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Abstract
Besides the radioactive elements, stable elements are an integral and non-negligible part of the
nuclide vector of a realistic deep geological repository for radioactive waste. Sources for the stable
elements include amongst others: corrosion of the canisters, dissolution of the spent fuel and
vitrified high-level waste, tunnel backfill materials, porewater and the host rock itself. Their
presence could affect the radionuclide retention in the near- and far-fields of the argillaceous
barriers since the stable elements and the released radionuclides might compete with one another
for the available sorption sites, and thus reduce their uptake on them. Quantifying the influence
of competitive adsorption on the transport of released radionuclides through the multi-barrier
system in a deep geological repository is undoubtedly important.
An experimental programme was dedicated to the influence of competitive adsorption between
relevant nuclides, comprising inter- and intra-valences, on 2:1 clay minerals, namely montmorillonite and illite, which are the major components of bentonite and the argillaceous host rock
Opalinus Clay, respectively. The present report summarises the experimental and modelling outcome involving the elements NiII, ZnII, CoII, FeII, PbII, EuIII, AmIII, ThIV, NpV and UVI. Competitive
adsorption experiments were performed considering binary metal systems as well as some multielement systems. Generally, the adsorption of a trace element on the clay minerals was quantified
as a function of increasing competing metal concentration.
The experimental observations on the competitive adsorption behaviour of the elements investigated in this study were quantified using the 2 site protolysis non-electrostatic surface complexation and cation exchange (2SPNE SC/CE) model. Depending on the element combination three
different cases, i.e., competitive, non-competitive and partially competitive adsorption behaviour,
were observed on both illite and montmorillonite.
The metals with the same valence state (ZnII, CoII, NiII and FeII) or (EuIII and AmIII) do compete.
In such a case, the 2SPNE SC/CE model can be applied without any modification. The competitive elements are allowed to sorb on the same set of strong, weak and planar sites and the
resulting effect on their adsorption behaviour depends on the concentration and binding strengths
(i.e., surface complexation constants) of the elements under consideration.
Binary experiments with elements with different valence states provided evidence for noncompetitive adsorption behaviour for the combinations NiII/ZnII, EuIII, ThIV, NpV or UVI. The
unaffected sorption of the trace element can only be modelled under the assumption that each
element has its own strong sites, implying that in a multi-element adsorption modelling additional
element specific sets of strong sites need to be introduced.
Partially competitive behaviour was identified when the adsorption of trace NiII or CoII was
measured as a function of increasing PbII or EuIII concentrations. The modelling of these
adsorption data with the 2SPNE SC/CE model was only possible by considering additional strong
sub-sites with a very low capacity. This approach suggests that within the strong sites defined in
the 2SPNE SC/CE model there are metal specific sub-sites “with different affinities and capacities”. Furthermore, its competitive behaviour differs regarding the competing element. This
modelling approach can only be applied for binary systems where experimental evidence is
available and for which nuclide specific parameters have been derived as shown in this report.
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The consequences of competitive adsorption for the radionuclide sorption databases used in the
safety analysis can be summarised as follows. In the case that sorption is competitive the
concentration of the stable elements in the porewater needs to be considered in the derivation of
the Kd values. For the nuclides which are non-competitive, such an approach is not necessary.
When the sorption of radionuclides is only partially competitive, the derivation of Kd values can
only be carried out when specific parameters have been determined. A conservative approach for
the safety analysis for this case would be to assume that adsorption is competitive.
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Zusammenfassung
In einem geologischen Tiefenlagers für radioaktive Abfälle sind – neben den radioaktiven
Elementen – stabile Elemente ein wesentlicher und nicht zu vernachlässigender Bestandteil des
Nuklidvektors. Zu den Quellen für die stabilen Elemente gehören unter anderem: Korrosion der
Behälter, Auflösung der abgebrannten Brennelemente und verglasten hochaktiven Abfälle, Verfüllmaterialien für die Lagerstollen, Porenwasser und das Wirtgestein selbst. Ihre Anwesenheit
könnte die Radionuklidrückhaltung im Nah- und Fernfeld der tonreichen Barrieren beeinflussen,
da die stabilen Elemente und die freigesetzten Radionuklide miteinander um die verfügbaren
Oberflächensorptionsgruppen konkurrieren und somit ihre Aufnahme auf ihnen verringern
können. In einem geologischen Tiefenlager ist daher die Quantifizierung des Einflusses der kompetitiven Adsorption auf den Transport freigesetzter Radionuklide durch das Mehrfachbarrierensystem wichtig.
Mit einem experimentellen Programm wurde der Einfluss der kompetitiven Adsorption zwischen
relevanten Nukliden, die Inter- und Intravalenzen umfassen, auf 2:1-Tonmineralen – Montmorillonit und Illit – welche die Hauptkomponenten von Bentonit und dem tonigen Wirtgestein
Opalinuston bilden, untersucht. Der vorliegende Bericht fasst die experimentellen und Modellierungsergebnisse mit den Elementen NiII, ZnII, CoII, FeII, PbII, EuIII, AmIII, ThIV, NpV und UVI
zusammen. Experimente zur kompetitiven Adsorption wurden unter Berücksichtigung binärer
Metallsysteme sowie einiger Mehrelementsysteme durchgeführt. Im Allgemeinen wurde die
Adsorption eines Spurenelements an den Tonmineralen als Funktion der Erhöhung der konkurrierenden Metallkonzentration quantifiziert.
Die experimentellen Beobachtungen zum kompetitiven Adsorptionsverhalten der in dieser Studie
untersuchten Elemente wurden unter Verwendung des Sorptionsmodells 2SPNE SC/CE ("2-site
protolysis non-electrostatic surface complexation and cation exchange model") quantifiziert.
Abhängig von der Elementkombination wurden drei verschiedene Fälle, d.h. kompetitives, nicht
kompetitives und teilweise kompetitives Adsorptionsverhalten, sowohl bei Illit als auch bei Montmorillonit beobachtet.
Metalle mit gleicher Valenzstufe (ZnII, CoII, NiII und FeII, oder EuIII und AmIII) konkurrieren
miteinander. In diesem Fall kann das 2SPNE SC / CE-Modell ohne Änderung angewendet
werden. Die kompetitiven Elemente können an denselben starken, schwachen und planaren Oberflächensorptionsgruppen sorbieren und der resultierende Effekt auf deren Adsorptionsverhalten
hängt von der Konzentration und der Bindungsstärke (d.h. der Oberflächenkomplexierungskonstanten) der betrachteten Elemente ab.
Binäre Experimente mit Elementen unterschiedlicher Valenzstufen lieferten Hinweise auf ein
nicht kompetitives Adsorptionsverhalten für die Kombinationen NiII / ZnII, EuIII, ThIV, NpV oder
UVI. Das nicht beeinflusste Adsorptionsverhalten eines Spurenelements kann lediglich unter der
Annahme modelliert werden, dass jedes Element über seine eigenen starken Oberflächensorptionsgruppen verfügt, was bedeutet, dass bei einer Mehrelement-Adsorptionsmodellierung
zusätzliche elementspezifische starke Oberflächensorptionsgruppen eingeführt werden müssen.

NAGRA NTB 19-05

IV

Ein teilweise kompetitives Verhalten wurde identifiziert, wenn die Adsorption von Spuren von
NiII oder CoII als Funktion der Erhöhung der PbII- oder EuIII-Konzentrationen gemessen wurde.
Die Modellierung dieser Adsorptionsdaten mit dem 2SPNE SC/CE-Modell war nur unter Berücksichtigung zusätzlicher starker Oberflächensorptionssubgruppen mit sehr geringer Kapazität
möglich. Dieser Ansatz legt nahe, dass es innerhalb der im 2SPNE SC/CE-Modell definierten
starken Oberflächensorptionsgruppen metallspezifische Oberflächensorptionssubgruppen "mit
unterschiedlichen Affinitäten und Kapazitäten" gibt. Darüber hinaus unterscheidet sich das
Konkurrenzverhalten hinsichtlich des konkurrierenden Elements. Dieser Modellierungsansatz
kann nur für binäre Systeme angewendet werden, für die experimentelle Nachweise verfügbar
sind und für die nuklidspezifische Parameter abgeleitet wurden, wie dies im vorliegenden Bericht
aufgezeigt wird. Die Konsequenzen der kompetitiven Adsorption für die in der Sicherheitsanalyse
verwendeten Radionuklid-Sorptionsdatenbanken können wie folgt zusammengefasst werden.
Falls die Sorption kompetitiv ist, muss die Konzentration der stabilen Elemente im Porenwasser
bei der Ableitung der Kd-Werte berücksichtigt werden. Für die nicht kompetitiven Nuklide ist ein
solcher Ansatz nicht erforderlich. Wenn die Sorption von Radionukliden nur teilweise kompetitiv
ist, kann die Ableitung von Kd-Werten nur durchgeführt werden, wenn spezifische Parameter
bestimmt wurden. Ein konservativer Ansatz für die Sicherheitsanalyse in diesem Fall wäre die
Annahme, dass die Adsorption kompetitiv ist.
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Résumé
Outre les éléments radioactifs, les éléments stables font partie intégrante et non négligeable du
vecteur de nucléides d'un dépôt géologique profond pour les déchets radioactifs. Les éléments
stables proviennent de sources diverses : corrosion des conteneurs, dissolution du combustible usé
et des déchets de haute activité vitrifiés, matériaux de comblement des tunnels, eau interstitielle
et roche d'accueil elle-même. Leur présence pourrait affecter la rétention des radionucléides dans
le champ proche et lointain des barrières argileuses, car les éléments stables et les radionucléides
libérés pourraient se faire concurrence pour les sites de sorption disponibles, et donc réduire leur
absorption sur ces derniers. Il est par conséquent important de quantifier l'influence de l'adsorption
compétitive sur le transport des radionucléides libérés à travers le système de barrières multiples
dans un dépôt géologique profond.
Un programme expérimental a été consacré à l'influence de l'adsorption compétitive entre les
nucléides pertinents pour la sûreté, en tenant compte des inter- et intra-valences, sur les minéraux
argileux 2:1, à savoir la montmorillonite et l'illite, qui sont, respectivement, les principales composants de la bentonite et de la roche d’accueil argileuse, l'argile à Opalinus. Le présent rapport
résume les résultats des expériences et de la modélisation concernant les éléments NiII, ZnII, CoII,
FeII, PbII, EuIII, AmIII, ThIV, NpV et UVI. Des expériences d'adsorption compétitive ont été réalisées
en considérant des systèmes métalliques binaires ainsi que, dans certains cas, des systèmes multiéléments. D’une façon générale, l'adsorption d'un élément-trace sur les minéraux argileux a été
quantifiée en fonction de l'augmentation de la concentration des métaux concurrents.
Les observations expérimentales sur le comportement compétitif des éléments étudiés ont été
quantifiées à l'aide du modèle 2SPNE SC/CE ("2 Site Protolysis Non-Electrostatic Surface
Complexation and Cation Exchange"). En fonction de la combinaison des éléments, trois cas
différents, à savoir un comportement d'adsorption compétitif, non compétitif et partiellement
compétitif, ont été observés sur l'illite comme sur la montmorillonite.
Les métaux ayant un même état de valence (ZnII, CoII, NiII et FeII) ou (EuIII et AmIII) sont en
concurrence. Dans un tel cas, le modèle 2SPNE SC/CE peut être appliqué sans aucune modification. Les éléments concurrents peuvent s'adsorber sur le même ensemble de sites de sorption
(c'est-à-dire forts, faibles et d’échange cationique) et les conséquences sur leur comportement
d'adsorption dépendent de la concentration et des forces de liaison (c'est-à-dire des constantes de
complexation de surface) des éléments considérés.
Des expériences binaires avec des éléments ayant des états de valence différents ont révélé un
comportement d'adsorption non compétitif pour les combinaisons NiII/ZnII, EuIII, ThIV, NpV ou
UVI. Cependant afin de modéliser la sorption non affectée de l’élément-trace, il faut poser comme
hypothèse que chaque élément possède ses propres sites de sorption forts ; ceci implique que, dans
une modélisation de l'adsorption multi-éléments, il faudra introduire des ensembles supplémentaires de sites forts, spécifiques aux éléments.
Un comportement partiellement compétitif a été identifié pour l'adsorption de NiII ou CoII présents
à l'état de traces en fonction de l'augmentation des concentrations de PbII ou EuIII. La modélisation
de ces données d'adsorption avec le modèle 2 SPNE SC/CE n'a été possible qu'en considérant des
sous-sites forts supplémentaires d’une capacité très faible. Cette approche suggère que parmi les
sites forts définis dans le modèle 2SPNE SC/CE, il existe des sous-sites spécifiques aux métaux
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« avec différentes affinités et capacités ». En outre, le comportement concurrentiel diffère selon
l'élément considéré. Cette approche de modélisation ne peut être appliquée qu’aux systèmes
binaires pour lesquels, d’une part, on dispose des données d’expérience et, d’autre part, on a
dérivé des paramètres spécifiques aux nucléides comme le montre le présent rapport.
Les conséquences de l'adsorption compétitive pour les bases de données de sorption des radionucléides utilisées dans l'analyse de sûreté peuvent être résumées comme suit. Dans les cas où la
sorption est compétitive, la concentration des éléments stables dans l'eau interstitielle doit être
prise en compte dans le calcul des valeurs Kd. Pour les nucléides non compétitifs, une telle
approche n'est pas nécessaire. Lorsque la sorption des radionucléides n'est que partiellement
compétitive, la dérivation des valeurs Kd ne peut être effectuée que si des paramètres spécifiques
ont été déterminés. Une approche conservatrice pour l'analyse de sûreté consisterait dans ce cas à
supposer que l'adsorption est compétitive.
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Introduction

In a deep geological repository for high-level waste (HLW), stable elements originating from
many different sources such as porewaters, tunnel backfill materials, host rock formations, corrosion of the disposal canister, and finally dissolution of the spent fuel and vitrified HLW are ubiquitous. These stable elements and the released radionuclides themselves can all compete with
one another for the sorption sites on the backfill material and the host rock, and thus reduce their
uptake on them. Such competitive effects may have consequences for the selection of sorption
(Kd) values for sorption databases used in the safety assessment of radioactive waste repositories.
The main objective of the present study is to experimentally quantify the competitive adsorption
behaviour between relevant radionuclides, comprising inter- and intra-valences, on montmorillonite and illite, which are major components of bentonite and argillaceous rocks, respectively.
Experimental and modelling studies addressing competitive adsorption on clay minerals have
been conducted (e.g. Atanassova 1999, Donat et al. 2005, Eloussaief et al. 2013, Helios-Rybicka
& Wójcik 2012, Sheikhhosseini et al. 2013, Soltermann et al. 2014a, Zhu et al. 2011). Bradbury
& Baeyens (2005a) investigated the adsorption of trace metals on montmorillonite in a background electrolyte containing a high competing metal concentration (up to mM). The experimental and modelling results suggest that metals with similar chemistries compete with one another,
whereas metals with dissimilar chemistries do not compete. Soltermann et al. (2014a) showed
that trace ZnII sorption is decreasing in the presence of increasing FeII concentrations, indicating
that in the case FeII is the blocking element both elements are competing for strong sites. In a
recent study, Marques Fernandes & Baeyens (2019) studied the competitive adsorption between
PbII and divalent and trivalent metals on illite. Depending on which element acts as blocking
element, partially and/or non-competitive behaviour was observed. The influence of competitive
sorption on the Kd values in sorption databases developed for MX-80 bentonite and Opalinus Clay
used in Nagra's provisional safety analysis in Stage 2 of the Sectoral Plan for Deep Geological
Repositories have been estimated by Bradbury et al. (2017). Up to now, however, competitive
adsorption has never been considered in the sorption databases developed for Swiss performance
assessment studies (Nagra 2002). In future safety analyses for the Swiss deep geological
repository system, it is aimed to consider competitive adsorption whenever justified. To this end,
a comprehensive experimental study is required to demonstrate clearly which categories of
radionuclides are mutually competitive.
In this study, the 2 site protolysis non-electrostatic surface complexation and cation exchange
(2SPNE SC/CE) model developed for montmorillonite and illite (Bradbury & Baeyens 1997,
2009a) was used to reproduce the experimental results. In the past two decades, the 2SPNE SC/CE
model has been successfully applied to quantitatively describe the uptake of numerous radionuclides of differing valences on these two clay minerals under a wide range of geochemical
conditions (e.g. Baeyens & Bradbury 1997, Bradbury & Baeyens 1999, 2005b, 2006, 2009a, b,
Marques Fernandes & Baeyens 2019, Soltermann et al. 2014b, Soltermann et al. 2013). In its
present form, the 2SPNE SC/CE model considers that all metals compete with each other for the
adsorption sites. Up to now, competitive adsorption was not addressed systematically and is not
intrinsically included in the model, except for cation exchange (CE) reactions, where cations
compete with one another for the planar sites according to the value of their respective selectivity
coefficients. In the case of surface complexation (SC), the adsorption model considers only one
unique set of strong (≡SSOH) and weak (≡SWOH) amphoteric edge site types for all nuclides,
irrespective of their valence state. Particularly, competitive effects could affect the adsorption on
strong sites due to their relatively low capacity (2 mmol kg-1). The retention of trace metal species
occurs predominantly on the strong sites, and hence, all metals at trace concentrations adsorbing
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by SC are assumed to be mutually competitive. To ensure the future applicability of the 2SPNE
SC/CE model, it is important to implement the model so that it can reliably predict adsorption in
complex systems closer to reality. To this end, it is necessary to identify and quantify the competitive behaviour of safety-relevant metals.
Three different types of adsorption behaviour observed for a given element in the presence of a
competing element and the methodology to reproduce the experimental data with the 2SPNE
SC/CE model are described in this report. Generally, in the case that both elements compete it is
assumed that the adsorption of the blocking element progressively fills up the strong sites and
thereby reduces (partial competition) or even impedes (full competition) the adsorption of the
trace metal on these sites, resulting in a progressive decrease of the Rd value of the trace metal. In
the case that both metals do not compete, the adsorption of the trace metal is not affected by the
increasing blocking element concentration. Whether elements fully or partially compete is tested
with the 2SPNE SC/CE model for illite/montmorillonite and the associated model parameters for
the elements involved (i.e., hydrolysis, SC reactions/constants, selectivity coefficients).
The present report summarises the experimental and modelling investigations on illite and
montmorillonite on the competitive adsorption behaviour of a series of nuclides carried out in the
frame of this study. Additionally, published data involving PbII on illite (Marques Fernandes &
Baeyens 2019) and FeII on montmorillonite (Soltermann et al. 2014a) were included since a similar experimental approach was used.

3

2

Materials and Methods

2.1

Materials

NAGRA NTB 19-05

Wyoming montmorillonite (SWy-1, SWy-2, denoted in this report as SWy) was obtained in a
powdered form from the Source Clay Minerals Repository, University of Missouri, Columbia,
MO, USA. The source illite material (Illite du Puy, IdP) was collected from an Oligocene geological formation in the region of Le Puy-en-Velay (Haute-Loire), France (Gabis 1958). Illite
samples were crushed, powdered in a mortar and finally the < 63 µm fraction was separated by
sieving. The preparation of the purified and conditioned homo-ionic Na forms of the montmorillonite (Na-SWy) and illite (Na-IdP) suspensions are described in detail by Baeyens & Bradbury
(1995) and Bradbury & Baeyens (2009a), respectively. The sorption experiments involving FeII
competition with ZnII were obtained on a synthetic iron free montmorillonite (IFM), to minimise
surface induced oxidation of sorbed FeII by structural FeIII (Reinholdt et al. 2001, Soltermann et
al. 2014a).

2.2

Tracers

The adsorption of Pb, Fe, Zn, Ni, Co, Eu, Am, Th and U was quantified by radiochemical assay
using the corresponding radioisotopes. 57Co (t1/2 = 271.8 d), 55Fe (t1/2 = 2.7 y), 63Ni (t1/2 = 100 y),
152
Eu (t1/2 = 13.3 y), 228Th (t1/2 = 1.913 y) and 241Am (t1/2 = 432.2 y) were purchased from Eckert
and Ziegler Nuclitec GmbH (Braunschweig, Germany), Isotope Products Laboratories (Burbank,
CA, USA) and 65Zn (t1/2 = 343.9 d) from Perkin Elmer, Inc. (Waltham, MA, USA). 210Pb
(t1/2 = 22.3 y) was obtained from the former Laboratoire de Mesure des Rayonnements Ionisants
(LMRI, CEA, France). For 233U, a source solution (4 × 10-3 M) in 1 M HCl was used. The isotopic
composition and stable carrier concentration of the used tracer was provided by the manufacturer
and determined in-house by ICP-MS, respectively.

2.3

Adsorption experiments

Generally, competition was quantified by measuring the adsorption of one element at very low
concentration (trace element) in the presence of a competing metal (blocking element), whose
concentration varied from trace to relatively high concentrations (see Tabs. 3.1 and 3.2). Two
types of experiments were necessary to quantify the effect of single elements. First, the adsorption
isotherm of the blocking metal (i.e., CoII, NiII, ZnII, FeII, PbII and EuIII) was determined at fixed
pH and ionic strength in the absence of the trace element. In parallel, in a second experiment, the
same adsorption isotherm of the given blocking metal was measured in the presence of a trace
metal (e.g., CoII, NiII, ZnII, PbII, EuIII, AmIII, ThIV, NpV or UVI). Thus, the adsorption of the trace
metal at a fixed initial concentration was quantified as a function of the increasing blocking metal
concentration. Essentially binary combinations were investigated. A few experiments addressed
the competitive behaviour in a multi-element system, however, only at one total metal concentration (not as a function of increasing blocking metal concentrations). All experiments were carried
out in 0.1 M NaClO4 or 0.1 M NaCl. The typical equilibration duration was 7 days. For the multielement system, the equilibration times varied from 1 day up to 930 days.

5

3

Experiments

3.1

Competitive adsorption on illite
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A summary of the experimental systems studied on Na-IdP is given in Tab. 3.1. Batch type
experiments, in which both the trace and the blocking element are added simultaneously to the
clay suspension, were prepared in 0.1 M NaClO4 or 0.1 M NaCl and equilibrated for 7 days.
Tab. 3.1 summarises the experimental conditions, e.g., pairs of elements, pH, solid:liquid (S:L)
ratio, inventory of the trace elements and the concentration range of the blocking element. The
experimental results and the corresponding modelling are described in the Chapters 5 to 7. No
experiments with FeII were carried out on Na-IdP.
Tab. 3.1

Summary of the binary competition adsorption experiments on Na-IdP.
Trace element

Metal

NiII

CoII
PbII
EuIII
AmIII
ThIV
UVI

Blocking element

S:L [g⋅L-1]

pH

Total conc. [M]

Metal

[Me]eql [M]

8.0 × 10-9

CoII

10-8 – 10-3

2.1

7.1

8.1 × 10-8

ZnII

10-9 – 10-4

1.0

7.2

3.5 × 10

Pb

10

-4

2.0

7.0

-8

II

-12

– 10

8.0 × 10-8

EuIII

10-10 – 10-4

1.0

7.2

6.0 × 10-11

PbII

10-9 – 10-4

2.0

7.0

2.7 × 10-7

EuIII

10-10 – 10-3

1.3

7.2

5.9 × 10-10

NiII

10-8 – 10-4

1.3

7.2

8.7 × 10

Eu

10 – 10

-3

2.0

7.1

-9

III

-9

5.0 × 10-9

NiII

10-9 – 10-3

2.1

7.0

4.0 × 10-9

PbII

10-10 – 10-4

2.0

7.1

2.6 × 10-8

EuIII

10-9 – 3 × 10-4

2.4

6.0

8.3 × 10

Ni

1.3

7.2

-9

II

10

-10

– 10

-4

1.4 × 10-10

EuIII

10-10 – 6 × 10-5

1.0

7.1

5.0 × 10-7

NiII

10-10 – 2 × 10-4

1.3

7.2

5.0 × 10-7

EuIII

10-9 – 10-3

0.9

7.1
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3.2

6

Competitive sorption on montmorillonite

Similar to illite, different combinations of nuclides were investigated on Na-SWy in 0.1 M
NaClO4 or NaCl, and the experimental conditions are given in Tab. 3.2. For binary systems, the
equilibration time was 7 days. For competitive experiments in multi-element systems, the equilibration time varied from 1 day up to 930 days. The experimental results and the corresponding
modelling on montmorillonite are described in the Chapters 5 to 8. Experiments involving FeII
were performed on Na-IFM.
Tab. 3.2

Summary of the binary competition adsorption experiments on montmorillonite.
Trace element

Blocking element

S:L [g⋅L-1]

pH

Metal

Total conc. [M]

Metal

[Me]eql [M]

Ni

8.0 × 10

Co

II

10-8 – 10-3

1.9

7.2

III

10

1.6

7.2

2.4

7.0

1.3

7.2

II

-9

1.7 × 10

-6

Eu

-10

– 10

-3

< 10-8

CoII
MnII
EuIII
UVI

5 × 10-4
5 × 10-4
5 × 10-4
5 × 10-6

CoII

2.7 × 10-7

EuIII

10-10 – 10-3

Zn

3.0 × 10

Fe

5 × 10 – 10

1.0

6.2

FeII

6.0 × 10-8

ZnII

10-7 – 10-3

1.0

6.2

Eu

8.1 × 10

Ni

3 × 10 – 10

1.6

7.1

2.4

7.0

1.3

5.9

1.8

6.8

1.4

7.1

II

III

-8

-9

II

II

-7

-9

II

AmIII
Th

IV

Np

V

UVI

-3

-3

-4

< 10-8

Ni
CoII
MnII
UVI

5 × 10
5 × 10-4
5 × 10-4
5 × 10-6

1.5 × 10-10

EuIII

10-11 – 1.6 × 10-4

5.6 × 10

-9

Eu

-10

1.4 × 10

Ni

1.4 × 10-10

ZnII

1.4 × 10

Eu

3 × 10

Eu

3 × 10

-10

2.8 × 10

-7

III
II

III
III

2.0 × 10-6

NiII

2.0 × 10

Eu

-6

III

II

< 10-8

Ni
CoII
MnII
EuIII

10

-11

– 6 × 10

-6

4 × 10 – 2 × 10
-8

-3

10-7 – 10-4
-11
-11

1.2

7.2

– 8 × 10

-5

1.2

7.3

– 3 × 10

-4

1.8

7.4

1.4

7.2

1.8

7.3

2.4

7.0

10-8 – 10-3
3 × 10

-11

– 3 × 10

-4

-4

5 × 10
5 × 10-4
5 × 10-4
5 × 10-4
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Reference isotherms on illite and montmorillonite

This chapter summarises the metal reference adsorption isotherms on illite and montmorillonite
together with the corresponding SC constants derived from the modelling. All subsequent
modelling presented in Chapters 5 to 8 was performed with the model parameters given in this
chapter. The elements involved on either one or both clay minerals are CoII, NiII, ZnII, PbII, EuIII,
AmIII, ThIV, NpV and UVI. Note that for ThIV, NpV and UVI no isotherms were measured and the
competitive sorption for these elements is only studied at trace concentration. Tab. 4.1 summarises the 2SPNE SC/CE model parameters (site types, protolysis and SC reactions and correspondding SC constants) for illite and montmorillonite. A summary of the cation exchange reactions
and corresponding selectivity coefficients are given in Tab. 4.2. For completeness, the hydrolysis
reactions and corresponding hydrolysis constants used here are summarised in Tab. 4.3. Most of
the sorption constants were taken from the data compilation for montmorillonite and illite of
Baeyens & Bradbury (2017) and Bradbury & Baeyens (2017), respectively. MnII constants are
from Bradbury & Baeyens (1997) and PbII from Marques Fernandes & Baeyens (2019). FeII and
ZnII constants on Na-IFM are from Soltermann et al. (2013) and Soltermann et al. (2014a).
Figs. 4.1a, b, c, d and e show the isotherms measured on Na-IdP in 0.1 M NaClO4 at pH ~7 for
CoII, NiII, ZnII, PbII and EuIII, respectively. Figs. 4.2a, b, c and d show the isotherms measured for
CoII, NiII, ZnII and EuIII on Na-SWy in 0.1 M NaClO4 at pH ~ 7 and Fig. 4.2e for FeII on Na-IFM
in 0.1 M NaClO4 at pH 6.2, respectively. The black symbols in the plots are published data from
Baeyens & Bradbury (1997), Baeyens & Bradbury (2017), Bradbury & Baeyens (2002), Bradbury
& Baeyens (2005c), Marques Fernandes et al. (2015), Marques Fernandes & Baeyens (2019),
Montoya et al. (2018), Poinssot et al. (1999) and Soltermann et al. (2014a). The references are
included in the legends of the corresponding figures. The coloured symbols are measurements
carried out in the framework of this study. The solid black lines are the model calculations using
the 2SPNE SC/CE model, with the parameters given in Tabs. 4.1 and 4.2.
In Figs. 4.3a and b the modelled reference isotherms for NiII, CoII, ZnII, FeII, PbII and EuIII
expressed in terms of log Rd values on illite and montmorillonite, respectively, are compared. As
expected, the general shape and the magnitude of sorption of the different metals is similar for
both clay minerals since illite and montmorillonite belong to the 2:1 phyllo-alumino-silicates and
the uptake behaviour is dominated by SC on the amphotheric edge sites. It is evident that EuIII
and PbII generally exhibit the highest adsorption followed by the transition metals. The affinity
for the strong sites follows the pattern EuIII ~ PbII ~ ZnII/FeII > CoII > NiII. The affinity for the
weak sites is higher for EuIII and PbII compared to the transition metals. This observation is helpful
for the interpretation of the different competition patterns.
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Fig. 4.1:

8

Reference isotherms of (a) CoII, (b) NiII, (c) ZnII, (d) PbII and (e) EuIII on Na-IdP in
0.1 M NaClO4/NaCl at neutral pH.
The solid lines are the model calculations using the 2SPNE SC/CE model with the parameters given in
Tabs. 4.1 and 4.2.

9

Fig. 4.2:
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Reference isotherms of (a) CoII, (b) NiII, (c) ZnII and (d) EuIII in 0.1 M NaCl/NaClO4
on Na-SWy at neutral pH and (e) for FeII on Na-IFM at pH 6.2.
The solid lines are the model calculations with the parameters given in Tabs. 4.1 and 4.2.
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Fig. 4.3:
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Comparison of the modelled reference isotherms for (a) CoII, NiII, ZnII, PbII and EuIII
on illite and for (b) CoII, NiII, FeII, ZnII and EuIII on montmorillonite.

11

Tab. 4.1:
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Summary of the 2SPNE SC/CE model parameters for illite and montmorillonite and
the SC constants for CoII, NiII, ZnII, EuIII, AmIII, ThIV, NpV and UVI (Baeyens &
Bradbury 2017, Bradbury & Baeyens 2017), MnII (Bradbury & Baeyens 1997), FeII
(Soltermann et al. 2013) and PbII (Marques Fernandes & Baeyens 2019).

Amphotheric edge sites

Illite

Montmorillonite
Site capacity
2.0 × 10-3 mol/kg
4.0 × 10-2 mol/kg
4.0 × 10-2 mol/kg

≡S OH
≡SW1OH
≡SW2OH
S

Protolysis reactions

log SK

log W1K

log SK

log W1K

4.0
-6.2

8.5
-10.5

4.5
-7.9

6.0
-10.5

≡SOH + Co2+  ≡SOCo+ + H+
≡SOH + Co2+ + H2O  ≡SOCoOH0 + 2H+
≡SOH + Co2+ + 2H2O  ≡SOCo(OH)2- + 3H+

1.3
-8.5
-18.3

-2.0

0.0
-10.5
-20.0

-3.3

≡SOH + Ni2+  ≡SONi+ + H+
≡SOH + Ni2+ + H2O  ≡SONiOH0 + 2H+
≡SOH + Ni2+ + 2H2O  ≡SONi(OH)2- + 3H+

0.7
-8.2
-17.3

-1.8

-0.6
-10.0
-20.0

-3.3

-

-

2.0

-1.0

≡SOH + H+  ≡SOH2+
≡SOH  ≡SO + H+
Surface complexation formation reaction

≡SOH + Fe2+  ≡SOFe+ + H+
≡SOH + Mn

2+

*

-0.2

+

≡SOH + Zn  ≡SOZn + H
≡SOH + Zn2+ + H2O  ≡SOZnOH0 + 2H+
≡SOH + Zn2+ + 2H2O  ≡SOZn(OH)2- + 3H+

2.1
-6.4
-15.0

-1.0

1.6/2.1 *
-7.4
-17.0

-2.7/-1.8 *

≡SOH + Pb2+  ≡SSOPb+ + H+
≡SOH + Pb2+ + H2O  ≡SOPbOH0 + 2H+

2.7
-5.3

0.3

1.0
-7.6

-1.5

≡SOH + Eu3+  ≡SOEu2+ + H+
≡SOH + Eu3+ + H2O  ≡SOEuOH+ + 2H+
≡SOH + Eu3+ + 2H2O  ≡SOEu(OH)20 + 3H+

2.4 #
-4.6 #
-12.7

0.3
-6.2

2.0 #
-6.2 #
-13.9 #

-0.5

≡SOH + Am3+  ≡SOAm2+ + H+
≡SOH + Am3+ + H2O  ≡SOAmOH+ + 2H+
≡SOH + Am3+ + 2H2O  ≡SOAm(OH)20 + 3H+

3.1
-4.5
-13

2.3
-5.9
-14.2

≡SOH + Th4+
≡SOH + Th4+
≡SOH + Th4+
≡SOH + Th4+
≡SOH + Th4+

7.4
2.3
-2.4
-8.8
-15.3

7.2
2.7
-2.6
-9.1
-16.9

≡SOH + NpO2+  ≡SONpO20 + H+
≡SOH + NpO2+ + H2O  ≡SONpO2OH- + H+

-2.0
-10.3

-2.0
-12.0

≡SOH + UO22+  ≡SOUO2+ + H+
≡SOH + UO22+ + H2O  ≡SOUO2OH0 + 2H+
≡SOH + UO22+ + 2H2O  ≡SOUO2(OH)2- + 3H+
≡SOH + UO22+ + 3H2O  ≡SOUO2(OH)32- + 4H+

2.0
-3.9
-10.8
-18.7

2+

#

 ≡SOMn + H
+

+

+

 ≡SOTh3+ + H+
+ H2O  ≡SOTh(OH)2+ + 2H+
+ 2H2O  ≡SOTh(OH)2+ + 3H+
+ 3H2O  ≡SSOTh(OH)30 + 4H+
+ 4H2O  ≡SOTh(OH)4- + 5H+

0.0
-5.8
-12.3

3.1
-4.6
-12.6
-20.9

0.5
-5.7

Values for Eu in Bradbury & Baeyens (2017) and Baeyens & Bradbury (2017) for illite and montmorillonite,
respectively, have been averaged in this table.
SC constants for Zn on IFM differ from Zn constants on natural montmorillonite (Soltermann et al. 2014a). Other
constants are the same.
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Tab. 4.2:
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Summary of the cation exchange selectivity coefficients for illite (Bradbury &
Baeyens 2017) and montmorillonite (Baeyens & Bradbury 2017) for CoII, NiII, ZnII,
EuIII, AmIII, NpV and UVI on the planar sites.
PbII selectivities are from Marques Fernandes & Baeyens (2019) and for FeII from Baeyens
& Marques Fernandes (2018).

Cation exchange sites

Illite

Montmorillonite

Cation exchange capacity (CEC)
225 meq/kg

870 meq/kg

Cation exchange reaction

Selectivity coefficient (Kc)

2Na+-clay + Co2+  Co2+-clay + 2Na+
2Na+-clay + Ni2+  Ni2+-clay + 2Na+
2Na+-clay + Zn2+  Zn2+-clay + 2Na+
2Na+-clay + Fe2+  Fe2+-clay + 2Na+
2Na+-clay + Pb2+  Pb2+-clay + 2Na+
3Na+-clay + Eu3+  Eu3+-clay + 3Na+
3Na+-clay + Am3+  Am3+-clay + 3Na+
Na+-clay + NpO2+  NpO2+-clay + Na+
2Na+-clay + UO22+  UO22+-clay + 2Na+

12.7
12.6
4.0
14.8
76
40
1.0
4.5

3.7
3.1
3.9
12.5
30
29
1.1
0.7
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Tab. 4.3:

Summary of the hydrolysis reactions and constants for NiII, CoII, MnII, FeII, ZnII, PbII,
EuIII, AmIII, ThIV, NpV and UVI used in the sorption modelling.

Hydrolysis reaction
Co

2+

+ H2O  CoOH + H

Co

2+

+ 2H2O  Co(OH)2 + 2H

Co

2+

+ 3H2O  Co(OH)3 + 3H

2+

+ H2O  NiOH + H

Ni

+

+

-

-9.86

Ni

+

+ 3H2O  Ni(OH)3 + 3H
-

+ H2O  MnOH + H
0

-30
-10.59

+

Mn + 2H2O  Mn(OH)2 + 2H
Mn

+

0

+ 3H2O  Mn(OH)3 + 3H

2+

-

Zn + H2O  ZnOH + H
2+

+

-34.8
-8.96

+

-16.9

Zn2+ + 3H2O  Zn(OH)3- + 3H+

-28.4

Fe + H2O  FeOH + H

-9.1

+

+

Fe + 2H2O  Fe(OH)2 + 2H
2+

0

Fe + 3H2O  Fe(OH)3 + 3H
2+

Pb

-

+ H2O  PbOH + H

2+

+

+

20.6

+

31.0
-7.71

+

Pb + 2H2O  Pb(OH)2 + 2H
2+

+

-17.12

+

-28.06

0

Pb + 3H2O  Pb(OH)3 + 3H
2+

-

Eu + H2O  EuOH + H
3+

2+

-7.20

+

Eu + 2H2O  Eu(OH)2 + 2H
3+

+

-15.1

+

-26.2

+

Eu + 3H2O  Eu(OH)3 + 3H
3+

0

Am + H2O  AmOH + H

Baes & Mesmer (1976)

-22.2

Zn2+ + 2H2O  Zn(OH)20 + 2H+
2+

Baes & Mesmer (1976)

-19

+

2+

Baes & Mesmer (1976)

-31.5

Ni + 2H2O  Ni(OH)2 + 2H
Mn

-9.65
-18.8

+

0

2+

Source

+

+

2+

log OHK
+

0

+

2+
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Baes & Mesmer (1976)

Baes & Mesmer (1976)

Baes & Mesmer (1976)

Guillaumont et al. (2003)

-7.20

Guillaumont et al. (2003)

Am3+ + 2H2O  Am(OH)2+ + 2H+

-15.1

(Am data)

Am + 3H2O  Am(OH)3 + 3H

-26.2

3+

2+

3+

+

0

+

-2.2

Th

4+

+ H2O  Th(OH) + H

Th

4+

+ 2H2O  Th(OH)2 + 2H

Th

4+

+ 3H2O  Th(OH)3 + 3H

Th

4+

+ 4H2O  Th(OH)4 + 4H

3+

+

2+
+
0

NpO2 + H2O  NpO2OH + H
0

+

+

-11

+

-17.5
-11.3

+

NpO2 + 2H2O  NpO2(OH) + 2H
-

+

UO2 + H2O
2+

UO2

2+

 UO2OH + H
+

-

+

+

UO22+ + 4H2O  UO2(OH)42- + 4H+

Guillaumont et al. (2003)

-23.6
-5.25

+ 2H2O  UO2(OH)2 + 2H

UO2 + 3H2O  UO2(OH)3 + 3H
2+

+

+

0

Neck & Kim (2001)

-6

+

-12.15
-20.25
-32.4

Guillaumont et al. (2003)

15

5

NAGRA NTB 19-05

Competitive adsorption on illite and montmorillonite:
Experimental results and modelling

This chapter describes the binary systems where the target metal, present at trace concentration,
shows competitive adsorption behaviour as a function of increasing concentration of another
metal (competing element). The sorption measurements are set-up so that the competing element
covers a large range of concentrations, from low (none of the sites are blocked by the competing
metal) to high concentrations where the strong and weak sites are gradually occupied by the
competing element resulting in a decrease of sorption of the target element.
The modelling of the competition experiments is carried out with the 2SPNE SC/CE model with
the parameters given in Tabs. 4.1 and 4.2. The blue solid lines in the figures are the prediction of
the Rd values of the target elements at trace concentration in the presence of increasing blocking
element concentrations under the assumption that both metals are mutually competitive. This
implies that the sorption on the strong, weak and planar sites is possible for both metals and that
their occupancies depend on the strength of their SC constants, selectivity coefficients and concentrations.

5.1

Competitive adsorption involving NiII, CoII, ZnII and FeII

5.1.1

Influence of CoII on the sorption of trace NiII on illite and
montmorillonite

Figs. 5.1a and b show the experimental results of trace NiII adsorption in the presence of
increasing CoII concentrations in 0.1 M NaClO4 at ~ pH 7 on Na-IdP and Na-SWy, respectively.
For both clay minerals, the presence of CoII causes a decrease in the NiII adsorption (from log Rd
~ 3.6 L kg-1 to ~ 2.1 L kg-1 on Na-IdP and from log Rd ~ 3.4 L kg-1 to ~ 1.9 L kg-1 on Na-SWy).
The experimental data agree well with the model prediction for the case that both elements are
mutually competitive, confirming that NiII and CoII compete for the same set of strong sites.

Fig. 5.1:

Adsorption behaviour of trace NiII in the presence of increasing CoII concentrations
on (a) Na-IdP and (b) Na-SWy.
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5.1.2
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Influence of ZnII on the sorption of trace NiII on illite

Fig. 5.2 shows the experimental results of the trace NiII sorption on Na-IdP in 0.1 M NaCl at
pH 7.2 in the presence of increasing ZnII concentrations. Similar to NiII/CoII, the presence of ZnII
causes a decrease in the NiII adsorption (the log Rd decreases from ~ 3.7 L kg-1 to ~ 2.1 L kg-1.
The predicted model curve reproduces the shape of the experimental data fairly well, indicating
that NiII and ZnII mutually compete for the strong sites.

Fig. 5.2:

Adsorption behaviour of trace NiII in the presence of increasing ZnII concentrations
on Na-IdP.

5.1.3

Influence of FeII on the sorption of trace ZnII on IFM

Soltermann et al. (2014a) investigated the competitive sorption behaviour of ZnII and FeII on NaIFM. The adsorption of trace ZnII on Na-IFM in the presence of increasing FeII concentrations is
shown in Fig. 5.3.

Fig. 5.3:

Adsorption of trace ZnII in the presence of increasing FeII concentrations on Na-IFM
in 0.1 M NaClO4 at pH 6.2 (taken from Soltermann et al. 2014a).
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The adsorption of ZnII decreases as a function of FeII concentrations and agrees reasonably well
with the model prediction suggesting that trace ZnII and FeII compete for the same set of strong
sites. This competitive behaviour was also evidenced on the molecular scale by X-ray absorption
spectroscopy measurements. The slight underprediction of the ZnII data might be due to the ZnII
model on IFM, which was developed only based on two experimental data sets, one edge and one
isotherm at pH (Soltermann et al. 2014a).

5.1.4

Influence of ZnII on the sorption of trace FeII on IFM

In contrary to the previous system (ZnII trace, FeII blocking), the adsorption of trace FeII appears
not to be affected by the increasing ZnII concentrations on Na-IFM as shown in Fig. 5.4. The
authors concluded that this apparently “non-competitive behaviour” of trace FeII results from the
partial oxidation of FeII to FeIII. The oxidation of trace FeII on Na-IFM was evidenced in previous
studies by Mossbauer spectroscopy (Géhin et al. 2007, Soltermann et al. 2013).

Fig. 5.4:

Adsorption of trace FeII in the presence of increasing ZnII concentrations on Na-IFM
in 0.1 M NaClO4 at pH 6.2 (taken from Soltermann et al. (2014a).

The data shown in Figs. 5.1 to 5.3 clearly indicate that the metals NiII, CoII, FeII and ZnII are
competitive on Na-IdP and Na-SWy/IFM. The calculated curves in Figs. 5.1 to 5.3 illustrate that
competitive behaviour can be quantitatively described using the 2SPNE SC/CE model with the
parameters given in Tabs. 4.2 and 4.2 without any modification.

5.2

Competitive adsorption involving EuIII and AmIII

5.2.1

Influence of EuIII on the sorption of trace AmIII on illite

Fig. 5.5 shows the adsorption behaviour of trivalent trace AmIII as a function of increasing
trivalent EuIII concentrations on Na-IdP at pH 6.1 in 0.1 M NaClO4. The experimental data clearly
follow the predicted AmIII adsorption curve as a function of increasing Eu concentrations up to
[EuIII]eql ~10-3 M, indicating that both elements mutually compete.
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Fig. 5.5:

Adsorption of trace AmIII with increasing EuIII concentrations on Na-IdP.

5.2.2

Influence of EuIII on the sorption of trace AmIII on montmorillonite

Sorption isotherms of EuIII in 0.1 M NaClO4 in the presence of trace AmIII were measured at
pH 5.9 and 6.8 on Na-SWy and the results are shown in Figs. 5.6a and b, respectively. The experimental Rd values for AmIII and EuIII are in good agreement for both isotherms indicating that AmIII
and EuIII are mutually competitive. The solid red and blue curves in Fig. 5.6 are model calculations for EuIII and AmIII, respectively, with the SC constants given in Tabs. 4.1 and 4.2. The model
curves for the EuIII isotherm at pH 5.9 and the AmIII competition overpredict the sorption at low
EuIII concentrations (Fig. 5.6a), whereas the prediction for the isotherm at pH 6.8 is good
(Fig. 5.6b). If, however, the data from Bradbury & Baeyens (2002) reported in Baeyens &
Bradbury (2017) for EuIII and the data from Gorgeon (1994) for AmIII are used, the model predictions are much better (red/blue dashed curves in Fig. 5.6a). In Fig. 5.6b the AmIII sorption
values at trace concentration are ~ 0.2 log units higher compared to EuIII. These deviations are
within the variability of such measurements and can be quantified by the uncertainty on the SC
constants.
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Fig. 5.6:
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Adsorption of trace AmIII with increasing EuIII concentrations on Na-SWy in 0.1 M
NaClO4 at (a) pH 5.9 and (b) at pH 6.8 (see text for details).
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Non-competitive adsorption on illite and montmorillonite:
Experimental results and modelling

In this chapter, a number of binary metal systems are presented where experimentally non-competitive sorption is observed between a target element (at low concentration) and a blocking element
(at higher concentrations). To model this non-competitive behaviour, the 2SPNE SC/CE model
must be modified by implementing an additional metal specific strong site for the trace element.
This can be done by introducing a sub-set of strong sites with the same (or lower) site capacity
on which the target element can sorb and on which the blocking element does not sorb. Since the
sorption of the target element remains constant in the entire concentration range of blocking
element the non-competitiveness is illustrated by a dashed line through the data points in the
figures. Solid blue lines in the same figures represent the sorption calculations using the 2SPNE
SC/CE model with the parameters given in Tabs. 4.1 and 4.2 under the assumption that both
elements are mutually competitive.

6.1

Non-competitive adsorption involving ThIV, NpV, NiII, ZnII and EuIII

6.1.1

Influence of EuIII and NiII on the sorption of trace ThIV on illite

The competitive adsorption of trace ThIV on Na-IdP was investigated as a function of increasing
NiII and EuIII concentrations and the results are shown in Figs. 6.1a and b, respectively. In both
cases, the adsorption of ThIV remains constant over the entire blocking metal concentration range,
which clearly indicates that tetravalent ThIV neither competes with NiII nor with EuIII. It should be
noted that the adsorption of ThIV in the presence of NiII is ~ 0.8 log units lower than expected,
whereas the ThIV data in the presence of EuIII are in good agreement with the data published by
Bradbury & Baeyens (2009b). The reason for the lower ThIV values is not understood at this point.

Fig. 6.1:

Adsorption behaviour of trace ThIV on Na-IdP as a function of (a) NiII and (b) EuIII
concentrations.
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6.1.2
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Influence of EuIII, ZnII and NiII on the sorption of trace ThIV on
montmorillonite

The adsorption of trace ThIV on Na-SWy was investigated as a function of increasing concentrations of NiII, ZnII and EuIII and the results are shown in Figs. 6.2a, b and c, respectively. As
observed for illite, the adsorption of ThIV remains constant over the entire blocking metal concentration range independent of the nature of the blocking element, which clearly indicates that
trace tetravalent Th neither competes with NiII, ZnII nor EuIII.

Fig. 6.2:

Adsorption behaviour of trace ThIV on Na-SWy in 0.1 M NaClO4 at pH ~ 7 in the
presence of increasing (a) NiII, (b) ZnII and (c) EuIII concentrations.
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Influence of EuIII on the sorption of trace NpV on montmorillonite

The adsorption of trace NpV as a function of increasing concentrations of the trivalent Eu was
measured in 0.1 M Na-SWy at neutral pH as shown in Fig. 6.3. The adsorption of trace NpV is
not affected by the presence of EuIII.

Fig. 6.3:

Adsorption behaviour of trace NpV on Na-SWy in 0.1 M NaClO4 at pH ~ 7 in the
presence of increasing EuIII concentrations.

6.3

Non-competitive adsorption involving UVI with NiII and EuIII on illite
and montmorillonite

6.3.1

Influence of EuIII and NiII on the sorption of trace UVI illite

The competitive adsorption behaviour of trace UVI in the presence of a divalent transition metal
(Ni) and a trivalent lanthanide (Eu) on Na-IdP is shown in Figs. 6.4a and b, respectively. Similar
to ThIV and NpV the adsorption of UVI remains constant over the entire blocking metal concentration range, clearly indicating that hexavalent U competes neither with NiII nor with EuIII on
Na-IdP. The anomalous behaviour of trace UVI at [Ni]eql > 5 × 10-5 M (Fig. 6.4a) is not yet understood.
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Fig. 6.4:

Adsorption of trace UVI on Na-IdP in the presence of increasing (a) NiII and (b) EuIII
concentrations.

6.3.2

Influence of EuIII and NiII on the sorption of trace UVI on
montmorillonite

The competitive adsorption behaviour of trace UVI at increasing concentrations of NiII and EuIII
on Na-SWy is shown in Figs. 6.5a and b, respectively. Similar to Na-IdP, the adsorption of UVI
remains constant over the entire blocking metal concentration range, indicating that these pairs of
metals are non-competitive on the strong sites of montmorillonite.

Fig. 6.5:

Adsorption of trace UVI on Na-SWy in the presence of (a) NiII and (b) EuIII concentrations.

25

7

NAGRA NTB 19-05

Partial-competitive adsorption on illite and montmorillonite:
Experimental results and modelling

In the systems involving binary combinations of PbII, CoII, NiII or EuIII, partial- or non-competitive
adsorption is observed for the same binary system depending on the nature of the trace or blocking
element. Previous chapters were exclusively dedicated either to full competitive or to noncompetitive binary systems (except for FeII/ZnII on Na-IFM, where the reverse system involved
an oxidation reaction). When binary systems behave as partial-competitive with element A as
trace and element B as blocking and in the reciprocal experiment as non-competitive with element
B as trace and element A as blocking, both data sets are presented in this chapter for reasons of
clarity and overview.

7.1

Partial- and non-competitive adsorption involving PbII, CoII, NiII and
EuIII on illite

In a first set of experiments, the adsorption of trace NiII, CoII and EuIII was quantified as a function
of increasing PbII concentrations on Na-IdP. In the reciprocal set of experiments, the influence of
increasing NiII and EuIII concentrations on the adsorption of trace PbII was quantified. The
experimental data in this sub-section are taken from Marques Fernandes & Baeyens (2019). The
experimental conditions for these experiments are summarised in Tab. 3.1.

7.1.1

Influence of PbII on the sorption of trace CoII, NiII and EuIII

The adsorption of trace CoII, NiII and EuIII on Na-IdP as a function of increasing PbII concentrations
are illustrated by the black symbols in Figs. 7.1a, b and c, respectively. Calculations with the
2SPNE SC/CE model using the parameters given in Tab. 4.1 under the assumption that the
respective target elements and PbII are mutually competitive are illustrated by the solid blue
curves. The contribution of the strong sites (dotted blue lines), weak sites (green lines) and planar
sites (gray lines) are included for completeness. In the three cases the model underpredicts the
experimental data points. The log Rd values for CoII as a function of increasing PbII concentrations
decrease from 4.7 L kg-1 to 3.2 L kg-1 instead of decreasing to ~ 2 L kg-1 as expected in case of
full competitiveness. The log Rd values of NiII decrease from 4.2 L kg-1 to ~ 3 kg-1 instead of
~ 1.8 L kg-1, and the log Rd values of EuIII decrease from 5.3 L kg-1 to ~ 4 L kg-1 instead of
~ 3.0 L kg-1. Clearly, none of the data sets follow the competitive model curves, but also none of
them are constant over the entire PbII concentration range (non-competitive). Instead, the target
(trace) metals CoII, NiII and EuIII seem to partially compete with PbII.
A possible explanation for this type of adsorption behaviour could be that the target and blocking
element partially share the same strong sites. This would imply that the 2 mmol kg-1 strong sites
defined in the 2SPNE SC/CE model and observed experimentally in adsorption isotherms of
single element systems hide additional sites with a lower capacity. In single element adsorption
isotherm experiments such a behaviour cannot be evidenced in the trace concentration range.
Metal specific site adsorption behaviour could possibly be described by more sophisticated
mechanistic adsorption models supported by e.g. ab initio molecular dynamics simulations which
consider morphological and structural information (e.g. Bourg et al. 2007, Tournassat et al. 2016,
Tournassat et al. 2004). Further, the divalent Co, Ni and Pb have the same charge, but these elements exhibit clearly different ionic radii with 119 pm (PbII) versus 74 pm (CoII) or 69 pm (NiII)
(Shannon 1976), which could mean that there may be a fraction of sterically challenging binding
sites that are better accessible for CoII/NiII than for PbII.
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Fig. 7.1:
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Partial competitive adsorption of trace (a) CoII, (b) NiII and (c) EuIII in the presence
of increasing concentrations of PbII on Na-IdP at pH 7.0 and modelling results (see
text for details).
Experimental data are taken from Marques Fernandes & Baeyens (2019).

A similar modelling approach as for CoII is applied to the NiII and EuIII sorption data (Fig. 7.1b
and c). The model parameters for CoII, NiII, EuIII and PbII on these sub-sets of strong sites are also
summarised in Tab. 7.1.
It should be emphasised that the modelling approach given above is merely an arbitrary fitting
exercise of SC constants and capacities, without real structural evidence. However, considering
multiple sites certainly allows to describe the experimental data, and is in good agreement with
the most recent and advanced SC model for montmorillonite proposed by Tournassat et al. (2016).
Tournassat et al. (2004) considered the existence of a wide range of functional groups on the clay
(montmorillonite) edge surfaces associated with tetrahedral Si and octahedral Al atoms (> SiOH,
> AlOH, > Al2OH, > AlSiOH) as well as additional groups that arise from isomorphic substitutions.
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Influence of NiII and EuIII on the sorption of trace PbII

The reciprocal system i.e., trace PbII as a function of increasing NiII and EuII concentrations, on
Na-IdP is illustrated in Figs. 7.2a and b, respectively. In contrary to the previous systems where
PbII was the blocking element, the adsorption of trace PbII is not obviously affected by increasing
NiII or EuIII concentrations, suggesting a non-competitive behaviour.
This conclusion is not in contradiction with the observations with the reciprocal experiments
presented in Section 7.1.1. The PbII loadings on Na-IdP in these experiments of
~ 4.5 × 10-4 mmol kg-1 (Fig. 7.2a) and ~ 4.4 × 10-3 mmol kg-1 (Fig. 7.2b) are far below the strong
site capacity of 2 mmol kg-1, and the same arguments can be applied as discussed in Section 7.1.1.
The existence of preferential sites for PbII (coordination environment) does not allow high concentrations of NiII or EuIII to desorb PbII from these sites.

Fig. 7.2:

Competitive adsorption of trace PbII in the presence of increasing (a) NiII and (b) EuIII
concentrations on Na-IdP.
Experimental data are taken from Marques Fernandes & Baeyens (2019).

7.2

Partial- and non-competitive adsorption involving CoII, NiII and EuIII
on illite and montmorillonite

In a first set of experiments, the adsorption of trace NiII and CoII was measured as a function of
increasing EuIII concentrations on Na-IdP and Na-SWy. In the reciprocal set of experiments, the
influence of increasing NiII concentrations on the adsorption of trace EuIII was quantified.

7.2.1

Influence of EuIII on the sorption of trace CoII and NiII on illite and
montmorillonite

The adsorption of trace concentrations of CoII and NiII was investigated in the presence of
increasing EuIII concentrations in 0.1 M NaClO4 at pH ~ 7 on illite and montmorillonite. The
experimental conditions for these experiments are summarised in Tabs. 3.1 and 3.2 and the experimental results are shown in Figs. 7.3 and 7.4. In the case of NiII the experimental data on illite are
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quite scattered and no conclusive statement can be made about its competitive behaviour. However, for NiII on Na-SWy and CoII on both clay minerals there is a clear decrease in adsorption at
increasing [EuIII]eql concentrations. The decrease is, however, less pronounced than predicted by
modelling when full competition is assumed. Similar as described in Section 7.1.1 there is partial
competition between trace NiII and CoII in the presence of blocking EuIII.
A similar modelling approach is considered as in Section 7.1.1 to reproduce the partial-competitive behaviour of trace NiII/CoII on illite (Figs. 7.3a and 7.4a) and trace CoII on montmorillonite
(Fig. 7.4b). In these three cases the target metal loadings on the clay minerals are low, i.e.
8 × 10-2 mmol kg-1 for NiII on Na-IdP (Fig. 7.3a), 2.1 × 10-1 mmol kg-1 for CoII on Na-IdP
(Fig. 7.4a) and 2.1 × 10-1 mmol kg-1 for CoII on Na-IdP (Fig. 7.4b). In the case of NiII on Na-SWy
(Fig. 7.3b) the NiII loading is 1.1 mmol kg-1, i.e. ~ 50 % of the strong site capacity. For the latter
case, the approach of sub-sets of strong sites cannot be applied.
For the modelling of the NiII data on Na-IdP only ≡SS2OH was necessary to reproduce the data
and EuIII competition was not required. However, since the data are rather scattered the modelling
results have to be taken with some caution.
In the case of CoII on Na-SWy the decrease is much more pronounced and ≡SS2OH and ≡SS3OH
sites had to be considered to model the data over the full EuIII concentration range of 10-7 to
10-3 M. The model parameters are summarised in Tab. 7.1. Note that the dominant surface species
for EuIII at pH 7 was selected for the competing reaction, which is ≡SOEuOH+ for illite (Bradbury
& Baeyens 2017) and ≡SOEu2+ for montmorillonite (Baeyens & Bradbury 2017).
For the modelling of NiII on Na-SWy (Fig. 7.3b) it was assumed that 30 % of the strong sites (i.e.,
0.6 mmol kg-1) are adsorbed on more favourable sites where EuIII is non-competitive. The
remaining 70 % of the strong sites are considered to behave normal regarding its competitive
behaviour regarding EuIII. The blue curve in Fig. 7.3b represents the modelling results, assuming
full competitive behaviour. The red curve in this figure is the calculated NiII adsorption with the
above site distribution (30 % non-competitive) and a SC constant of log SCK = -0.8 on these noncompetitive sites. It should be mentioned that this approach is rather empirical and a better
foundation can only be obtained if more experimental data are available.

Fig. 7.3:

Competitive adsorption of trace NiII in the presence of increasing EuIII concentrations
on (a) Na-IdP and (b) Na-SWy.
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Fig. 7.4:

Competitive adsorption of trace CoII in the presence of increasing EuIII concentrations on (a) Na-IdP and (b) Na-SWy.

7.2.2

Influence of NiII on the sorption of trace EuIII on illite and
montmorillonite

Fig. 7.5 shows the results of the reciprocal experiments involving trace EuIII as a function of
increasing NiII concentrations on Na-IdP and on Na-SWy. In both cases the adsorption of trace
EuIII on the strong sites is not impeded despite the high concentrations of NiII. The presence of
NiII causes almost no decrease in the EuIII adsorption. The competitive adsorption modelling
predicts that at [NiII]eql ~ 6.3 × 10-4 M, the log Rd value for EuIII should decrease to ~ 4.0 L kg-1,
which is clearly not the case, indicating that EuIII and NiII are not competitive when NiII is the
blocking element.

Fig. 7.5:

Trace EuIII adsorption as a function of NiII concentrations at pH ~ 7 in 0.1 M NaClO4
on (a) Na-IdP and (b) Na-SWy.
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Tab. 7.1:
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Site types, site capacities, SC reactions and SC constants for the modelling the
adsorption of CoII, NiII, EuIII and PbII on sub-sets of strong sites on illite and montmorillonite.

Amphotheric edge sites

Illite

Montmorillonite
Site capacity

≡SS2OH

1.0 × 10-4 mol/kg

≡SS3OH

1.0 × 10-4 mol/kg

Protolysis reactions

log S2K

log S3K

log S2K

log S3K

≡SOH + H+  ≡SOH2+

4.0

4.0

4.5

4.5

≡SOH  ≡SO + H+

-6.2

-6.2

-7.9

-7.9

≡SSOH + Co2+  ≡SOCo+ + H+

2.6

1.4

≡SOH + Pb2+  ≡SOPb+ + H+

0.0

-

≡SSOH + Ni2+  ≡SONi+ + H+

2.0

1.4

≡SOH + Pb2+  ≡SOPb+ + H+

0.0

-

≡SOH + Eu3+

2.4

2.4

≡SOH + Eu3+ + H2O  ≡SOEuOH+ + 2H+

-4.6

-4.6

≡SOH + Eu3+ + 2H2O  ≡SOEu(OH)20 + 3H+

-12.7

-12.7

≡SOH + Pb2+  ≡SOPb+ + H+

0.0

-

≡SOH + Ni2+  ≡SONi+ + H+

1.7

-

-

-

≡SOH + Co2+  ≡SOCo+ + H+

1.8

1.4

1.0

-0.7

≡SOH + Eu3+

-

-

0.0

-

-7.5

-

-

-

Surface complexation reactions
Trace Co/Ni/Eu and blocking Pb

 ≡SOEu2+ + H+

Trace Ni, Co and blocking Eu

 ≡SOEu2+ + H+

≡SOH + Eu3+ + H2O  ≡SOEuOH+ + 2H+v
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Competitive adsorption in multi-cation matrixes as function of
time on montmorillonite

Competitive adsorption experiments of trace NiII, EuIII or UVI on Na-SWy at pH ~ 7 in 0.1 M
NaCl and with a S:L ratio of 2.4 g L-1 in the absence (reference) and presence of competing
elements were carried out as a function of time in an inert atmosphere. The competing element
matrix contained divalent (5 × 10-4 M NiII, 5·10-4 M CoII and 5·10-4 M MnII), trivalent (5 × 10-4 M
EuIII) and hexavalent (5 × 10-6 M UVI) metals. The concentration of the assayed trace elements
(NiII, EuIII or UVI) was < 10-8 M in each experimental setup. A summary of the experimental
conditions is given in Tab. 3.2. It should be noted that the total blocking metal concentration is
higher than in the binary systems presented in the previous chapters and the influence of UVI as
blocking element was not investigated.
The adsorption measurements expressed as log Rd as a function of reaction time (sqrt days) are
shown (as symbols) in Figs. 8.1a, b and c for the target metals NiII, EuIII and UVI, respectively.
The results show no major kinetic effects for NiII and UVI over the investigated time scales (from
3 days up to 945 days), but a trend is observed for EuIII (Fig. 8b).
In the case of NiII, the adsorption at trace concentration (black symbols in the absence of
competing elements) decreases if competing metals are present (blue symbols), whereas this is
not the case for UVI. These results support that the divalent Ni competing with di- and trivalent
metals for sorption sites whereas UVI is not competitive with di- and trivalent metals.
At short equilibration times, the adsorption of EuIII is affected by the presence of competing
elements. This is in contradiction with the results obtained for trace EuIII in Chapter 6, however,
the blocking metal concentration in the binary systems was lower than in the present case. With
increasing equilibration times, the Rd values of EuIII increase steadily and after 945 days the
difference between the reference Rd values and the Rd values in the presence of competing metals
is approximately 0.6 log units. The experiment needs to be extended by ~ 1 year (�time (d) = 38)
for a conclusive statement regarding the non-competitive behaviour of Eu and divalent metals.
By applying the 2SPNE SC/CE model and the associated parameters for montmorillonite
(Tab. 4.2), the data in Fig. 8.1 can be quantitatively predicted. The data in the absence of competing elements were modelled (black lines) and are in good agreement with the experimental
data. The modelling results under the assumption that all metals are mutually competitive are
presented in Fig. 8.1 as solid blue lines. From the results presented in Fig. 8.1a it can be concluded
that trace NiII is competitive with di- and trivalent elements. The same modelling approach was
applied to the trace EuIII adsorption experiment and is shown in Fig. 8.1b. Clearly, the measured
adsorption is higher as the predicted values at a log Rd value of 3.6 L/kg calculated under the
assumption that EuIII is competitive with the divalent transition metals and UVI. The kinetic
adsorption behaviour also indicates that after ~2.6 years reaction time the trace EuIII becomes noncompetitive for the employed metal cocktail. Finally, in the case of UVI there is no competitive
behaviour with the di- and trivalent elements. If competitive adsorption is present, the UVI
adsorption should decrease by 2.4 log units (blue line), which clearly is not the case as shown in
Fig. 8.1c.
With the exception of trace EuIII the results presented here fully agree with the experimental
findings in the binary systems.
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Fig. 8.1:
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Competitive adsorption behaviour of (a) NiII (b) EuIII and (c) UVI on Na-SWy at
pH 7 in 0.1 M NaCl in the absence and presence of di-, tri- and hexavalent metals.
Absence () and presence () of di-, tri- and hexavalent metals.
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Summary and Conclusions

In a deep geological repository for high-level waste, stable aqueous metal impurities are present
from many different sources, e.g. backfill materials, the rock matrix, the corrosion of the disposal
canisters or dissolution of the waste forms. These impurities, which are an integral part of a
realistic repository system, can potentially compete with the released radionuclides for the
available adsorption sites on the backfill materials and rock matrix, and thus reduce their uptake.
It is an important safety assessment issue to quantify this effect. In this study a large number of
binary metal systems as well as some multi-element systems have been investigated to study how
competitive adsorption can be treated in the safety assessment. A modelling study by Bradbury
et al. (2017) was based on a limited number of experimental data on montmorillonite, which
needed to be verified and extended for different metal/clay combinations. The measurements were
carried out on two types of 2:1 clay minerals, montmorillonite and illite, which are key clay
minerals for the near- and far-field of a high-level waste repository in Switzerland, respectively.
The experimental methodology followed was to measure an adsorption isotherm for a chosen
sorbate (blocking element) in the presence of another sorbate at trace concentration (trace
element). If the two cations are competitive, the uptake of the trace cation will decrease with
increasing blocking element concentration. If they are not competitive or partially competitive,
the adsorption of the trace cation will remain constant or decrease less than would be expected
for competitive adsorption.
The results from this experimental study on competitive adsorption of binary metal systems (one
trace metal in the presence of an increasing blocking metal) on the 2:1 clay minerals can be
summarised as follows in Tab. 9.1.
Tab. 9.1:

Summary of the competitive adsorption behaviour of various binary metal systems
on 2:1 clay minerals.
Trace element

Blocking element

Competitiveness

NiII

CoII

competitive

NiII or CoII

PbII

partially competitive

ZnII

FeII

competitive

NiII or CoII

EuIII

partially competitive

PbII

NiII or EuIII

non-competitive

Eu

competitive

EuIII

NiII or PbII

non-competitive

ThIV

NiII, ZnII or EuIII

non-competitive

NpV

EuIII

non-competitive

UVI

NiII or EuIII

non-competitive

Am

III

III
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The experimental observations on the competitive adsorption behaviour of the elements investigated in this study have been quantified using the 2SPNE SC/CE sorption model and three cases
can be distinguished:
•

In the case that adsorption is competitive, the sorption model can be applied without any
modification. The competitive elements are allowed to sorb on the same set of strong, weak
and planar sites and the resulting effect on their adsorption behaviour depends on the concentration and binding strengths of the elements under consideration. For the sorption databases
(SDB) for the safety assessment, the radionuclide/stable element inventories present in the
porewaters can be considered for the derivation of Kd values.

•

In the case that adsorption is non-competitive, the sorption model of the trace element can be
applied under the assumption that no other elements sorb on the same sets of sites. If multielement adsorption modelling is carried out an additional sub-set of strong sites needs to be
introduced, which is element specific. However, for the SDB for the safety assessment the Kd
values of the element can be derived by excluding competitive adsorption.

•

In the case that adsorption is partially competitive, the model needs to be modified with
additional strong sub-sites. The adsorption of the target element on these additional sites is
different from the strong sites defined in the 2SPNE SC/CE model. Also, the competitive
behaviour differs regarding the competing element. This modelling approach is only applicable for binary systems where experimental evidence is available and for which nuclide
specific parameters have been derived as shown in this report. For the cases where this information is not available the Kd values for the safety assessment can be conservatively calculated under the assumption that sorption is competitive.

In this report it is proposed that edge sites from clay minerals exhibit not only one type of strong
sites (as postulated in the 2SPNE SC/CE model) but merely a spectrum of sites and site capacities
with different binding energetics relative to various metal ions. This was necessary to quantify
the sorption data for the case that the partially competitive behaviour is observed. Atomistic
studies such as published by e.g. Tournassat et al. (2016) have demonstrated that indeed more
binding positions with different chemical coordination environments exist at the edges of clay
minerals. An important novelty that arises from this study is that in wet chemistry investigations
such sub-sets of strong sites can only be obtained by carrying out competitive adsorption experiments of the type presented in this report. Single element adsorption isotherms can never disentangle the existence of such strong sub-sites.
While the experimental data presented in this report are substantial, the investigations are far from
being complete (wet chemistry/spectroscopy). The metal loadings of the trace element in this
study were well below the strong site capacity of 2 mmol kg-1 (except in one case). Whether the
competitive adsorption behaviour of metals at higher loadings, e.g. at strong site saturation, or on
the weak sites is similar to the results presented in this report remains an open question. Whatever
sorption model is used to discriminate the different potential strong sub-sites, adsorption experiments at different trace (target) metal loadings are necessary.
From Nagra’s perspective, the three cases described above will be applied when generating the
SDB for the safety analysis supporting the general licence application. While some open scientific
questions remain regarding sorption competition in clay-rich rocks, due to the Swiss multi-barrier
system comprising multiple engineered barriers and a thick natural barrier dominated by clay-rich
rocks, Nagra does not expect that sorption competition in the geosphere and bentonite buffer has
a major influence on the calculated dose rates for the Safety Case for the general licence
application.
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