized to La and determined for the World Awxgr River Water between pH
4 to 8. Patterns of REE stability constants withBRE;" and REE(C®, (log B,""-°°3 are presented for
comparison (Liu and Byrne, 2004).

Organic-rich waters are generally classified imto groups, depending on their Upper
Continental Crust (UCC)-normalized REE pattern @dield et al.,, 1990; Tang and
Johannesson, 2010): (i) acidic waters enriched REH, with (La/Yb)cc close to 1 and (ii)
alkaline waters enriched in HREE, with (La/Ylg < 1. This REE distribution is commonly
interpreted as follows: the MREE enriched patteyrgénerated by the REE binding with
dissolved organic matter (DOM), whereas the HREEckad pattern is generated by the
REE complexation by carbonate whose affinity ishkigfor HREE than for LREE (Luo and
Byrne, 2004). In organic-rich waters (DOC>5 mg)L(La/Yb)ucc globally decreases with
the increasing pH, as shown in Figure V.8 for datmpiled in Marsac et al., (2010) (Dia et
al., 2000, Viers et al., 1997; Gaillardet et abDP2; Gruau et al., 2004; Tosiani et al., 2004;
Pokrovsky et al., 2006 ; Auterives, 2007), whicpmorts the previous hypothesis concerning
the REE pattern variability. However, such (La/Yd) decrease is also observed in organic-
rich waters where pH is below 7.5. Moreover, intspéi conditions, DOM was shown to
control the REE speciation (Pourret et al., 200Tierefore REE-carbonate binding cannot

explain the HREE enrichment observed in organicutimeutral waters. The recent
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assessment that REE affinity for HA can vary withe tprevailing physico-chemical
conditions offers a new tool to explain the REEtgyat variability in natural organic-rich
waters. Acidic waters are enriched in MREE by thefgrential MREE binding with DOM. In
circumneutral waters, Al and Fe concentrations lave because of their precipitation as
(hydr)oxides. Dissolved organic matter is therefaarying less cations. Because Fe
(hydr)oxides are less soluble than Al (hydr)oxidékis the major REE competitor for their
binding to DOM. Moreover, Al is more competitiver foREE than HREE. The combination
of both low DOM loading and Al competition for LRHEOM binding involve a stronger
HREE binding by DOM and explain the HREE enrichmetiserved in circumneutral

organic-rich waters.
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Figure V.8. Upper Continental Crust normalized (La/Yb) raftia/Yb)ycc versus pH from organic-rich waters
(DOC > 5 mg [Y) (Dia et al., 2000, Viers et al., 2000; Gaillareel., 2004; Gruau et al., 2004; Tosiani et al.,
2004; Pokrovsky et al., 2006 ; Auterives, 2007).

5. Summary

REE-Fe competitive binding to HA experiments weesformed to investigate the
competitive effect of Fe on REE binding to HA amdturn to identify the HA surface sites
and mechanisms involved in the Fe-HA binding. Iseems to compete differently with REE
for HA binding depending on pH. Under acidic (pH8)}conditions and high metal loading,
Fe’* - as the dominant Fe species - competes moreghfrovith HREE than with LREE.
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Therefore, F& has high affinity for the few amount of availablé strong multidentate sites.
Under higher pH conditions (e.g. at pH = 6), Fe petas indifferently for LREE and HREE,
suggesting that Fe can bind to both HA carboxylid phenolic groups. PHREEQC/Model VI
Fe-HA binding parameters were optimized and sineuladth Fe binding to HA and its
competitive effect on REE. Consistently with spestopic studies both the formation of
monomeric and polymeric Fe-HA complexes were takémaccount. Modeling showed that
Fe trimer (FgO,"") was the most competitive species for REE. Thelibmnof FgO,** to HA
was defined by the binding of F€?°*, which simulates the binding of the trimer to two
Model VI HA discrete sites (mono-, bi- or triderptwithout any further assumption of
binding site spatial arrangement. Comparison betvasaulated Fe speciation on HA sites
and spectroscopic results showed that the modehwaiasntirely consistent: modeling Fe-HA
binding requires the use of other Fe chemical sseaihich can bind to HA (e.g. Fe®M
However, such species binding parameters could beotdetermined with the available
experimental dataset. The present study provideslaimental knowledge on Fe-REE
competition mechanisms for HA binding and showst tha can modify the REE-HA
complexation pattern. In turn, the ability of th&Rto be used as a “speciation probe” to
precisely describe cations interactions with HAaggin verified, as previously suggested for
another competitive cation - Al - (Marsac et al012b). This study shows that REE-HA
complexation patterns vary significantly with theA Hnetal loading, the REE competitor
cations for HA binding and the pH. Calculationgltd REE speciation of the World Average
River Water were performed using the here optimiBHREEQC/Model VI. For acidic
waters, pattern of REE-DOM conditional stabilitynstants presents a MREE downward
concavity. For circumneutral water, REE-DOM pattarareases from LREE to HREE. The
HREE enrichment observed in circumneutral orgaitic-waters, generally attributed to REE
binding by carbonates, was here shown to be inddbyeREE-DOM binding.
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1. Conclusions

Cette étude a permis de comprendre et de déckms le détail, les mécanismes
impliqués dans la complexation des REE par leseacitumiques et le rble de certains
facteurs sur la nature de ces mécanismes. Cettprébansion et description permettent
d’apporter des éléments de réponse quant a lagiheriet a la signification de la variabilité
des spectres de REE observés dans les eaux reguielies en matiere organique, origine et
signification qui étaient jusqu’ici largement incares. Plus précisément, ce travail de these a
montré que le spectre de complexation des REE egmratides humiques n’était pas
indépendant des conditions de complexation, ma&semtaient des variations reflétant la forte
hétérogénéité de groupements fonctionnels au ssnsdbstances humiques. Cette étude a
également validé l'utilisation de ligands organisjude référence dans linterprétation des
mécanismes de complexation des REE par les aciohegjbe en (i) comparant les spectres de
ces ligands avec ceux obtenus expérimentalement lpocomplexation des REE par les
acides humiques, et (i) imposant aux sites de d¢exagion définis dans Model VI des
spectres cohérents avec ces mémes ligands dencédére
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Figure VI.1. Variabilité des spectres des coefficients de iBistion des REE entre les acides humiques et la

solution a pH = 3 dépendant du rapport REE/acidesidues (mol/molC).

Ainsi, dans lapremiere partie de la theseil a été démontré qu’'a pH = 3 et pour de
faibles rapports REE/acides humiques, les REE rétaiajoritairement liées a des sites forts

multidentates (potentiellement chélates) complexamticipalement les REE lourdes, alors
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gu’'a de plus forts rapports REE/acides humiquediEEE étaient principalement liées a des
ligands faibles carboxyliques complexant majorgient les REE intermédiaires (Figure
VI.1).
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Figure VI.2. Distribution relative des REE sur les sites caxfliques et phénoliques des acides humiques

a pH = 6 et pour un rapport REE/acides humiquegéle

La seconde partie la théseeprésente une avancée majeure dans le domairee de |
modélisation des interactions entre REE et acidewidues. En effet, la contrainte de
linéarité des constantes entre sites carboxyligueges phénoliques présentes dans la version
originale de Model VI a été supprimée en introdoiisee modéle dans PHREEQC et un
spectre de type « catéchol » a été imposé aux gnoaipts phénoliques, différent en forme de
celui des groupements carboxyliques. Ainsi, les ifreadions apportées a Model VI ont
permis de reproduire précisément I'ensemble deat@bilité des spectres de complexation
des REE par les acides humiques obtenu expérireemgat. De plus, I'introduction de Model
VI dans PHREEQC a permis pour la premiere fois dantjfier la répartition des REE sur
chacun des différents sites impliqués dans la cexapion. Ainsi, la modélisation a permis de
démontrer qu'a pH = 6 et pour un fort rapport REEd&s humiques, les REE légéres étaient
majoritairement liées a des sites carboxyliqueslisaque les REE lourdes étaient, elles,
majoritairement liées a des sites présentant despgments phénoliques (Figure VI1.2). A
partir de cette approche de modélisation, une rleutgpothése a été émise. En effet, des
cations compétiteurs pourraient modifier le spedgecomplexation des REE par les acides
humiques, en fonction de leur affinité relative ptas différents types de ligands impliqués

dans la complexation. Réciproquement, il en a étiiid que les variations engendrées dans la
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forme du spectre de complexation des REE par idesabumides, lors de I'ajout d’un cation
compétiteur, devraient pouvoir permettre de "sohl@enature du ou des sites avec lequel ce

cation compétiteur se lie préférentiellement.
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Figure VI.3. Comparaison des spectres des coefficients débdiitm des REE entre les acides humiques et la
solution obtenus pour des pH de 3 et de 6, avesaos présence de Al ou Fe et pour un rapport Rie/a

humique (mol/molC) élevé.

Les troisieme et quatrieme parties de la théseont permis de vérifier
expérimentalement ce role de sonde de complexdasrREE en réalisant des expériences de
compétition entre REE et aluminium, d'une parteretre REE et fer, d’autre part. A pH = 3,
Al et Fe apparaissent plus compétiteurs pour leE REHrdes que pour les REE |égéres. Par
conséguent, ces deux cations qui, a ce pH, sentedésesous la forme de cations aqueux 3+
sont démontrés avoir une trés forte affinité poes ites forts multidentates des acides
humiques, plus forte que celle des REE lourdes pesr mémes sites (Figure VI.3). Les
résultats sont différents a pH 6. A cette valeupHeAl apparait étre un plus fort compétiteur
pour les REE légéres que pour les REE lourdesraiominent au Fe qui apparait étre un
compétiteur pour I'ensemble des REE, indifféremmdunsi, a pH=6, Al apparait se lier
majoritairement aux groupements carboxyliques @etea humiques tandis que Fe apparait
se lier lui aussi bien aux groupements carboxybgqaes acides humiques qu'a leurs
groupements phénoliques. Les changements dansriplexation de Al et de Fe constatés
avec l'augmentation du pH ont été interprétés condione a leur complexation sous forme

polycationique par les acides humiques a pH = aRde ces résultats, un jeu de constantes
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spécifiqgues Al-acide humique et Fe-acide humiquéadéterminé pour PHREEQC/Model
VI en utilisant la contrainte apportée par la cotitjpd avec les REE. Ce nouveau jeu de
constantes permet de simuler de maniere précisentgplexation de Al et Fe par les acides
humiques ainsi que l'effet de compétition de casxdaétaux sur la complexation des REE.
Ainsi, et comme le prévoyaient les simulationdiséas dans la deuxiéme partie de la
these, l'utilisation du spectre de complexation &E fournit bel et bien une "sonde"
permettant de deéterminer les mécanismes de contjglexdes cations par les acides
humiques. Au final, les résultats obtenus montger les spectres de complexation des REE
par les acides humiques sont fonction a la foikaddnarge en métaux (expérimenté ici par la
charge en REE), de la nature et de la spéciatiancddons compétiteurs des REE et,
majoritairement mais indirectement, du pH. La fegufl.4 résume I'ensemble des facteurs et
mécanismes chimiques influencant la forme du sped#r complexation des REE par les

acides humiques.
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Figure VI.4. Schema récapitulatif des facteurs influencantiésanismes de complexation des REE par les acidaghes (HA) et des différentes formes de speare d

complexation des REE par les HA. REE |égéres etlEsisont notés LREE et HREE, respectivement.
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2. Implications

2.1. Origine de la variabilité des spectres de REE olésedans les eaux riches en

matiere organique

Les études par ultrafiltration ont depuis longtengpabli que dans les eaux riches en
matiere organique les REE sont majoritairementaéss a la fraction organique colloidale
représentée par les substances humiques (Tanizali, 4992; Dupré et al., 1996; 1999;
Viers et al., 1997; Ingri et al., 2000; Dia et 2000; Gruau et al., 2004 ; Pokrovsky et al.,
2005; 2006). Cependant, toutes les eaux ne prégqrae les mémes formes de spectres, avec
deux types le plus souvent observés (Elderfiela.etl990). Ce travail suggere que, dans ces
eaux, la variabilité de forme des spectres de RiEEaeconséquence directe de I'hétérogénéité
des sites de complexation présents au sein desasubs humiques et des différences de
spectres des constantes de complexation entre E4S & ces sites. Le premier type,
caractéristique des eaux acides, se distingue gardsence d’'un enrichissement en REE
intermédiaires. Les résultats obtenus dans cattetdémontrent qu'a pH acide (4<pH<6) les
colloides organiques peuvent enrichir la solutignO(2um) en REE intermédiaires car la
complexation des REE par les acides humiques esinde par les sites carboxyliques. Ce
comportement est observé quelque soit le rappaduralissous/acides humiques puisque la
présence de métaux dissous plus abondants queHEs ¢dmme Al" et F&*, limitent
fortement la complexation des REE lourdes par c&ses colloides (Figure VI.5, 4<pH<6).
En revanche, les eaux neutres a basiques présamieanrichissement en REE lourdes.
Pourret et al. (2007b) ont montré que cet enriemeEnt n’était pas le fait d'une complexation
des REE par les carbonates, la présence de matigemique imposant une spéciation
organique des REE. Les résultats de cette thésdrentbnpremierement, que les faibles
concentrations en Al et Fe dissous en raison diailiée solubilité de leurs hydroxydes a pH
neutre, engendrent une faible charge en métauxalksdes organiques favorisant ainsi la
complexation des REE lourdes par ces colloidesplDs, dans ces conditions de pH, les
especes polycationiqgues de Al limitent la complexatdes REE |égéres tandis que les
polycations de Fe ne créent pas de différenciaitne REE. L'ensemble de ces raisons fait
que les colloides organiques ont, dans ces eaaxplus forte affinité pour les REE lourdes et

en enrichissent la solution (< 0.2um) par rappark &REE |égéres. Le spectre de

119



Conclusions et perspectives

complexation des REE par les acides humiques peésdors une forme comparable a celle

des carbonates (Figure VI.5, 6<pH<8).
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Figure VI.5. Evolution des spectres des coefficients de digiobh des REE normalisés au La entre les acides
humiques et une solution modéle correspondant empasition & la moyenne des rivieres mondiales (Tetng

Johannesson, 2003), pour des pH variant de 4 2e8.spectres des constantes de stabilité des cagsplex

REECQ" et REE(CQ), (log B,"55°3 sont présentés en comparaison.

La variabilité des spectres de REE dans les eatrelles contenant des colloides
organiques peut donc étre expliquée par I'évoluties propriétés de complexation des
colloides organiques en fonction de la charge etaumé de la nature et de 'abondance des
cations compétiteurs et du pH. Cette conclusionaéra une fois de plus I'importance de la
prise en compte des colloides organiques dans defeles de spéciation des REE (Tang et
Johannesson, 2003 ; Pourret et al.,, 2007). Le raodéimbiné PHREEQC/Model VI
développé dans le cadre de cette thése est aoteeliele seul capable de modéliser
précisément la variabilité des spectres de comptexdes REE par les colloides organiques

et ainsi de comprendre la spéciation des REE dsnsdux riches en matiére organique.
2.2. Speéciation des cations métalliques dans les eahg&gien matiére organique

Une autre conséquence majeure de cette thésee estndontrer l'importance de la
prise en compte des complexes polynucléaires d#AlFe avec les acides humiques,

complexes qui pourraient fortement augmenter latsiité de ces deux métaux en présence
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de matiere organique. La prise en compte de cedlesss dans PHREEQC/Model VI
permet une meilleure prédiction de la spéciatioAldet de Fe dans les eaux riches en matiére
organique.

Al et Fe jouent également un rdéle majeur dangpéiation en solution des éléments
traces métalliques et des radionucléides par lder @e compétition avec les autres cations
vis-a-vis des groupements fonctionnels complexdassacides humiques (Kinniburgh et al.,
1999; Pinheiro et al., 2000; Tipping et al., 2002n doit s’attendre a ce que ces effets de
compétition soient différents suivant le pH du fale la formation de complexes
polynucléaires de Al et de Fe a pH neutre et depbexes mononucléaires a pH acide. De
plus, on doit s’attendre a ce que les effets dfieentre Al et Fe a pH neutre, les polycations
de Al étant stabilisés principalement par les gemagnts carboxyliques des acides humiques,
alors que les polycations de Fe sont stabilisés,fais par les groupements carboxyliques et
phénoliques. Model VI, dans sa version original@abkit une relation linéaire entre les
parametres régissant la complexation des catiomslgsa groupements carboxyliques et
phénoliques des acides humiques. Ainsi, tous l¢éi®nsaprésentent systématiquement la
méme affinité relative pour ces groupements foncigds. Une description plus précise des
mécanismes de complexation des cations par ledreliffs types de groupements des acides
humiques du type de celle générée ici par le cggpRHREEQC/Model VI et I'abandon de
cette relation linéaire systématique, entrainemeilleure compréhension des mécanismes
de compétition entre cations vis-a-vis des subswinumiques et ainsi, une détermination

plus précise de la spéciation des métaux dissmsslda eaux naturelles.

3. Perspectives

3.1. Perspectives a court terme

La compétition entre les REE et des cations & faffinité pour les acides humiques,
tels que Al et Fe, s’est avérée étre un facteueunaje contrble de la forme des spectres de
complexation des REE par les acides humiques. Regipment, l'utilisation de I'outil
"sonde de spéciation" que représentent les chandgeme forme des spectres de REE en
présence d'un cation compétiteur, a permis de misamprendre les mécanismes de
complexation de Fe et Al par les substances humidDette "sonde de spéciation” pourrait
étre utilisée pour d’autres cations présentantfarte affinité pour les substances humiques,

notamment des cations divalents comme le cuivie ptomb. Ces derniers sont présents a
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I'état de traces dans les milieux peu anthropiSépendant, dans les eaux a pH proche de la
neutralité, les teneurs en Al et Fe dissous étailels a tres faibles du fait de la faible
solubilité de leurs hydroxydes, la compétition awes cations divalents pourrait devenir
prépondérante. Des études de complexation conveétiivec des cations divalents
permettraient non seulement de déterminer I'impactes cations sur la forme du spectre de
complexation des REE par les acides humiques maisi @e mieux décrire leurs propres
mécanismes de complexation.

Une autre perspective est de vérifier les résul@atpérimentaux et issus de la
modélisation par une analyse directe, in-situ, idegactions entre REE et acides humiques.
En effet, les mécanismes locaux d’interaction deE& Rvec les acides humiques régissent le
comportement des REE a I'échelle macroscopique. dutxe facon d’améliorer les modéles
de spéciation géochimique, complémentaire des ewpatations macroscopiques conduites
dans cette thése, est de procéder a une analysesdeteraction a I'’échelle moléculaire. Un
parallele peut étre fait ici avec I'adsorption aeétaux dissous sur des surfaces hétérogénes
telles que les oxyhydroxydes de fer dont la comgmston et la modélisation s'appuyent dans
a la fois sur des expériences d’adsorption en &bwme mais aussi sur des résultats de
spectroscopie (Venema et al.,, 1996). De fait, deaslyaes spectroscopiques telles que
I'absorption des rayons X utilisant de la lumieyachrotron (XAFS pour X-ray Absorption
Fine Structure) ont montré leur puissance dansidegétde la nature et de la structure des
complexes de REE formés a la surfaces d’oxyde deuFde Mn (Ohta et al., 2009a,b), et de
cellules bactériennes (Takahashi et al., 2010).teekniques XAFS permettent en principe
d’étudier des systémes hétérogénes, tels que ldesahumiques, et dilués, tels que des
complexes REE-acide humique. PHREEQC/Model VI, gérnon seulement de simuler la
complexation des REE par les acides humiques ma# d’étudier en détail la spéciation des
REE sur ses différents types de sites de comptexatinsi, la comparaison entre les
structures des complexes REE-acides humiques détas par XAFS dans différentes
conditions expérimentales couplée a la modélisadiona spéciation des REE parles acides
humiques par PHREEQC/Model VI devrait permettre \difier la cohérence de la
modélisation et d’obtenir de nouvelles contraimtesr 'améliorer.

Les REE |égéres et lourdes possedent des sitirgariels de complexation sur les
acides humiques. Les spectres de complexation &S gar les acides humiques peuvent
ainsi étre utilisés comme traceur des processuhplexation des cations compétiteurs (Al
ou Fe ; voir ci-dessus). Cette différenciation enfREE légeres et REE lourdes peut étre

également observée sur d’autre types de surfadésobénes. En effet, Ohta et al. (2009a,b)
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on montré par analyse EXAFS que les REE légérasdient des complexes monodentates a
la surface d’oxyhydroxydes de fer tandis que leER&urdes formaient des complexes
bidentates. Il en est de méme a la surface deries;téu Takahashi et al. (2010) ont montré
que les REE légeéres se liaient majoritairementsagieupements carboxyliques a l'inverse
des REE lourdes, se liant préférentiellement agdespements phosphates. Par analogie avec
les acides humiques, les REE pourraient étre égiscomme "sonde" des processus
impliqués dans la complexation des cations pasuagaces hétérogenes, dans le but de mieux
contraindre et de mieux modéliser leur réle dasstdensferts de métaux en solution et aux

interfaces eau-bactéries et eau-oxyhydroxydesrde fe
3.2. Perspectives a moyen et long termes

Les spectres de REE dans les eaux riches en enatiganique refletent les propriétés
de complexation de la matiére organique et I'hnééneité de ces propriétés. Méme si ce sont
les colloides organiques de haut poids molécutalseque les acides humiques qui dominent
majoritairement la spéciation des REE en solutiorg fraction non négligeable de celles-ci
semblent liees a des colloides organiques pludspttis que les acides fulviques (e.g.
Pokrovsky et al., 2006). Si les propriétés de cexgtion des acides fulviques devaient
s’avérer différentes de celles des acides humigoes les REE, une variation du rapport
humique/fulvigue pourrait étre a l'origine de vdioas dans la forme des spectres de REE
observée dans les eaux naturelles, fournissantaut® cause possible aux variabilités
observées. De plus, les acides fulviques sontgalubles et donc plus mobiles que les acides
humiques. Ces derniers ont tendance a floculerfpliement dans les estuaires, si bien que
les substances humiques marines sont essentielaromposées d'acides fulviques. Ainsi,
I'étude de la complexation des REE par les acidksgiues est un champ qu’il conviendrait
d’explorer afin de mieux comprendre la géochimis REE en milieu marin. Finalement, les
acides fulviques sont généralement de plus faibldsomoléculaire (entre 0,5 et 5 kDa) que
les acides humiques (entre 3 et 1000 kDa) (Spa®@5). Les techniques d'ultrafiltration,
couramment utilisées sur le terrain, ne sépareptug souvent que partiellement les acides
humiques des acides fulviques. Des expériencesod®étition entre acides humiques et
fulviques pour la complexation des REE, en utilisaies techniques d'ultrafiltration,
permettraient d'apporter des informations quarintefprétation des données d'ultrafiltration
classiquement issues des études de terrain et, dnsieux comprendre la spéciation des

REE dans les eaux.
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Au méme titre que les particules (>0,2um), ledotdés peuvent aussi bien étre
constituées de phases organiques que minéralesmeodes argiles ou des oxydes
métalliques. Différentes types de sites de surfaoat donc en compétition pour la
complexation des REE dans les eaux naturelles existent difféerents types de colloides
organiques et minéraux. Or les spectres des cdastale complexation des REE par les
substances humiques (cette thése), les surfacagile’aCoppin et al., 2002), les
oxyhydroxydes de fer, de manganese et d’aluminiOintd and Kawabe, 2001; Quinn and
Byrne, 2004) présentent différentes formes. De®gapces de compétition entre surfaces
devraient donc étre réalisées aussi bien a I'éeipgliticulaire que colloidale, afin d’étre plus
proche des conditions prévalant dans les eaux elkswr L'étude des spectres de REE
expérimentaux couplée a la modélisation et a daek/ses spectroscopiques permettrait alors
de déterminer les mécanismes les plus influenttasspéciation des REE. L’augmentation de
I'hétérogénéité des sites de complexation pourRE& dans ces études de compétition de
surfaces par rapport a I'étude d'un seul type ddase est susceptible d’accroitre les
différences entre la spéciation des difféerentes RioEnme observé dans cette thése. Ainsi,
ces expériences de compétition de surfaces podsdigtion des REE devraient étre
effectuées également en présence de cations coeopgtides REE. Les résultats
permettraient alors non seulement de mieux compeeies mécanismes contrélant la
spéciation des REE mais aussi de déterminer ceuxdtant la spéciation des cations
compétiteurs en utilisant le spectre de REE comaetir, et ce en considérant I'entiéreté de

la complexité des eaux naturelles.

124



Annexes

125



Annexes

Annexe 1 : Supporting information : Chapitre |

Logarithme des concentrations en REE en solutian)(et complexées aux acides humiques
(mol/kg) a pH = 3 et IS = 0.01 M (NaCl). en fonctiale la charge en métaux. Les

concentration en carbone organique dissous (DO@)mésentées en mg'L

DOC (mg L™ 4.45 4.28 4.58 3.53 4.82 2.35 3.69 2.96 3.17
pH 3.02 3.03 3.02 3.05 3.03 2.98 3.07 3.00 3.02
REE/C x 10° 27.3 27.5 27.1 10.3 9.7 7.4 3.1 3.1 2.9

Log [REE **] (mol) :

La -6.193 -6.202 -6.184 -6.920 -6.891 -7.123 -7.677 -7.658 -7.695
Ce -6.229 -6.237 -6.220 -6.989 -6.973 -7.196 -7.779 -7.767 -7.808
Pr -6.252 -6.261 -6.243 -7.066 -7.032 -7.245 -7.981 -7.841 -7.885
Nd -6.266 -6.274 -6.257 -7.072 -7.058 -7.258 -8.001 -7.861 -7.908
Sm -6.305 -6.313 -6.296 -7.134 -7.116 -7.318 -8.085 -7.943 -7.999
Eu -6.303 -6.312 -6.294 -7.120 -7.110 -7.306 -8.067 -7.924 -7.973
Gd -6.291 -6.300 -6.282 -7.071 -7.058 -7.260 -7.985 -7.850 -7.898
Th -6.291 -6.300 -6.283 -7.067 -7.054 -7.251 -7.979 -7.845 -7.893
Dy -6.288 -6.297 -6.280 -7.064 -7.041 -7.240 -7.965 -7.827 -7.878
Ho -6.290 -6.299 -6.281 -7.053 -7.024 -7.224 -7.944 -7.808 -7.854
Er -6.289 -6.298 -6.280 -7.048 -7.021 -7.226 -7.949 -7.812 -7.859
Tm -6.299 -6.307 -6.290 -7.066 -7.038 -7.242 -8.004 -7.852 -7.902
Yb -6.315 -6.324 -6.306 -7.109 -7.066 -7.284 -8.099 -7.941 -7.992
Lu -6.312 -6.320 -6.303 -7.096 -7.050 -7.286 -8.134 -7.966 -8.021

Log [REE-HA] (mol/ka):

La -1.373 -1.385 -1.371 -1459 -1.417 -1.658 -1.707 -1.868 -1.868
Ce -1.306 -1.315 -1.305 -1.406 -1.389 -1.600 -1.663 -1.833 -1.837
Pr -1.275 -1.282 -1.275 -1410 -1.376 -1.588 -1.796 -1.838 -1.841
Nd -1.260 -1.267 -1.264 -1.408 -1.369 -1577 -1.787 -1.835 -1.834
Sm -1.246 -1.251 -1.250 -1.404 -1.366 -1.572 -1.799 -1.841 -1.837
Eu -1.266 -1.272 -1.270 -1.421 -1.377 -1.587 -1.808 -1.846 -1.848
Gd -1.335 -1.342 -1.339 -1.469 -1.426 -1.642 -1.833 -1.877 -1.881
Th -1.362 -1.370 -1.366 -1.485 -1.439 -1.655 -1.843 -1.885 -1.886
Dy -1.390 -1.399 -1.389 -1.485 -1.452 -1.668 -1.846 -1.895 -1.890
Ho -1.431 -1.442 -1.435 -1518 -1.465 -1.697 -1.867 -1.911 -1.906
Er -1.444 -1.455 -1.443 -1.524 -1.488 -1.705 -1.868 -1.909 -1.910
Tm -1.453 -1.464 -1.451 -1.520 -1.495 -1.703 -1.866 -1.905 -1.903
Yb -1.463 -1.474 -1.467 -1.505 -1.498 -1.681 -1.869 -1.891 -1.893
Lu -1.467 -1.478 -1471 -1521 -1502 -1.680 -1.863 -1.885 -1.885
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DOC (mgL™)
pH
REE/C x 10°

Log [REE '] (mol) :

411
3.02
0.9

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

-8.479
-8.612
-8.905
-8.915
-9.003
-9.002
-8.895
-8.898
-8.873
-8.853
-8.857
-8.915
-9.010
-9.029

Log [REE-HA] (mol/kq):

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

-2.122
-2.100
-2.303
-2.292
-2.315
-2.325
-2.339
-2.346
-2.339
-2.361
-2.364
-2.369
-2.374
-2.376

15.32
3.02
0.9

-8.695
-8.854
-8.934
-8.958
-9.073
-9.064
-9.000
-9.010
-9.019
-9.006
-9.058
-9.189
-9.395
-9.461

-2.217
-2.221
-2.232
-2.238
-2.258
-2.261
-2.273
-2.281
-2.286
-2.294
-2.298
-2.302
-2.311
-2.314

3.32
3.00
0.9

-8.833
-90.024
-9.197
-9.236
-9.411
-9.431
-9.332
-9.377
-9.389
-9.382
-9.461
-9.646
-9.879
-9.975

-2.465
-2.453
-2.512
-2.509
-2.522
-2.528
-2.543
-2.545
-2.549
-2.557
-2.556
-2.558
-2.566
-2.564

4.25
2.98
0.5

-9.101
-9.234
-9.625
-9.615
-9.718
-9.742
-9.637
-9.669
-9.643
-9.631
-9.655
-9.770
-9.938
-9.982

-2.392
-2.385
-2.666
-2.639
-2.668
-2.683
-2.687
-2.708
-2.702
-2.731
-2.732
-2.757
-2.773
-2.780

22.61
2.98
0.4

-9.160
-9.305
-9.360
-9.353
-9.433
-9.448
-9.419
-9.457
-9.462
-9.440
-9.478
-9.567
-9.704
-9.741

-2.550
-2.550
-2.567
-2.567
-2.586
-2.590
-2.604
-2.606
-2.611
-2.618
-2.623
-2.629
-2.638
-2.638

15.32
2.98
0.4

-9.546
-9.637
-9.783
-9.766
-9.867
-0.888
-9.856
-9.948
-9.966
-9.957
-10.010
-10.129
-10.264
-10.294

-2.597
-2.602
-2.618
-2.623
-2.642
-2.648
-2.659
-2.665
-2.663
-2.677
-2.680
-2.686
-2.697
-2.699
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Eléments a définir dans la base de données de PERKIBur y introduire Model VI.

Annexe 2 : Supporting information : Chapitre Il

"PHASES" :
Ha
Ha = Ha
log_k O

"SURFACE_MASTER_SPECIES" :

Ha a
Ha_b
Ha c
Ha_d
Ha e
Ha_f
Ha_g
Ha_h
Ha_ab
Ha cd
Ha_ae
Ha_bf
Ha_cg
Ha_dh
Ha_ef
Ha_gh
Ha_abx
Ha_cdx
Ha aex
Ha_bfx
Ha_cgx
Ha_dhx
Ha_efx
Ha_ghx
Ha_abxx
Ha_cdxx
Ha_aexx
Ha_bfxx
Ha_cgxx
Ha_dhxx
Ha_efxx
Ha_ghxx
Ha_abc
Ha_abd
Ha_acd
Ha_bcd
Ha_abe
Ha_cdf
Ha_acg
Ha_bdh

Ha aH
Ha_bH

Ha cH
Ha_dH

Ha eH
Ha_fH
Ha_gH
Ha_hH
Ha_abH2
Ha_cdH2
Ha_aeH2
Ha_bfH2
Ha_cgH2
Ha_dhH2
Ha_efH2
Ha_ghH2
Ha_abxH2
Ha_cdxH2
Ha aexH2
Ha_bfxH2
Ha_cgxH2
Ha_dhxH2
Ha_efxH2
Ha_ghxH2
Ha_abxxH2
Ha_cdxxH2
Ha_aexxH?2
Ha_bfxxH2
Ha_cgxxH2
Ha_dhxxH2
Ha_efxxH2
Ha_ghxxH2
Ha_abcH3
Ha_abdH3
Ha_acdH3
Ha_bcdH3
Ha_abeH3
Ha_cdfH3
Ha_acgH3
Ha_bdhH3

Ha_aef
Ha_bgh
Ha_ceg
Ha_dfh
Ha_efg
Ha_efh
Ha_egh
Ha_fgh
Ha_abcy
Ha_abdy
Ha_acdy
Ha_bcdy
Ha_abey
Ha_cdfy
Ha_acgy
Ha_bdhy
Ha_aefy
Ha_bghy
Ha_cegy
Ha_dfhy
Ha_efgy
Ha_efhy
Ha_eghy
Ha_fghy
Ha_abcyy
Ha_abdyy
Ha_acdyy
Ha_bcdyy
Ha_abeyy
Ha_cdfyy
Ha_acgyy
Ha_bdhyy
Ha_aefyy
Ha_bghyy
Ha_cegyy
Ha_dfhyy
Ha_efgyy
Ha_efhyy
Ha_eghyy
Ha_fghyy

Ha_aefH3
Ha_bghH3
Ha_cegH3
Ha_dfhH3
Ha_efgH3
Ha_efhH3
Ha_eghH3
Ha_fghH3
Ha_abcyH3
Ha_abdyH3
Ha_acdyH3
Ha_bcdyH3
Ha_abeyH3
Ha_cdfyH3
Ha_acgyH3
Ha_bdhyH3
Ha_aefyH3
Ha_bghyH3
Ha_cegyH3
Ha_dfhyH3
Ha_efgyH3
Ha_efhyH3
Ha_eghyH3
Ha_fghyH3
Ha_abcyyH3
Ha_abdyyH3
Ha_acdyyH3
Ha_bcdyyH3
Ha_abeyyH3
Ha_cdfyyH3
Ha_acgyyH3
Ha_bdhyyH3
Ha_aefyyH3
Ha_bghyyH3
Ha_cegyyH3
Ha_dfhyyH3
Ha_efgyyH3
Ha_efhyyH3
Ha_eghyyH3
Ha_fghyyH3
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"SURFACE_ SPECIES" :

Ha_aH
Ha_bH
Ha_cH
Ha_dH
Ha_eH
Ha_fH
Ha_gH
Ha_hH
Ha_abH2
Ha_cdH2
Ha_aeH?2
Ha_bfH2
Ha_cgH2
Ha_dhH2
Ha_efH2
Ha_ghH2
Ha_abxH2
Ha_cdxH2
Ha_aexH2
Ha_bfxH2
Ha_cgxH2
Ha_dhxH2
Ha_efxH2
Ha_ghxH2
Ha_abxxH2
Ha_cdxxH2
Ha_aexxH2
Ha_bfxxH2
Ha_cgxxH2
Ha_dhxxH2
Ha_efxxH2
Ha_ghxxH2
Ha_abcH3
Ha_abdH3
Ha_acdH3
Ha_bcdH3
Ha_abeH3
Ha_cdfH3
Ha_acgH3
Ha_bdhH3

Ha_aH
Ha_bH
Ha_cH
Ha_dH
Ha_eH
Ha_fH
Ha_gH
Ha_hH
Ha_abH2
Ha_cdH2
Ha_aeH?2
Ha_bfH2
Ha_cgH2
Ha_dhH2
Ha_efH2
Ha_ghH2
Ha_abxH2
Ha_cdxH2
Ha_aexH2
Ha_bfxH2
Ha_cgxH2
Ha_dhxH2
Ha_efxH2
Ha_ghxH2
Ha_abxxH2
Ha_cdxxH2
Ha_aexxH2
Ha_bfxxH2
Ha_cgxxH2
Ha_dhxxH2
Ha_efxxH2
Ha_ghxxH2
Ha_abcH3
Ha_abdH3
Ha_acdH3
Ha_bcdH3
Ha_abeH3
Ha_cdfH3
Ha_acgH3
Ha_bdhH3

; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k

O O O O O O O O O O O O OO 0O OO0 O0OO0OO0OO0OO0ODO0OOOOOLOOLOOLOOOOO OO OoOOoOoOoo

Ha_aefH3
Ha_bghH3
Ha_cegH3
Ha_dfhH3
Ha_efgH3
Ha_efhH3
Ha_eghH3
Ha_fghH3
Ha_abcyH3
Ha_abdyH3
Ha_acdyH3
Ha_bcdyH3
Ha_abeyH3
Ha_cdfyH3
Ha_acgyH3
Ha_bdhyH3
Ha_aefyH3
Ha_bghyH3
Ha_cegyH3
Ha_dfhyH3
Ha_efgyH3
Ha_efhyH3
Ha_eghyH3
Ha_fghyH3
Ha_abcyyH3
Ha_abdyyH3
Ha_acdyyH3
Ha_bcdyyH3
Ha_abeyyH3
Ha_cdfyyH3
Ha_acgyyH3
Ha_bdhyyH3
Ha_aefyyH3
Ha_bghyyH3
Ha_cegyyH3
Ha_dfhyyH3
Ha_efgyyH3
Ha_efhyyH3
Ha_eghyyH3
Ha_fghyyH3

Ha_aefH3
Ha_bghH3
Ha_cegH3
Ha_dfhH3
Ha_efgH3
Ha_efhH3
Ha_eghH3
Ha_fghH3
Ha_abcyH3
Ha_abdyH3
Ha_acdyH3
Ha_bcdyH3
Ha_abeyH3
Ha_cdfyH3
Ha_acgyH3
Ha_bdhyH3
Ha_aefyH3
Ha_bghyH3
Ha_cegyH3
Ha_dfhyH3
Ha_efgyH3
Ha_efhyH3
Ha_eghyH3
Ha_fghyH3

Ha_abcyyH3 ;
Ha_abdyyH3 ;
Ha_acdyyH3 ;
Ha_bcdyyH3 ;
Ha_abeyyH3 ;

Ha_cdfyyH3

Ha_acgyyH3 ;
Ha_bdhyyH3 ;

Ha_aefyyH3

Ha_dfhyyH3
Ha_efgyyH3
Ha_efhyyH3

Ha_eghyyH3 ;

Ha_fghyyH3

; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k

; log_k

; log_k
Ha_bghyyH3 ;
Ha_cegyyH3 ;
; log_k
; log_k
; log_k

; log_k

log_k
log_k
log_k
log_k
log_k

log_k
log_k

log_k
log_k

log_k

O O O O O O O O O O O 0O 0O 0000000 O0OO0ODO0OO0OO0OO0OO0OOLOOLOOLOOOOOoOOoOOoOOoOOoOoOoo
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Annexes

Réactions de premiere déprotonation des sites mbiaet tridentates de HA :

Ha_aH
Ha_bH
Ha_cH
Ha_dH
Ha_eH
Ha_fH
Ha_gH
Ha_hH
Ha_abH2
Ha_cdH2
Ha_aeH?2
Ha_bfH2
Ha_cgH2
Ha_dhH2
Ha_efH2
Ha_ghH2
Ha_abxH2
Ha_cdxH2
Ha_aexH2
Ha_bfxH2
Ha_cgxH2
Ha_dhxH2
Ha_efxH2
Ha_ghxH2
Ha_abxxH2
Ha_cdxxH2
Ha_aexxH2
Ha_bfxxH2
Ha_cgxxH2
Ha_dhxxH2
Ha_efxxH2
Ha_ghxxH2
Ha_abcH3
Ha_abdH3
Ha_acdH3
Ha_bcdH3
Ha_abeH3
Ha_cdfH3
Ha_acgH3
Ha_bdhH3

Ha_a-
Ha_b-
Ha_c-
Ha_d-
Ha_e-
Ha_f-
Ha_g-
Ha_h-
Ha_abH-
Ha_cdH-
Ha_aeH-
Ha_bfH-
Ha_cgH-
Ha_dhH-
Ha_efH-
Ha_ghH-
Ha_abxH-
Ha_cdxH-
Ha_aexH-
Ha_bfxH-
Ha_cgxH-
Ha_dhxH-
Ha_efxH-
Ha_ghxH-
Ha_abxxH-
Ha_cdxxH-
Ha_aexxH-
Ha_bfxxH-
Ha_cgxxH-
Ha_dhxxH-
Ha_efxxH-
Ha_ghxxH-
Ha_abcH2-
Ha_abdH2-
Ha_acdH2-
Ha_bcdH2-
Ha_abeH2-
Ha_cdfH2-
Ha_acgH2-
Ha_bdhH2-

R T Tk Tk Tk T T T T i S S S S S S S S R S A I I I I I I T

H+

Ht
H+
H+
Ht
Ht
H+
H+
Ht
Ht
H+
H+
Ht
Ht
H+
H+
Ht
Ht
H+
H+
Ht
H+

H+

H+
Ht
Ht
H+
H+
Ht
Ht
H+
H+
Ht
Ht
H+
H+
Ht
Ht
H+
H+

; log_k -3.05
log_k -3.75
log k -4.45
log k -5.15
log_k -7.00
log_k -8.20
log_ k -9.40
log_k -10.60
log_k -3.05
log_k -4.45
log_ k -3.05
log k -3.75
log_k -4.45
log_k -5.15
log_ k -7.00
log_ k -9.40
log_k -3.05
log_k -4.45
log k -3.05
log k -3.75
log_k -4.45
log_k -5.15

; log_k -7.00
log_ k -9.40
log_k -3.05
log_k -4.45
log k -3.05
log k -3.75
log_k -4.45
log_k -5.15
log_ k -7.00
log_ k -9.40
log_k -3.05
log_k -3.05
log k -3.05
log k -3.75
log_k -3.05
log_k -4.45
log k -3.05
log k -3.75

Ha_aefH3
Ha_bghH3
Ha_cegH3
Ha_dfhH3
Ha_efgH3
Ha_efhH3
Ha_eghH3
Ha_fghH3
Ha_abcyH3
Ha_abdyH3
Ha_acdyH3
Ha_bcdyH3
Ha_abeyH3
Ha_cdfyH3
Ha_acgyH3
Ha_bdhyH3
Ha_aefyH3
Ha_bghyH3
Ha_cegyH3
Ha_dfhyH3
Ha_efgyH3
Ha_efhyH3
Ha_eghyH3
Ha_fghyH3
Ha_abcyyH3
Ha_abdyyH3
Ha_acdyyH3
Ha_bcdyyH3
Ha_abeyyH3
Ha_cdfyyH3
Ha_acgyyH3
Ha_bdhyyH3
Ha_aefyyH3
Ha_bghyyH3
Ha_cegyyH3
Ha_dfhyyH3
Ha_efgyyH3
Ha_efhyyH3
Ha_eghyyH3
Ha_fghyyH3

Ha_aefH2-
Ha_bghH2-
Ha_cegH2-
Ha_dfhH2-
Ha_efgH2-
Ha_efhH2-
Ha_eghH2-
Ha_fghH2-
Ha_abcyH2-
Ha_abdyH2-
Ha_acdyH2-
Ha_bcdyH2-
Ha_abeyH2-
Ha_cdfyH2-
Ha_acgyH2-
Ha_bdhyH2-
Ha_aefyH2-
Ha_bghyH2-
Ha_cegyH2-
Ha_dfhyH2-
Ha_efgyH2-
Ha_efhyH2-
Ha_eghyH2-
Ha_fghyH2-
Ha_abcyyH2-
Ha_abdyyH2-
Ha_acdyyH2-
Ha_bcdyyH2-
Ha_abeyyH2-
Ha_cdfyyH2-
Ha_acgyyH2-
Ha_bdhyyH2-
Ha_aefyyH2-
Ha_bghyyH2-
Ha_cegyyH2-
Ha_dfhyyH2-
Ha_efgyyH2-
Ha_efhyyH2-
Ha_eghyyH2-
Ha_fghyyH2-

R Ik Tk T Tk T T T i S S S S S S S A S I I I T

H+

H+

H+

log_k

; log_k
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;
H+ ;

log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k
log_k

; log_k
H+ ;
H+ ;
H+ ;
H+ ;

log_k
log_k
log_k
log_k

-3.05 ;
-3.75
-4.45
-5.15
-7.00 ;
-7.00 ;
-7.00 ;
-8.20 ;
-3.05 ;
-3.05 ;
-3.05 ;
-3.75
-3.05 ;
-4.45
-3.05 ;
-3.75
-3.05 ;
-3.75
-4.45
-5.15
-7.00 ;
-7.00 ;
-7.00 ;
-8.20 ;
-3.05 ;
-3.05 ;
-3.05 ;
-3.75
-3.05 ;
-4.45
-3.05 ;
-3.75
-3.05 ;
-3.75
-4.45
-5.15
-7.00 ;
-7.00 ;
-7.00 ;
-8.20 ;
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Réactions de deuxieme déprotonation des sitesthigsde HA :

Ha_abH-
Ha_cdH-

Ha_aeH-
Ha_bfH-

Ha_cgH-

Ha_dhH-
Ha_efH-

Ha_ghH-
Ha_abxH-
Ha_cdxH-
Ha_aexH-
Ha_bfxH-

Ha_ab-2
Ha_cd-2

Ha_ae-2
Ha_bf-2

Ha_cg-2

Ha_dh-2
Ha_ef-2

Ha_gh-2
Ha_abx-2
Ha_cdx-2
Ha_aex-2
Ha_bfx-2

+ o+ + F o+ o+ o+ F

H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+

; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k

-3.75
-5.15
-7.00
-8.20
-9.40

-10.60

-8.20

-10.60

-3.75
-5.15
-7.00
-8.20

Ha_cgxH-
Ha_dhxH-
Ha_efxH-
Ha_ghxH-
Ha_abxxH-
Ha_cdxxH-
Ha_aexxH-
Ha_bfxxH-
Ha_cgxxH-
Ha_dhxxH-
Ha_efxxH-
Ha_ghxxH-

Ha_cgx-2
Ha_dhx-2
Ha_efx-2
Ha_ghx-2
Ha_abxx-2
Ha_cdxx-2
Ha_aexx-2
Ha_bfxx-2
Ha_cgxx-2
Ha_dhxx-2
Ha_efxx-2
Ha_ghxx-2

+ o+ F o+ o+ o+ o+ +

H+

H+

H+
H+
H+
H+
H+
H+
H+
H+
H+
H+

Réactions de deuxieme et troisieme déprotonatisrsites tridentates de HA :

Ha_abcH2-
Ha_abdH2-
Ha_acdH2-
Ha_bcdH2-
Ha_abeH2-
Ha_cdfH2-
Ha_acgH2-
Ha_bdhH2-
Ha_aefH2-
Ha_bghH2-
Ha_cegH2-
Ha_dfhH2-
Ha_efgH2-
Ha_efhH2-
Ha_eghH2-
Ha_fghH2-
Ha_abcyH2-
Ha_abdyH2-
Ha_acdyH2-
Ha_bcdyH2-
Ha_abeyH2-
Ha_cdfyH2-
Ha_acgyH2-
Ha_bdhyH2-
Ha_aefyH2-
Ha_bghyH2-
Ha_cegyH2-
Ha_dfhyH2-
Ha_efgyH2-
Ha_efhyH2-
Ha_eghyH2-
Ha_fghyH2-
Ha_abcyyH2-
Ha_abdyyH2-
Ha_acdyyH2-
Ha_bcdyyH2-
Ha_abeyyH2-
Ha_cdfyyH2-
Ha_acgyyH2-
Ha_bdhyyH2-
Ha_aefyyH2-
Ha_bghyyH2-
Ha_cegyyH2-
Ha_dfhyyH2-
Ha_efgyyH2-
Ha_efhyyH2-
Ha_eghyyH2-
Ha_fghyyH2-

Ha_abcH-2
Ha_abdH-2
Ha_acdH-2
Ha_bcdH-2
Ha_abeH-2
Ha_cdfH-2
Ha_acgH-2
Ha_bdhH-2
Ha_aefH-2
Ha_bghH-2
Ha_cegH-2
Ha_dfhH-2
Ha_efgH-2
Ha_efhH-2
Ha_eghH-2
Ha_fghH-2
Ha_abcyH-2
Ha_abdyH-2
Ha_acdyH-2
Ha_bcdyH-2
Ha_abeyH-2
Ha_cdfyH-2
Ha_acgyH-2
Ha_bdhyH-2
Ha_aefyH-2
Ha_bghyH-2
Ha_cegyH-2
Ha_dfhyH-2
Ha_efgyH-2
Ha_efhyH-2
Ha_eghyH-2
Ha_fghyH-2
Ha_abcyyH-2
Ha_abdyyH-2
Ha_acdyyH-2
Ha_bcdyyH-2
Ha_abeyyH-2
Ha_cdfyyH-2
Ha_acgyyH-2
Ha_bdhyyH-2
Ha_aefyyH-2
Ha_bghyyH-2
Ha_cegyyH-2
Ha_dfhyyH-2
Ha_efgyyH-2
Ha_efhyyH-2
Ha_eghyyH-2
Ha_fghyyH-2

I T T S T S S A S S T T T T T T T i i i s T S S e S S S e . I T I T

H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+

; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k
; log_k

-3.75
-3.75
-4.45
-4.45
-3.75
-5.15
-4.45
-5.15
-7.00
-9.40
-7.00
-8.20
-8.20
-8.20
-9.40
-9.40
-3.75
-3.75
-4.45
-4.45
-3.75
-5.15
-4.45
-5.15
-7.00
-9.40
-7.00
-8.20
-8.20
-8.20
-9.40
-9.40
-3.75
-3.75
-4.45
-4.45
-3.75
-5.15
-4.45
-5.15
-7.00
-9.40
-7.00
-8.20
-8.20
-8.20
-9.40
-9.40

Ha_abcH-2
Ha_abdH-2
Ha_acdH-2
Ha_bcdH-2
Ha_abeH-2
Ha_cdfH-2
Ha_acgH-2
Ha_bdhH-2
Ha_aefH-2
Ha_bghH-2
Ha_cegH-2
Ha_dfhH-2
Ha_efgH-2
Ha_efhH-2
Ha_eghH-2
Ha_fghH-2
Ha_abcyH-2
Ha_abdyH-2
Ha_acdyH-2
Ha_bcdyH-2
Ha_abeyH-2
Ha_cdfyH-2
Ha_acgyH-2
Ha_bdhyH-2
Ha_aefyH-2
Ha_bghyH-2
Ha_cegyH-2
Ha_dfhyH-2
Ha_efgyH-2
Ha_efhyH-2
Ha_eghyH-2
Ha_fghyH-2
Ha_abcyyH-2
Ha_abdyyH-2
Ha_acdyyH-2
Ha_bcdyyH-2
Ha_abeyyH-2
Ha_cdfyyH-2
Ha_acgyyH-2
Ha_bdhyyH-2
Ha_aefyyH-2
Ha_bghyyH-2
Ha_cegyyH-2
Ha_dfhyyH-2
Ha_efgyyH-2
Ha_efhyyH-2
Ha_eghyyH-2
Ha_fghyyH-2

Ha_abc-3
Ha_abd-3
Ha_acd-3
Ha_bcd-3
Ha_abe-3
Ha_cdf-3
Ha_acg-3
Ha_bdh-3
Ha_aef-3
Ha_bgh-3
Ha_ceg-3
Ha_dfh-3
Ha_efg-3
Ha_efh-3
Ha_egh-3
Ha_fgh-3
Ha_abcy-3
Ha_abdy-3
Ha_acdy-3
Ha_bcdy-3
Ha_abey-3
Ha_cdfy-3
Ha_acgy-3
Ha_bdhy-3
Ha_aefy-3
Ha_bghy-3
Ha_cegy-3
Ha_dfhy-3
Ha_efgy-3
Ha_efhy-3
Ha_eghy-3
Ha_fghy-3
Ha_abcyy-3
Ha_abdyy-3
Ha_acdyy-3
Ha_bcdyy-3
Ha_abeyy-3
Ha_cdfyy-3
Ha_acgyy-3
Ha_bdhyy-3
Ha_aefyy-3
Ha_bghyy-3
Ha_cegyy-3
Ha_dfhyy-3
Ha_efgyy-3
Ha_efhyy-3
Ha_eghyy-3
Ha_fghyy-3
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H+
H+
H+
H+
H+
H+
H+
H+

H+

H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+ ;
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+
H+

log_k -9.40
; log_k -10.60
log_ k -8.20
log_k -10.60
log k -3.75
log_k -5.15
log_k -7.00
log_ k -8.20
log_ k -9.40
log_k -10.60
log_k -8.20
log_k -10.60
log_k -4.45
log_k -5.15
log_ k -5.15
log_ k -5.15
log_k -7.00
log_k -8.20
log_ k -9.40
log_k -10.60
; log_k -8.20
log_k -10.60
log_ k -9.40
log_k -10.60
log_k -9.40
log_k -10.60
log_k -10.60
log_k -10.60
log_k -4.45
log k -5.15
log_ k -5.15
log_k -5.15
log_k -7.00
log_ k -8.20
log_ k -9.40
log_k -10.60
log_k -8.20
log_k -10.60
log_ k -9.40
log_k -10.60
log_k -9.40
log_k -10.60
log_k -10.60
log_k -10.60
log_ k -4.45
log k -5.15
log_k -5.15
log_k -5.15
log_ k -7.00
log_ k -8.20
log_k -9.40
log_k -10.60
log_ k -8.20
log_k -10.60
log_k -9.40
log_k -10.60
log_ k -9.40
log_k -10.60
log_k -10.60
log_k -10.60
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Réactions de complexation d'un catiofi' Mar les sites mono-, bi- et tridentates de HA :

Ha_a-
Ha_b-
Ha_c-
Ha_d-
Ha_e-
Ha_f-
Ha_g-
Ha_h-
Ha_ab-2
Ha_cd-2
Ha_ae-2
Ha_bf-2
Ha_cg-2
Ha_dh-2
Ha_ef-2
Ha_gh-2
Ha_abx-2
Ha_cdx-2
Ha_aex-2
Ha_bfx-2
Ha_cgx-2
Ha_dhx-2
Ha_efx-2
Ha_ghx-2
Ha_abxx-2
Ha_cdxx-2
Ha_aexx-2
Ha_bfxx-2
Ha_cgxx-2
Ha_dhxx-2
Ha_efxx-2
Ha_ghxx-2
Ha_abc-3
Ha_abd-3
Ha_acd-3
Ha_bcd-3
Ha_abe-3
Ha_cdf-3
Ha_acg-3
Ha_bdh-3

B i S S S S S A S S R T i T S 2 S T s e S s S R S S S S SR S AR S

M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n
M+n

Ha_aM(n-1)
Ha_bM(n-1)
Ha_cM(n-1)
Ha_dM(n-1)
Ha_eM(n-1)
Ha_fM(n-1)
Ha_gM(n-1)
Ha_hM(n-1)
Ha_abM(n-2)
Ha_cdM(n-2)
Ha_aeM(n-2)
Ha_bfM(n-2)
Ha_cgM(n-2)
Ha_dhM(n-2)
Ha_efM(n-2)
Ha_ghM(n-2)
Ha_abxM(n-2)
Ha_cdxM(n-2)
Ha_aexM(n-2)
Ha_bfxM(n-2)
Ha_cgxM(n-2)
Ha_dhxM(n-2)
Ha_efxM(n-2)
Ha_ghxM(n-2)
Ha_abxxM(n-2)
Ha_cdxxM(n-2)
Ha_aexxM(n-2)
Ha_bfxxM(n-2)
Ha_cgxxM(n-2)
Ha_dhxxM(n-2)
Ha_efxxM(n-2)
Ha_ghxxM(n-2)
Ha_abcM(n-3)
Ha_abdM(n-3)
Ha_acdM(n-3)
Ha_bcdM(n-3)
Ha_abeM(n-3)
Ha_cdfM(n-3)
Ha_acgM(n-3)
Ha_bdhM(n-3)

; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)
; log_k (valeur)

Ha_ aef-3
Ha_bgh-3
Ha_ceg-3
Ha_dfh-3
Ha_efg-3
Ha_efh-3
Ha_egh-3
Ha_fgh-3
Ha_abcy-3
Ha_abdy-3
Ha_acdy-3
Ha_bcdy-3
Ha_abey-3
Ha_cdfy-3
Ha_acgy-3
Ha_bdhy-3
Ha_aefy-3
Ha_bghy-3
Ha_cegy-3
Ha_dfhy-3
Ha_efgy-3
Ha_efhy-3
Ha_eghy-3
Ha_fghy-3
Ha_abcyy-3
Ha_abdyy-3
Ha_acdyy-3
Ha_bcdyy-3
Ha_abeyy-3
Ha_cdfyy-3
Ha_acgyy-3
Ha_bdhyy-3
Ha_aefyy-3
Ha_bghyy-3
Ha_cegyy-3
Ha_dfhyy-3
Ha_efgyy-3
Ha_efhyy-3
Ha_eghyy-3
Ha_fghyy-3
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Ha_efhM(n-3)
Ha_eghM(n-3)
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; log_k (valeur) ;
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Réactions de complexation d'un cation M®Hipar les sites mono-, bi- et tridentates de HA :

Ha_a-
Ha_b-
Ha_c-
Ha_d-
Ha_e-
Ha_f-
Ha_g-
Ha_h-
Ha_ab-2
Ha_cd-2
Ha_ae-2
Ha_bf-2
Ha_cg-2
Ha_dh-2
Ha_ef-2
Ha_gh-2
Ha_abx-2
Ha_cdx-2
Ha_aex-2
Ha_bfx-2
Ha_cgx-2
Ha_dhx-2
Ha_efx-2
Ha_ghx-2
Ha_abxx-2
Ha_cdxx-2
Ha_aexx-2
Ha_bfxx-2
Ha_cgxx-2
Ha_dhxx-2
Ha_efxx-2
Ha_ghxx-2
Ha_abc-3
Ha_abd-3
Ha_acd-3
Ha_bcd-3
Ha_abe-3
Ha_cdf-3
Ha_acg-3
Ha_bdh-3
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Ha_abMOH(n-3)
Ha_cdMOH(n-3)
Ha_aeMOH(n-3)
Ha_bfMOH(n-3)
Ha_cgMOH(n-3)
Ha_dhMOH(n-3)
Ha_efMOH(n-3)
Ha_ghMOH(n-3)
Ha_abxMOH(n-3)
Ha_cdxMOH(n-3)
Ha_aexMOH(n-3)
Ha_bfxMOH(n-3)
Ha_cgxMOH(n-3)
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Ha_abcMOH(n-4)
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Ha_bcdMOH(n-4)
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Ha_acgMOH(n-4)
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; log_k (valeur)
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Ha_efg-3
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Ha_egh-3
Ha_fgh-3
Ha_abcy-3
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Ha_acdy-3
Ha_bcdy-3
Ha_abey-3
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Ha_acgy-3
Ha_bdhy-3
Ha_aefy-3
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Ha_dfhy-3
Ha_efgy-3
Ha_efhy-3
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Ha_fghy-3
Ha_abcyy-3
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Ha_acdyy-3
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Ha_acgyy-3
Ha_bdhyy-3
Ha_aefyy-3
Ha_bghyy-3
Ha_cegyy-3
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Ha_aefMOH(n-4)
Ha_bghMOH(n-4)
Ha_cegMOH(n-4)
Ha_dfhMOH(n-4)
Ha_efgMOH(n-4)
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log_k (valeur) ;
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Eléments a définir dans le fichier d'entrée de PBRE :

"EQUILIBRIUM_PHASES" :

Ha O (concentration en HA en g/L)
"SURFACE":
-donnan (parametre de Debye-Huckel)

-only_coutrer_ions

Ha_aH Ha eq 3.59E-04 (valeur SA) Ha_aefH3

Ha_bH Ha eq 3.59E-04 Ha_bghH3

Ha_cH Ha eq 3.59E-04 Ha_cegH3

Ha dH Ha eq 3.59E-04 Ha_dfhH3

Ha_eH Ha eq 1.79E-04 Ha_efgH3

Ha fH Ha eq 1.79E-04 Ha_efhH3

Ha_gH Ha eq 1.79E-04 Ha_eghH3

Ha_hH Ha eq 1.79E-04 Ha_fghH3
Ha_abH2 Ha eq 2.48E-04 Ha_abcyH3
Ha_cdH2 Ha eq 2.48E-04 Ha_abdyH3
Ha_aeH2 Ha eq 1.24E-04 Ha_acdyH3
Ha_bfH2 Ha eq 1.24E-04 Ha_bcdyH3
Ha_cgH2 Ha eq 1.24E-04 Ha_abeyH3
Ha_dhH2 Ha eq 1.24E-04 Ha_cdfyH3
Ha_efH2 Ha eq 6.19E-05 Ha_acgyH3
Ha_ghH2 Ha eq 6.19E-05 Ha_bdhyH3
Ha_abxH2 Ha eq 2.48E-05 Ha_aefyH3
Ha_cdxH2 Ha eq 2.48E-05 Ha_bghyH3
Ha_aexH2 Ha eq 1.24E-05 Ha_cegyH3
Ha_bfxH2 Ha eq 1.24E-05 Ha_dfhyH3
Ha_cgxH2 Ha eq 1.24E-05 Ha_efgyH3
Ha_dhxH2 Ha eq 1.24E-05 Ha_efhyH3
Ha_efxH2 Ha eq 6.19E-06 Ha_eghyH3
Ha_ghxH2 Ha eq 6.19E-06 Ha_fghyH3
Ha_abxxH2 Ha eq 2.48E-06 Ha_abcyyH3
Ha_cdxxH2 Ha eq 2.48E-06 Ha_abdyyH3
Ha_aexxH2 Ha eq 1.24E-06 Ha_acdyyH3
Ha_bfxxH2 Ha eq 1.24E-06 Ha_bcdyyH3
Ha_cgxxH2 Ha eq 1.24E-06 Ha_abeyyH3
Ha_dhxxH2 Ha eq 1.24E-06 Ha_cdfyyH3
Ha_efxxH2 Ha eq 6.19E-07 Ha_acgyyH3
Ha_ghxxH2 Ha eq 6.19E-07 Ha_bdhyyH3
Ha_abcH3 Ha eq 7.16E-06 Ha_aefyyH3
Ha_abdH3 Ha eq 7.16E-06 Ha_bghyyH3
Ha_acdH3 Ha eq 7.16E-06 Ha_cegyyH3
Ha_bcdH3 Ha eq 7.16E-06 Ha_dfhyyH3
Ha_abeH3 Ha eq 1.07E-05 Ha_efgyyH3
Ha_cdfH3 Ha eq 1.07E-05 Ha_efhyyH3
Ha_acgH3 Ha eq 1.07E-05 Ha_eghyyH3
Ha_bdhH3 Ha eq 1.07E-05 Ha_fghyyH3
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eq
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eq
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eq

5.37E-06
5.37E-06
5.37E-06
5.37E-06
8.95E-07
8.95E-07
8.95E-07
8.95E-07
7.15E-07
7.15E-07
7.15E-07
7.15E-07
1.07E-06
1.07E-06
1.07E-06
1.07E-06
5.36E-07
5.36E-07
5.36E-07
5.36E-07
8.94E-08
8.94E-08
8.94E-08
8.94E-08
7.15E-08
7.15E-08
7.15E-08
7.15E-08
1.07E-07
1.07E-07
1.07E-07
1.07E-07
5.36E-08
5.36E-08
5.36E-08
5.36E-08
8.94E-09
8.94E-09
8.94E-09
8.94E-09
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Annexe 3 : Supporting information : Chapitre 1|

Pourcentage de REE complexées aux acides humiqud'absence de Al pour des pH
variants de 3 & &[REE] = 10uM, [DOC] = 6,7 mg tet IS = 0.01 M (NaCl).

pH 2.99 3 2.99 3.46 3.47 3.47 3.99 3.98 4.00
La 23.16 25.19 19.97 3496 3555 36.42 52.11 49.38 53.50
Ce 28.01 27.32 2328 40.74 4095 40.53 58.90 56.23 59.33
Pr 3111 2786 2527 4381 44.01 4238 62.16 59.52 61.89
Nd 32.21 2895 2653 4542 4549 4372 63.42 6114 63.21
Sm 35.82 29.51 28.42 48.26 48.42 46.23 66.97 64.66 66.76
Eu 3493 2812 26.67 46.50 46.62 4495 6595 63.39 65.61
Gd 31.26 25.39 2227 40.77 4092 40.22 60.19 5757 60.75
Tb 3114 2272 19.70 38.23 3858 37.61 57.92 5508 58.86
Dy 2950 2201 1835 36.03 36.37 36.35 5573 5288 57.19
Ho 2891 2092 16.43 33.24 33.13 34.27 5229 4937 54.45
Er 28.02 19.23 1545 3181 3165 3229 50.74 4769 52.61
m 29.08 20.20 1524 3140 3129 3321 5011 4720 53.01
Yb 28.38 20.38 1549 3201 31.85 3355 51.11 4810 53.80
Lu 28.61 19.00 14.23 30.71 3043 31.60 49.23 46.13 51.74
pH 4.46 4.47 4.49 4.95 4.95 4.98 5.47 5.47 5.47
La 61.19 7239 7448 7817 79.72 8127 88.78 88.74 86.28
Ce 67.10 7799 79.75 8281 84.21 8546 9147 9149 89.62
Pr 69.79 80.38 82.00 84.78 86.17 87.22 92.60 9258 91.02
Nd 7122 8122 8287 8563 86.81 8783 9293 9295 91.58
Sm 7471 8385 8528 88.07 88.86 89.65 94.08 94.08 93.26
Eu 73.99 83.03 8447 8768 8836 89.20 93.74 93.70 93.04
Gd 69.56 79.41 81.05 8498 8568 86.74 9224 9225 91.38
Th 68.04 78.05 79.87 8435 8471 8577 9175 91.75 91.09
Dy 66.75 76.28 78.21 8355 8349 8468 9111 91.12 90.71
Ho 64.19 7360 7580 81.75 8144 8279 89.93 89.89 8951
Er 62.53 7218 7446 80.72 80.39 81.79 89.31 89.22 8891
Tm 63.03 7187 7415 81.14 80.31 81.60 89.19 89.16 89.29
Yb 64.04 7245 7465 8201 8091 8223 8958 89.50 89.94
Lu 62.14 7087 7342 8080 79.61 8098 88.86 88.81 89.21
pH 5.99 5.97 5.97
La 96.01 94.80 93.49
Ce 96.86 96.23 95.04
Pr 97.14 96.78 95.61
Nd 97.25 96.98 95.79
Sm 97.49 97.63 96.33
Eu 97.36 97.54 96.15
Gd 96.87 96.92  95.37
Tb 96.68 96.85 95.16
Dy 96.44 96.69 94.84
Ho 96.03 96.26 94.19
Er 95.79 96.07 93.83
m 95.70 96.23 93.81
Yb 95.80 96.51 94.06
Lu 95,51 96.23 93.62
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Pourcentage de REE et de Al présents dans ladrasti5kDa lors de la compétition entre
REE et Al pour la complexation par les acides hwasgpour des pH variants de 3 a 6,
>[REE] = [Al] = 10uM, [DOC] = 6,7 mg [* et IS = 0.01 M (NaCl).

pH 3.00 3.00 2.98 3.48 3.50 3.48 4.02 4.00 4.03
Al 13.15 26.67 1274 2243 31.17 2298 40.15 39.20 4559
La 17.74 1763 1277 26.17 29.84 28,60 3851 3551 39.02
Ce 2094 2081 16.16 31.16 3197 33.71 4530 42.09 43.67
Pr 22.89 2278 18.19 34.02 3220 36.60 48.71 4537 45.49
Nd 2413 2401 1943 3571 3280 38.86 5040 46.97 46.39
Sm 2559 2548 2143 38.15 3393 41.11 5421 50.81 49.56
Eu 2424 2411 1974 36.34 3275 39.32 53.04 49.80 48.29
Gd 19.64 1952 1488 31.18 30.55 33.70 46.66 43.07 43.79
Tb 1765 1753 13.05 29.08 28.72 3140 4452 4064 4171
Dy 16.75 16.64 12.00 27.04 2758 2955 4233 38.66 39.84
Ho 15.20 15.07 10.24 2432 26.09 26.85 38.98 3540 37.38
Er 1400 13.88 9.36 2288 2460 2566 37.46 34.00 3552
Tm 14.01 13.90 9.52 23.05 2559 2551 36.91 33.67 36.39
Yb 1450 14.37 9.59 23.77 2590 25.73 38.20 3455 37.16
Lu 13.66 13.54 8.41 2235 2453 2460 36.53 32.79 3557
pH 4.48 4.47 4.50 4.98 4.95 4.98 5.50 5.45 5.48
Al 5417 5233 63.98 8099 7743 80.82 9255 95.02 96.23
La 38.67 3740 46.68 48.44 4249 46.20 53.85 65.08 54.87
Ce 46.43 4484 5247 56.35 50.23 52.25 62.67 7281 62.10
Pr 50.23 48.63 54.83 60.71 54.63 54.88 66.90 76.23 65.56
Nd 51.97 50.15 56.08 62.34 56.34 56.45 68.67 77.60 67.14
Sm 56.58 55.09 60.16 67.33 6181 61.14 7425 8199 72.45
Eu 55.13 5356 59.01 6640 60.64 60.07 7343 8140 71.97
Gd 48.54 47.12 5397 60.34 5425 5496 68.04 77.10 67.36
Tb 46.51 4511 52.38 58.78 5257 54.06 67.44 76.70 67.31
Dy 4428 4296 50.77 56.92 50.58 52.70 66.28 75.79 66.56
Ho 40.69 39.39 4791 53,59 46.94 49.88 63.15 73.28 64.03
Er 39.19 3798 46.15 5214 4552 48.26 62.28 7259 63.17
Tm 39.15 3787 47.01 5284 46.07 4942 6342 7349 65.09
Yb 39.83 38.74 48.08 5464 4776 51.00 6573 7536 67.38
Lu 38.21 36.91 46.28 5259 4569 49.05 64.19 7417 65.84
pH 6.00 5.99 5.99
Al 98.44 99.67 98.09
La 7488 75.66 77.10
Ce 81.79 81.72 83.26
Pr 84.72 84.23 85.92
Nd 8598 85.36 86.96
Sm 89.51 89.05 90.08
Eu 89.21 88.87 89.79
Gd 86.37 86.34 87.17
Tb 86.55 86.84 87.31
Dy 86.25 86.70 86.99
Ho 84.76 8549 8561
Er 84.71 8547 85.50
Tm 8590 86.90 86.52
Yb 87.65 88.59 88.05
Lu 87.04 88.00 87.49
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Logarithme des concentrations en REE et Al libresl) & pH = 3 pour une solution initiale
avecZ[REE] = 1uM, [Al] variant de 0 & 20pM, [DOC] = 9 nig* et IS = 0.01 M (NaCl).

pH 3.02 2.98 3.00 3.03 3.03 2.98 3.02 3.00 3.02
Al -6.22 -6.23 -6.48 -5.78 -5.74 -5.79
La -8.48 -8.65 -8.70 -8.45 -8.28 -8.37 -8.05 -8.07 -8.04
Ce -8.61 -8.81 -8.85 -8.57 -8.42 -8.54 -8.18 -8.20 -8.18
Pr -8.91 -8.89 -8.93 -8.63 -8.47 -8.59 -8.24 -8.26 -8.23
Nd -8.92 -8.92 -8.96 -8.64 -8.48 -8.61 -8.27 -8.29 -8.26
Sm -9.00 -9.03 -9.07 -8.71 -8.56 -8.66 -8.33 -8.35 -8.32
Eu -9.00 -9.02 -9.06 -8.67 -8.52 -8.63 -8.29 -8.32 -8.28
Gd -8.89 -8.92 -9.00 -8.58 -8.42 -8.54 -8.20 -8.23 -8.19
Tb -8.90 -8.90 -9.01 -8.51 -8.36 -8.48 -8.14 -8.16 -8.13
Dy -8.87 -8.90 -9.02 -8.50 -8.35 -8.46 -8.13 -8.15 -8.12
Ho -8.85 -8.89 -9.01 -8.47 -8.31 -8.43 -8.10 -8.11 -8.08
Er -8.86 -8.94 -9.06 -8.46 -8.31 -8.43 -8.09 -8.11 -8.07
Tm -8.91 -9.06 -9.19 -8.47 -8.31 -8.44 -8.10 -8.12 -8.08
Yb -9.01 -9.26 -9.39 -8.50 -8.34 -8.47 -8.13 -8.14 -8.10
Lu -9.03 -9.33 -9.46 -8.50 -8.34 -8.46 -8.13 -8.14 -8.10
pH 3.00 2.98 2.98 3.00 3.00 3.00
Al -5.28 -5.27 -5.26 -4.86 -4.87 -4.88
La -7.79 -7.79 -7.79 -7.62 -7.64 -7.60
Ce -7.92 -7.92 -7.91 -7.74 -7.76 -7.71
Pr -7.97 -7.97 -7.97 -7.79 -7.81 -7.76
Nd -8.00 -8.01 -8.00 -7.82 -7.84 -7.79
Sm -8.06 -8.06 -8.05 -7.88 -7.90 -7.85
Eu -8.03 -8.03 -8.02 -7.85 -7.87 -7.83
Gd -7.94 -7.94 -7.93 -1.77 -7.79 -7.74
Tb -7.88 -7.88 -7.88 -7.71 -7.74 -7.69
Dy -7.87 -7.87 -7.87 -7.71 -7.73 -7.69
Ho -7.84 -7.84 -7.83 -7.67 -7.70 -7.65
Er -7.83 -7.83 -7.83 -7.67 -7.69 -7.65
Tm -7.84 -7.84 -7.83 -7.67 -7.70 -7.66
Yb -7.86 -7.86 -7.86 -7.70 -71.72 -7.68
Lu -7.86 -7.86 -7.85 -7.70 -7.72 -7.68
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Logarithme des concentrations en REE et Al complex#& acides humiques (mol/kg) a pH =
3 pour une solution initiale avéfREE] = 1uM, [Al] variant de 0 & 20pM, [DOC] = 9 nig*
et IS =0.01 M (NaCl).

pH 3.02 2.98 3.00 3.03 3.03 2.98 3.02 3.00 3.02
Al -1.05 -0.74 -0.85 -0.56 -0.55 -0.54
La -2.12 -2.24 -2.22 -2.10 -2.11 -2.11 -2.14 -2.15 -2.14
Ce -2.10 -2.24 -2.22 -2.11 -2.11 -2.12 -2.14 -2.16 -2.14
Pr -2.30 -2.26 -2.23 -2.10 -2.11 -2.11 -2.14 -2.15 -2.13
Nd -2.29 -2.26 -2.24 -2.11 -2.12 -2.11 -2.14 -2.15 -2.14
Sm -2.32 -2.28 -2.26 -2.13 -2.14 -2.14 -2.16 -2.17 -2.16
Eu -2.33 -2.28 -2.26 -2.15 -2.15 -2.16 -2.18 -2.19 -2.18
Gd -2.34 -2.30 -2.27 -2.16 -2.17 -2.18 -2.20 -2.21 -2.20
Tb -2.35 -2.31 -2.28 -2.15 -2.16 -2.17 -2.20 -2.21 -2.20
Dy -2.34 -2.31 -2.29 -2.18 -2.19 -2.19 -2.22 -2.23 -2.22
Ho -2.36 -2.32 -2.29 -2.19 -2.19 -2.19 -2.23 -2.24 -2.23
Er -2.36 -2.32 -2.30 -2.19 -2.20 -2.20 -2.23 -2.25 -2.23
Tm -2.37 -2.33 -2.30 -2.20 -2.20 -2.21 -2.24 -2.25 -2.24
Yb -2.37 -2.33 -2.31 -2.20 -2.21 -2.21 -2.25 -2.25 -2.25
Lu -2.38 -2.34 -2.31 -2.21 -2.22 -2.23 -2.26 -2.27 -2.27
pH 3.00 2.98 2.98 3.00 3.00 3.00
Al -0.36 -0.37 -0.37 -0.31 -0.22 -0.20
La -2.21 -2.21 -2.22 -2.28 -2.32 -2.25
Ce -2.19 -2.20 -2.21 -2.25 -2.29 -2.22
Pr -2.18 -2.18 -2.20 -2.23 -2.27 -2.20
Nd -2.20 -2.19 -2.20 -2.24 -2.28 -2.21
Sm -2.20 -2.20 -2.22 -2.24 -2.29 -2.23
Eu -2.22 -2.23 -2.24 -2.27 -2.31 -2.24
Gd -2.26 -2.27 -2.28 -2.32 -2.36 -2.29
Tb -2.25 -2.25 -2.27 -2.32 -2.35 -2.29
Dy -2.29 -2.29 -2.30 -2.35 -2.40 -2.33
Ho -2.30 -2.30 -2.32 -2.38 -2.42 -2.35
Er -2.31 -2.32 -2.33 -2.39 -2.43 -2.37
Tm -2.31 -2.31 -2.33 -2.39 -2.43 -2.37
Yb -2.32 -2.31 -2.33 -2.39 -2.42 -2.36
Lu -2.33 -2.33 -2.34 -2.40 -2.45 -2.38
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Annexe 4 : Supporting information : Chapitre IV
Pourcentage de REE et de Fe présents dans laofraetbkDa lors de la compétition entre
REE et Fe pour la complexation par les acides huesigpour des pH variants de 3 a 6,
S[REE] = [Fe] = 10uM, [DOC] = 6,7 mgLet IS = 0.01 M (NaCl).

pH 3.02 3.02 3.00 3.52 3.49 3.50 4.00 4.00 4.02
Fe 50.56 54.83 4920 69.70 7295 67.16 77.76 77.82 84.28
La 7.41 7.69 3.26 16.29 2190 13.26 25.10 2218 27.46
Ce 7.78 8.96 4.06 18.12 2259 1480 30.24 26.19 29.36
Pr 8.06 9.43 4.31 19.35 21.85 1565 32.82 28.07 29.32
Nd 9.02 10.19 4.45 20.64 2208 17.11 34.17 29.47 29.93
Sm 9.02 10.34 5.15 2045 2155 1721 36.88 31.88 30.87
Eu 8.12 8.39 4.57 20.05 20.70 16.66 3590 30.98 29.55
Gd 6.26 7.17 2.77 17.05 20.02 13.99 31.04 26.30 27.47
Tb 5.37 5.60 1.83 1532 1745 1246 28.22 2412 2471
Dy 5.37 5.68 1.88 13.96 16.57 11.53 26.79 22.62 23.52
Ho 5.10 4.30 1.22 12.88 16.40 1046 2435 20.73 22.47
Er 4.69 4.33 0.70 1245 1472 9.76 23.27 19.74 20.73
Tm 5.04 4.06 1.39 1243 16.24 9.92 2290 19.75 22.24
Yb 4.53 4.10 1.91 1249 16.01 10.39 23.63 1991 21.93
Lu 411 3.68 1.01 11.63 1494 9.36 22.23 18.86 20.56
pH 4.47 4.47 4.50 4.98 4.95 4.98 5.45 5.47 5.50
Fe 86.00 87.55 89.89 96.45 91.74 9349 92,69 94.15 97.12
La 32.38 35,58 39.95 4949 4943 5833 64.01 6796 67.10
Ce 38.61 4212 4435 57.22 5717 64.00 71.72 7506 73.93
Pr 41.54 4519 4574 60.83 61.04 66.18 75.07 78.15 76.49
Nd 43.19 46.63 4698 62.38 62.78 67.34 76.51 79.48 77.75
Sm 4730 50.97 49.88 66.97 6746 70.82 80.73 83.13 81.42
Eu 45.67 4924 4842 6593 66.19 69.83 79.96 8247 80.88
Gd 40.14 43.41 4443 6031 60.30 6568 7541 7836 77.22
Tb 38.14 41.28 4194 5821 5854 64.12 7459 7737 76.66
Dy 35.78 39.01 40.35 56.27 56.37 62.68 7325 76.06 75.67
Ho 32.80 36.17 38.33 5283 53.08 6035 70.29 73.37 73.46
Er 3144 3477 3645 5138 5150 58.70 69.13 7220 72.33
Tm 3148 3461 3750 51.63 51.63 59.46 69.43 7248 73.23
Yb 31.85 3504 3791 5291 5295 60.29 70.67 73.63 74.44
Lu 30.34 3336 36.22 50.68 50.73 58.61 69.05 72.09 72.80
pH 5.97 5.96 9.96
Fe 97.68 98.74 97.69
La 86.81 86.47 85.61
Ce 90.63 90.22 89.79
Pr 92.08 9149 91.33
Nd 92.67 92.06 91.94
Sm 9426 93.78 93.71
Eu 93.98 93.61 93.42
Gd 92.24 92.02 9155
Th 92.10 9198 91.35
Dy 91.61 91.60 90.85
Ho 90.44 90.64 89.57
Er 89.98 90.20 89.07
™™ 90.20 90.74 89.34
Yb 90.84 9140 90.05
Lu 90.08 90.72  89.29
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