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PREFACE
 
The Laboratory for Waste Management of the Nuclear Energy and Safety Research 

Department at the Paul Scherrer Institut is performing work to develop and test 

models as well as to acquire specific data relevant to performance assessments of 

planned Swiss nuclear waste repositories. These investigations are undertaken in 

close co-operation with, and with the financial support of, the National Cooperative for 

the Disposal of Radioactive Waste (Nagra). The present report is issued simulta-

neously as a PSI-Bericht and a Nagra Technical Report. 



Important note on the structure of this report for fast readers

The present report follows mainly three issues: (i) On the one hand, a generically valid screening
procedure for the assessment of the effect of concrete admixtures on the retention behaviour of cement for
radionuclides is proposed and, (ii) on the other hand, experiments required for this assessment are
developed and tested. Finally (iii) some preliminary conclusions on the suitability of the concrete
admixtures tested in the frame of this work are drawn. This results in a fairly complicated and
heterogeneous structure of the report. In order to keep a maximum of clarity, the discussion of these
issues is separated wherever possible. For fast readers, less interested in experimental details, the
following reading is recommended:

• Chapter 1 is an introduction into the problem and reveals the considerations leading to the screening
procedure proposed. The chapter provides the reasoning behind the decisions and experiments
involved in the screening procedure.

• Chapter 7 discusses the findings of the experiments carried out in the frame of this work in view of their
suitability for the screening procedure. Preliminary conclusions on the suitability of the concrete
admixtures tested can be found here.

Chapters 4 to 6 are concerned with abundant information on experimental tools used in the screening
procedure, their development and the results obtained in these experiments. The experimental procedures
are described in detail including a traceable way to estimate the experimental uncertainties. Only those
procedures that are valid throughout this work are summarised in a separate chapter (chapter 2). Finally,
chapter 3 is a summary of the development and testing of the analytical procedures applied to measure
the concentrations of the concrete admixtures. In addition to the comprehensive abstract at the beginning
of this report, each chapter is preceded by a very short overview of its context and an additional
introduction.

There is probably no way of right or wrong specification of experimental uncertainties. The only
requirement that can be reasonably made is that experimental uncertainties have to be given in a
traceable way. Experimental uncertainties are expressed in this report as combined standard uncertainties
according to the recommendations given by the EURACHEM Working Group on Uncertainty in Analytical
Measurements (WILLIAMS et al., 1995). They are calculated based on the scatter of the replicate
measurements and on estimates for error propagation of the individual statistical and non-statistical
uncertainty sources involved in experimental handling and analytical procedures. It cannot be avoided that
a traceable representation of these procedures uses much space and may disturb in some instances the
thread of the discussion. Wherever possible, the discussion of experimental uncertainties is treated in
separate subsections belonging to the experimental parts of the individual chapters.
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UV-VIS Absorption spectroscopy in the ultraviolet-visible wavelengths range

cpm Counts per minute
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ABSTRACT

Concrete admixtures are unavoidable components of cements used for the

conditioning of radioactive waste and of concretes used in the construction of a

cementitious underground repository for the geological disposal of radioactive waste.

Almost nothing is known about the influence of concrete admixtures on the sorption of

radionuclides on cement, which is one of the main retardation mechanisms responsible

for the isolation of radionuclides from the environment. In this work a screening

procedure is proposed in the form of a checklist, through which it can be decided

whether or not a specific concrete admixture may have adverse effects on the sorption

of radionuclides by cement. The screening procedure is intended to be generic and

applicable to any concrete admixture that may be used in the future. It focuses on the

following potential main effects of concrete admixtures or their transformation products

possibly formed under highly alkaline conditions: (i) interaction between radionuclides

and concrete admixture in solution (complexation) and (ii) competition for surface sites

between concrete admixtures and radionuclides or other strong complexants sorbing

on cement. The screening procedure is set up in a hierarchical manner. The degree of

complexity of the procedure increases with increasing depth of the investigations. The

effort for the assessment of a specific concrete admixture under investigation can be

kept thereby to a reasonable minimum.

In parallel to the development of a suitable experimental protocol, a few selected

concrete admixtures, i.e. sulfonated naphthalene-formaldehyde condensates,

lignosulfonates and a plasticiser used at the Paul Scherrer Institut for waste

conditioning, were subjected to this screening procedure. The effect of these concrete

admixtures on the sorption properties of Ni(II), Eu(III) and Th(IV) on cement was

investigated using crushed hardened cement paste (HCP) and cement pastes

prepared in the presence of these concrete admixtures. Although some of the concrete

admixtures investigated were shown to be strong complexants, no adverse effect on

the sorption of the radionuclides tested could be observed under realistic conditions,

i.e. at representative HCP to pore water ratios and representative concrete admixture

to cement ratios. With the exception of lignosulfonate, this finding could be explained

by the sorption of the concrete admixtures onto the HCP, which could be modelled

within an order of magnitude using a Langmuir isotherm. The pore water

concentrations of the concrete admixtures tested were thereby reduced to levels at
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which the formation of radionuclide complexes was no longer of importance. Further,

the sorption model suggests that the HCP surface does not become saturated with the

concrete admixtures tested. The sorption on HCP of the radionuclides tested and

isosaccharinic acid, a strong complexant produced in cement conditioned wastes

containing cellulose, was found to be unaffected by the amount of concrete admixtures

sorbed on the HCP under the experimental conditions investigated. Chemical

transformation of the concrete admixtures studied was not investigated in detail. An

indication for a chemical transformation with a possible impact on radionuclides

sorption was only found in the case of lignosulfonates using the methods applied in this

study.

As a result of the experiments carried out within the framework of this study, it can be

concluded that the proposed screening procedure is well suited for a broad

assessment of the effect of concrete admixtures on the retention behaviour of HCP for

radionuclides. However, more substance specific knowledge may be needed for a

comprehensive assessment, if, in a specific case, it is not possible to break down the

complexity of the system, cement – concrete admixture – radionuclide retention, in the

manner proposed in this work.
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ZUSAMMENFASSUNG

Betonzusatzmittel sind unvermeidbare Bestandteile der Zemente, welche für die

Abfallkonditionierung eingesetzt werden. Ebensowenig kann auf den Einsatz von

Betonzusatzmitteln beim Bau von Untergrundkavernen für die geologische

Tiefenlagerung radioaktiver Abfälle verzichtet werden.

Der Einfluss von Betonzusatzmitteln auf die Sorption von Radionukliden an Zement —

einer der zentralen Rückhaltemechanismen, welche die Isolation der Nuklide von der

Biosphäre bewirken — ist noch weitgehend unerforscht. In der vorliegenden Arbeit wird

ein Prüfverfahren in Form einer Checkliste vorgeschlagen, welches der Erkennung

allfälliger negativer Einflüsse eines in Betracht zu ziehenden Betonzusatzmittels auf die

Radionuklidsorption an Zement dienen soll. Das Prüfverfahren hat generischen

Charakter und soll auf beliebige Betonzusatzmittel, welche in der Zukunft zum Einsatz

kommen werden, anwendbar sein. Es fokussiert auf die folgenden hauptsächlichen

Einflüsse der Betonzusatzmittel oder deren mögliche Transformationsprodukte: (i)

Wechselwirkung zwischen Radionukliden und Betonzusatzmitteln in Lösung

(Komplexierung) und (ii) Kompetition für Oberflächenbindungsstellen zwischen

Betonzusatzmitteln und Radionukliden oder starker Liganden, welche auf der

Zementoberfläche sorbieren. Das Prüfverfahren ist hierarchisch aufgebaut. Der Grad

an Komplexität steigt mit zunehmender Tiefe der Abklärungen. Der Aufwand für die

Beurteilung eines in Betracht zu ziehenden Betonzusatzmittels kann dadurch auf ein

vernünftiges Minimum gebracht werden.

Parallel zur Entwicklung brauchbarer experimenteller Vorgehensweisen wurden in

dieser Arbeit wenige ausgewählte Betonzusatzmittel, d.h. sulfonierte Naphthalin-

Formaldehyd-Kondensate, Ligninsulfonate und ein Verflüssiger, welcher am PSI bei

der Abfallkonditionierung zum Einsatz kommt, dem vorgeschlagenen Prüfverfahren

unterzogen. Der Einfluss dieser Betonzusatzmittel auf die Sorptionseigenschaften von

Ni(II), Eu(III) und Th(IV) wurde durch Messungen an gehärteter Zementpaste (HCP)

untersucht. Obwohl gezeigt werden konnte, dass diese Betonzusatzmittel mehrheitlich

starke Assoziationseigenschaften zu Radionukliden haben, konnte kein negativer

Einfluss auf die Radionuklidsorption unter realistischen Bedingungen, d.h. bei

typischen Verhältnissen von HCP zu Porenwasser und typischen Verhältnissen von

Betonzusatzmittel zu HCP, festgestellt werden. Ausser bei den Ligninsulfonaten konnte

dieser Befund mit der starken Sorption der Betonzusatzmittel selbst an HCP, welche
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der Grössenordnung nach mit Hilfe eines Langmuir Sorptionsmodelles wiedergegeben

werden konnte, erklärt werden. Infolge der Sorption der Betonzusatzmittel an HCP wird

ihre Konzentration im Zementporenwasser derart stark abgesenkt, dass der Einfluss

auf die Radionuklidsorption unbedeutend wird. Unter diesen Bedingungen sagt das

Sorptionsmodell voraus, dass die Oberfläche von HCP nicht vollständig mit

Betonzusatzmitteln gesättigt ist. Auf diese Weise lässt es sich verstehen, dass die

Radionuklidsorption und die Sorption von -Isosaccharinsäure an HCP nicht durch die

Anwesenheit von Betonzusatzmitteln beeinflusst werden konnte. -Isosaccharinsäure

ist ein starker Ligand, welcher in cellulosehaltigen Abfällen unter alkalischen

Bedingungen gebildet wird. Chemische Transformationsreaktionen der

Betonzusatzmittel wurden in dieser Arbeit nur am Rande untersucht. Nur im Fall von

Ligninsulfonat wurde ein direkter Hinweis auf eine chemische Umwandlung der

untersuchten Betonzusatzmittel gefunden. Die Auswirkungen dieser Reaktion auf die

Radionuklidsorption bleiben aber unklar.

Zusammenfassend lässt sich feststellen, dass das vorgeschlagene Prüfverfahren

geeignet ist, mögliche Auswirkungen von Betonzusatzmitteln auf das

Rückhaltevermögen von Zement für Radionuklide in einem ersten Ansatz umfassend

zu beurteilen. Unter Umständen wird aber mehr substanzspezifische Information

gefragt sein; insbesondere in Fällen, in denen sich die Komplexität des Systems HCP

— Betonzusatzmittel — Radionuklidsorption nicht in der hier vorgeschlagenen

Vereinfachung darstellen lässt.
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RESUME

Les adjuvants pour béton sont des composants indispensables des ciments utilisés

pour le conditionnement des déchets radioactifs et des bétons utilisés dans la

construction de la cavité cimenteuse d’un dépôt souterrain pour le stockage géologique

de déchets radioactifs.

On ne connaît presque rien de l'influence des adjuvants pour béton sur la sorption des

radionuclides dans les ciments, qui est un des mécanismes principaux de retardement

responsable de l'isolement des radionuclides de l'environnement. Dans ce travail, une

procédure d’évaluation est proposée sous forme d'une liste de contrôle, qui permet de

déceler rapidement un effet adverse possible d’un adjuvant pour béton spécifique sur

la sorption des radionuclides. La procédure d’évaluation est générique et applicable à

n’importe quels adjuvants pour béton qui peut être envisagé dans l'avenir. Elle se

concentre sur les effets potentiels principaux des adjuvants pour béton ou leurs

produits de transformation, qui peuvent être formés dans des conditions fortement

alcalines : (i) Interaction entre radionuclides et les adjuvants pour béton en solution

(complexation) et (ii) compétition pour les sites superficiels entre les adjuvants et les

radionuclides ou d'autres complexants qui sorbent au ciment. La procédure

d’évaluation est organisée de manière hiérarchique, ainsi le degré de complexité de la

procédure augmente avec la complexité de l’étude. L'effort pour l'évaluation d’un

adjuvant pour béton spécifique peut être ainsi maintenu à un minimum raisonnable.

En parallèle au développement d'un protocole expérimental approprié, quelques

adjuvants pour béton bien choisis, c'est-à-dire des condensés de Naphtalène sulfonate

formaldéhyde, des lignosulfonates et un fluidifiant utilisé au PSI pour le

conditionnement des déchets radioactifs ont été soumis à cette procédure d’évaluation.

L'effet de ces adjuvants pour béton sur les propriétés de sorption du Ni (II), de l'Eu (III)

et du Th (IV) sur des ciments a été évalué en utilisant la pâte de ciments hydratée

(HCP) et des pâtes de ciment préparées avec les adjuvants pour béton. Bien que

certains des adjuvants pour béton examinés soient connus pour être de fort

complexant, aucun effet défavorable sur la sorption des radionuclides n’a pu être mis

en évidence dans des conditions réalistes d’essais, c'est-à-dire avec un rapport

HCP / solution à l’intérieur des pores ainsi qu’un rapport adjuvants pour béton / ciment

représentatifs. A l'exception des lignosulfonates, cette observation peut être expliquée
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par la sorption des adjuvants pour béton dans les HCP, qui peut être modélisé à un

ordre de grandeur près en utilisant une isotherme de Langmuir.

Les concentrations dans les solutions à l’intérieur des pores des adjuvants pour béton

testés ont été alors réduites aux niveaux auxquels la formation de complexes de

radionuclide n'a plus d'importance. De plus, le modèle de sorption suggère que la

surface de l’HCP ne se sature pas avec les mélanges adjuvants pour béton évalués.

La sorption sur HCP des radionuclides testés et de l'acide isosaccharinique, un

complexant fort produit dans les déchets conditionnés dans du ciment contenant de la

cellulose, a été trouvée inchangée par la quantité d’adjuvants sorbé sur le HCP dans

les conditions expérimentales examinées. La transformation chimique des adjuvants

pour béton étudiés n'a pas été examinée en détail. Une indication pour une

transformation chimique avec un impact possible sur la sorption des radionuclides a

été seulement trouvée dans le cas de lignosulfonates en utilisant les méthodes

appliquées dans cette étude.

A partir des expériences effectuées dans le cadre de cette étude, nous pouvons

conclure que le procédé d’évaluation proposé est approprié pour une estimation de

l'effet des adjuvants pour béton sur le comportement de rétention des HCP pour les

radio-isotopes. Cependant, une connaissance plus détaillée des substances peut être

nécessaire pour une évaluation complète, si, dans des cas particuliers, il n'est pas

possible de décomposer le système, ciment - adjuvant - rétention des radio-isotopes

de la façon proposée dans ce travail.
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1 INTRODUCTION

Concrete admixtures (abbreviated as BZM1 in this report) are being used since

decades for improving the workability of cement, to influence its physical properties

such as compressive strength, durability or setting time, and to confer certain beneficial

effects to the material. As an example, it was already found in 1930 that sulfonated

condensates of formaldehyde with naphthalene had a water-reducing effect (DODSON,

19902). This property made possible the production of cements with higher

compressive strength or improved rheological properties, because the amount of water

added to the concrete batch could be reduced. Over the years an increasing demand

for new types of BZM triggered the development of a broad variety of formulations, and

this trend is still going on today (AÏTCIN, 1994).

In the context of the safety of repositories for low- and intermediate- or long-lived

intermediate-level radioactive waste planned in Switzerland, which will be mainly built

from cementitious materials, BZM are of concern like other organic materials, such as

cellulose or ion exchange resins. Sorption of radionuclides on the solid repository

matrix is a key factor governing the release of radionuclides from the repository

(HADERMANN, 1997). Organic substances contained in the repository may positively or

negatively influence this sorption. Therefore the role of organics needs to be addressed

quantitatively in the performance assessment for a radioactive waste repository.

The need for detailed investigations in BZM is based on the following reasoning:

• BZM are inherent components of concrete in the construction of a deep

underground repository for disposal of radioactive waste. Modern constructing

techniques, like the use of shotcrete, necessitate the use of BZM. Although they

                                                  

1 No commonly used abbreviation for concrete admixtures can be found in the literature. The

abbreviation used in this report is deviated from the German word ‘Betonzusatzmittel’.

2 As for many ground-breaking developments in technology, also the water reducing effect of

this compound was discovered by accident. The original idea behind the use of

naphthalenesulfonates was to use it as a dispersant for the production of a uniformly dark-

coloured cement, which could be used to optically distinguish different lanes on a freeway. The

effect of naphthalenesulfonates to significantly increase the compressive strength of the

concrete produced was thereby discovered as an unexpected side-effect (DODSON, 1990).
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are added to the concrete batch only at the order of 1-2 % (with respect to dry

weight of cement), their total mass in a repository will be far from being negligible.

A gross calculation for the cavern geometry and material inventories of a typical

repository shows that tons of concrete admixtures will be present in the concrete

used for a single cavern3. If this whole amount of BZM was chemically transformed

to typical organic chelators, these will be present at a stoichiometric excess of

~1'000'000:1 compared to the amount of Am-241 present in the waste4. This very

simplified consideration shows that BZM must not be neglected in safety analysis

simply based on the argument of the "small amounts" being used.

• BZM are currently used in the process of waste conditioning with the aim of

obtaining low porosity concretes. Concretes with less and smaller pores are more

resistant to chemical attack, they have low permeability and thus lead to lower

leaching rates of the radionuclides contained in the waste (ROY et al., 1979;

ONOFREI et al., 1992; XU & BEAUDOIN, 2000).

• BZM are added before or during the hydration of concrete. After hydration of the

concrete they can be, to some extent, dissolved in the pore water or be chemically

bound to the solid (SPANKA & THIELEN, 1995). With regard to their chemical

structures it can be expected that several types of BZM may form soluble

complexes with radionuclides under the alkaline conditions of cement pore water

(GREENFIELD et al., 1998). An example for such BZM are lignosulfonates, which are

chemically related to the structures of humic substances, or gluconate, both being

used as water reducers and/or retarders (RAMACHANDRAN, 1995a). In addition, the

sorption of BZM on the cement surface may possibly alter the sorption properties of

cement for radionuclides. From these reasons it is well possible that BZM may

have an adverse impact on the sorption or solubility of the radionuclides.

                                                  

3 The assumptions used for this calculations, taken from former plans for a repository for low

and intermediate-level waste, are: Cavern volume: ~60'000 m3, cement mass: 108 kg, BZM

mass: 106 kg.
4 Assuming a molecular mass of the model ligands of ~500 D.
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1.1 Overview of types of BZM

BZM may be divided into different categories according to the specific function they

perform (HERMANN, 1994a–d, 1995; RAMACHANDRAN, 1995a; SPIRATOS & JOLICOEUR,

2000). A selection of the most important types is listed in the following:

• Plasticisers (or water reducers) and superplasticisers are used to optimise water

content and workability of the concrete. Water content determines the porosity of

the concrete and thereby also influences the mobility of radionuclides in the pore

water (ROY et al., 1979). Lower water contents lead to lower porosities, but the

workability is also decreased. Through the action of superplasticisers, the

production of concretes with low porosity, but still exhibiting good workability has

become feasible.

• Set retarders and accelerators are used to retard or accelerate the hardening of

fresh concrete. For this reason they are also addressed to as set modifiers. In

some cases, retarders may also have water reducing properties like plasticisers.

• Air entraining agents are used to produce concretes with small and equally

distributed pores. The result is concrete with increased freeze-thaw resistance.

• Water repelling agents are used to produce concretes with hydrophobic pores,

reducing the leachability of the concrete. They are also addressed to as anti-

washout agents.

• Corrosion inhibitors are used to prevent the corrosion of concrete reinforcement.

• Alkali-aggregate expansion-reducing agents are used to inhibit the expansion of

concrete caused by the alkali-aggregate reaction.

In the context of conditioning of radioactive waste and the construction of an

underground repository for radioactive waste, superplasticisers and set modifiers are

the most important BZM used. The reason can be found in their indispensable

influence on the workability of the concrete and the low porosity of the resulting

concrete (UCHIKAWA, 1995), which is a prerequisite for a concrete resistant to chemical

attack and leaching (ONOFREI et al., 1992; XU & BEAUDOIN, 2000). The following

discussion will focus on these two classes only. Note that the discrimination between

water reducers and superplasticisers is primarily based on their effect on the working

properties of the resulting concrete. In terms of chemical structures and commercial
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products, this discrimination is less distinct. As an example lignosulfonates are

sometimes termed as water reducers, but also as superplasticisers in other places.

1.2 Superplasticisers and set retarders

Most superplasticisers are poorly defined mixtures of polymeric organic molecules. The

most important types of superplasticisers are sulfonated condensates of formaldehyde

with naphthalene (NS), sulfonated condensates of formaldehyde with melamine (MS),

lignosulfonates (LS) and polycarboxylic acid-based admixtures (PC) (UCHIKAWA, 1995).

Representative chemical structures of these admixtures are shown in Fig. 1.1. NS, MS

and LS have been used in the cement and concrete industry over many years; PC’s

are more recent developments. In contrast to many other superplasticisers PC’s are

the products of tailored chemical synthesis. Through variation of the molecular weight,

length of grafted side-chains and graft densities, a basic understanding between

structure and efficacy is aimed at (OHTA et al., 1997; FLATT et al., 1997). Note that

Fig. 1.1 does not give a comprehensive overview of the most important BZM. The idea

behind this figure is rather to give an impression of the large variability in chemical

structures, and thereby underlining the fact that it is not possible to choose a single
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Fig. 1.1
Structural formulae of selected superplasticisers. Note that the structure shown for
LS is a gross simplification. Actually, LS is composed of a variety of structurally
related monomers, irregularly aggregated to a macromolecule. The formula shown
for PC is an example for acrylic acid based PC’s.
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type of BZM as a typical representative for the whole rest.

Knowledge of the mode of action of superplasticisers is important in the development

of new agents, in the optimal use of these materials and for understanding the slight

nuances deciding between failure or efficacy of a given admixture (MALHOTRA, 1981;

AÏTCIN et al., 1994). Consequently, a great deal of information about the interaction

between BZM and cement is available in the literature. However, knowledge about

interactions between metal ions in solution and BZM is poor. The efficacy of

superplasticisers is brought about by different processes, such as (MOLLAH et al., 2000;

SPIRATOS & JOLICOEUR, 2000):

• dispersion of cement particles and changing the kinetics of hydration and the

morphology of hydration products.

• lowering the surface tension of water.

• inhibition of aggregation of cement particles through steric effects.

• inhibition of nucleation of cement hydration products through binding of Ca2+ by

BZM.

It is shown unequivocally in the literature that superplasticisers strongly sorb onto the

surface of cement particles (ERNSBERGER & FRANCE, 1945; BLANK et al., 1963;

ROSSINGTON & RUNK, 1968; DAIMON & ROY, 1978; POPESCU et al., 1991; SPANKA &

THIELEN, 1995) and single mineral phases of cement (BLANK et al., 1963; ROSSINGTON

& RUNK, 1968; RAMACHANDRAN, 1972; COSTA & MASSAZZA, 1984; FUKAYA & KATO,

1986; Y ILMAZ & GL A S S E R, 1991), noticeably the aluminate phases. Since

superplasticisers are negatively charged polymers, the sorption causes electrostatic

repulsion of the cement particles, which — especially in the case of Portland cement —

tend to flocculate when mixed with water (RIXOM & MAILVAGANAM, 1986). As a

consequence of this repulsion, the admixture-coated cement particles are

homogeneously distributed (dispersed) in the water phase (cf. Fig. 1.2). The amount of

water available for hydration of the cement particles is increased, because fewer

network voids may trap the water molecules. Similar effects are also observed in the

use of PC’s. However, in this case, steric hindrance is rather the reason for the

dispersion of microparticles than electrostatic repulsion (FLATT et al., 2000; OHTA et al.,

1997).
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1.3 Scope and aims of the present work

The assessment of BZM is complicated by a series of special circumstances. These

circumstances have a direct influence on the aims and strategy of this work:

• BZM comprise a large variety of completely different chemical structures ranging

from simple carbohydrates to complex mixtures of macromolecules. Consequently

it is not possible to use one selected BZM as a typical representative of the whole

entity of structures available. Investigations on specific types of BZM are only of

limited use in the present situation, because it is not known, which types of BZM

will be used in the construction of the repository for radioactive waste.

• A single type of BZM is in turn most often composed of a variety of different

molecules. This composition is in many cases ill-defined or kept under the pledge

of secrecy for proprietary reasons. Many BZM are industrial by-products, or they

are produced from such. This makes sense in terms of economy and raw materials

conservation. On the other hand, the result is a poor knowledge of the detailed

chemistry of such BZM.

• No comprehensive investigations on the effect of BZM on the speciation of metal

ions can be found in the literature. A great effort has been undertaken to elucidate

the mode of action of BZM, i.e. understand the complex phenomena, which occur

during cement hydration in the presence of BZM. This kind of work is a driving force

Fig. 1.2:
Schematic representation of
flocs of cement particles. The left
part shows a typical situation
observed in the absence of
BZM, the right part in the
presence of superplasticisers.
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in the development of improved types of BZM and has lead to a huge pile of

literature (e.g. MALHOTRA, 1994; 1997; 2000).

• It is not known, which BZM will be used in the construction of the repository for low-

and intermediate level waste in Switzerland. The only BZM that can be identified

already now, are those, which are used in the process of waste-conditioning.

Considering these circumstances, the aim of this work can just be negatively

formulated in a first run: It has to be realised that it is not possible to produce a general

and comprehensive assessment of BZM with respect to their influence on the barrier

performance of a repository for radioactive waste within a reasonable time. In view of

the large variety of chemical structures, it has to be expected that it is not possible to

treat BZM as a single chemical compound and that it is further not possible to obtain an

understanding at the molecular level of all chemical processes involved in the effect of

BZM on radionuclide sorption. The choice of a “worst case proxy” representing the

chemical behaviour of the whole entity of BZM will be a difficult, if not impossible task.

The limited resources available for this study are rather guided in the direction of

setting up a generic check-list (in the following referred to as screening procedure)

through which the role of a specific type of BZM in the safety of a radioactive waste

repository can be assessed. The development of an experimental protocol suitable to

give answers to the items of this screening procedure is the main goal of this study. As

a result, an impact on future choice of BZM may result – if there will be any choice. In

parallel to the development and testing of this experimental protocol, a few selected

BZM, which are important representatives or which are already used in the process of

waste conditioning are subjected to this screening procedure. Thus, this work has both

a generic focus and comprises substance-specific results as a few case studies.

The screening procedure involves not only the measurement of substance-specific

data; it further aims at a deeper understanding of the dominant processes leading to a

possible sorption reduction of radionuclides caused by BZM. In order to define the

scope of the screening procedure, the processes having an impact on the sorption and

solubility of the radionuclides of interest need to be identified. Of central importance are

the following processes:

• Interaction between radionuclides and BZM in solution (complexation). The

concomitant decrease in the concentration of the free radionuclide (aqua ion)

concentration leads to a decrease of the amount of sorbed radionuclides and/or an

increase of their solubilities.
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• Competition for surface sorption sites between BZM and radionuclides.

• Competition for surface sorption sites between BZM and -isosaccharinic acid ( -

ISA). The sorption of -ISA on cement is a crucial process in decreasing the

adverse effect of cellulose degradation products on radionuclide sorption (VAN

LOON & GLAUS, 1998). Therefore, it has to be investigated whether a BZM can

affect the sorption properties of -ISA.

• Chemical transformations of BZM (degradation, aging, etc.). Depending on the

chemical properties of the transformation products, such processes may have

positive or negative effects on the sorption and solubility of radionuclides.

The scope of the present work focuses thus rather on adverse effects of BZM, i.e.

those effects leading to an enhanced mobility of radionuclides in the far-field of the

repository. Effects of BZM which are favourable to the performance of concrete as a

safety barrier are not treated here.

1.4 Realisation of the screening procedure

The screening procedure, as it will be presented in section 1.4.3, is defined as a

sequence of experiments and/or decisions to be carried out. These experiments need

to be designed in such a way that the important parameters associated to the list of

processes presented in the previous section can be determined. For this reason, an

overview of these parameters and the experimental tools is given first.

1.4.1 Parameters of relevance

1. "Degree of radionuclide complexation" by BZM in the aqueous phase:

 In analogy to a very simple binding model for humic substances (HUMMEL et al.,

2000) a conditional binding coefficient (cK) can be defined according to

eqn. (1.1). The reference to humic substances is made here, because humic

substances is a collective term for a heterogeneous mixture of structurally

related organic macromolecules. The definition is to a large extent an

operational one. Eqn. (1.1) is not based on the laws of thermodynamics, but is

rather an expression describing an experimental system for a set of given

conditions. For these reasons cK is termed an equilibrium coefficient, instead of

equilibrium constant.
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cK =
[MBZM]
[M] [BZM]

(1.1)

 The "degree of complexation" as related to eqn. (1.1) can be formally

understood as the ratio of metal bound to BZM, [MBZM], over the free metal ion

concentration, [M]. According to eqn. (1.1), the "degree of complexation" equals

the product of cK·[BZM], where [BZM] is the concentration of BZM (g·dm-3).

2. Degree of saturation of radionuclide sorption sites by BZM under realistic

conditions (i.e. solid:liquid ratio, loading of cement with BZM).

3. Degree of saturation of -ISA sorption sites by BZM (i.e. solid:liquid ratio,

loading of cement with BZM).

4. Reaction rate constants for degradation/transformation reactions.

Note that all of these parameters cannot be directly measured with a reasonable effort.

However, experiments may be designed in such a way that sufficient indirect

information will be gained.

1.4.2 Experimental tools

In the following the experimental tools are presented as a rough overview from a

conceptual point of view. More detailed information will be found in the following

sections.

• Experiments with crushed cement paste prepared without admixtures:

– Crude test measurements of radionuclide sorption using ternary systems

consisting of hardened cement paste (HCP), radionuclide, and BZM to study

reduction of radionuclide sorption. These experiments can only be carried out at

low solid:liquid ratios5 of HCP to pore water and at BZM concentrations

equivalent to a situation, in which the total inventory of BZM would be present in

the pore water. These experiments represent the most extreme case and give

                                                  

5 At realistic solid:liquid ratios of HCP to pore water, sorption reduction would not be detectable;

such measurements would be outside of the "analytical window".
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an overall picture that cannot discriminate between the individual processes

responsible for sorption reduction: The HCP surface is highly saturated with

BZM and, additionally, the solution concentration of BZM is very large. The

purpose of these experiments is to make a first selection, based on whether an

effect on radionuclide sorption is detected or not. This type of experiment may

also be applied to detect ageing effects of BZM.

– Measuring sorption of the BZM on HCP, in order to develop a model describing

the relation between surface vs. solution concentration of BZM.

• Experiments with cement specimens prepared in the presence of BZM:

– Experiments with crushed material6: will be used to measure the sorption of

radionuclides and to measure the sorption of -ISA under (more) realistic

conditions than in the screening experiments.

– Experiments with pore water squeezed out of the specimens will be used to

measure the pore water concentration of BZM, pH, concentration of critical

metal ions (e.g. Na, K, Ca, Fe, Al, etc.). Increased solubilities for Fe or Al could

be an indication for the presence of complexing agents.

– This type of experimental system will also be used for long-term investigations,

i.e. for the detection of ageing effects.

• Radionuclide test sorption experiments (also addressed to as ‘ion exchange

experiments’) with pure solutions of BZM or pore water solutions squeezed from

the cement specimens:

These experiments address the "degree of complexation". The ion exchange

method (SCHUBERT, 1948) is often used to derive stability constants of metal ion

complexes with organic acids (SCHUBERT & LINDENBAUM, 1952; VAN LOON &

KOPAJTIC, 1991) or natural organic matter (MAES et al., 1988; 1991; LUSTER et al.,

1994). By comparing the sorption coefficient of a metal ion in the presence (Rd) and

                                                  

6 In the experiments carried out so far, almost no desorption of BZM has been detected from

this material within a few days. This has the advantage that the saturation of the cement surface

with BZM matches the one of a real cement, even if this material is suspended in pore water

solution at a lower solid:liquid ratio.
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the absence (Rd
0 ) of the ligand under investigation, one can draw conclusions on

the complexing strength of the ligand and on the stoichiometry of the complexation

reaction. As in the present case, the method can conversely be applied to assess

the presence of unknown ligands in a test solution. The degree of complexation is

related to the sorption reduction factor measured in the ion-exchange experiments

by the following equation (VAN LOON & GLAUS, 1998; cf. eqn. (1.1)):

[MBZM]
[M]

=
cK [BZM]=

Rd
0

Rd
1 (1.2)

where Rd
0/Rd – 1 is commonly addressed to as the sorption reduction factor. Important

prerequisites for the application of this technique are (i) the use of an inert solid phase

as the sorbent, i.e. the ligands under study may not sorb on the solid phase, and (ii)

that the experiments are carried out within a range of radionuclide concentration,

where the amount of radionuclide sorbed is linearly proportional to its concentration in

solution, which is usually the case at the trace amounts of radionuclides used.

The interrelation "processes – parameters – experiments" is represented in Fig. 1.3.

The purpose of this figure is to show, what kind of information can be deduced from

which type of experiment. Note that, within this scheme, the assessment of chemical

transformation processes is not included. In the present study, chemical

transformations will be addressed in two ways: (i) chemical knowledge (from literature)

and (ii) measuring certain effects with solutions of BZM aged in artificial cement pore

water. For example, if the sorption reduction factor for a given radionuclide increases

with increasing ageing time, this would mean that the BZM is transformed to products

which have even more adverse effects on radionuclide sorption than the parent

compound.

1.4.3 Proposal for a screening procedure

The aim in designing the screening procedure is to achieve a maximum of information

with a reasonable experimental effort. The degree of complexity of the procedure thus

increases with increasing depth of investigations. The chemical structures of many

components of BZM suggest that these BZM do not have a significant effect on

radionuclide sorption. Simple experiments are therefore proposed to demonstrate such

an issue under worst case conditions. If a BZM under consideration can be shown to

be innocuous under such extreme circumstances, it may not be necessary to run

11 NAGRA NTB 03-09
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Fig. 1.3
Schematic overview of the relationship between processes, parameters and
experimental tools relevant for the assessment of the effect of BZM on radionuclide
speciation. The dashed lines indicate that the information gained from the experiments
may be of limited use only, because the experiments have to be carried out at
conditions not being necessarily relevant for a real cement system. The figures given in
parentheses refer to the section numbers, where the results of the corresponding
experiments can be found. HCP is an abbreviation for hardened cement paste.
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through all the steps proposed. Costly experiments, such as squeezing-out of cement

pore water, can be avoided.

The screening procedure proposed comprises of the following steps (cf. Fig. 1.4):

1. If a given BZM decomposes rapidly, it may be regarded as non-problematic.

However, the degradation products and their effect on radionuclide sorption have to

be known or to be evaluated.

2. The sorption of  -ISA on hardened cement paste prepared in the presence of BZM

(abbreviated as BZM-HCP in the following) has to be evaluated. Independently of

the result of subsequent tests, a BZM is decided to be problematic, if it causes

significant desorption of -ISA from the cement paste.

3. ‘Test sorption experiments’ are carried out, in which the influence of solutions of

BZM on the sorption of selected radionuclides on hardened cement paste

(abbreviated as HCP in the following) is investigated under extreme conditions, i.e.

at very high solution and surface concentrations of the admixtures. The purpose of

these experiments is to make a first selection, based on whether an effect on

radionuclide sorption is detected or not. If the sorption of the radionuclides is

unchanged as compared to their sorption on cement measured in the absence of

any BZM (and if sorption of -ISA is not affected), the BZM tested may be regarded

as non-problematic. This type of experiment may also be applied to detect ageing

effects of BZM.

4. If the sorption of radionuclides is reduced in the test experiments as compared to

the sorption on HCP measured in the absence of any BZM, this does not

necessarily mean that this BZM cannot be used, since sorption reduction is

assessed under very conservative experimental conditions.

As a next step, it has to be decided whether the reduction of radionuclide sorption

is caused by a complete coating of the cement surface by BZM, which may not be

relevant for real conditions, or by radionuclide – BZM interaction in solution. As

outlined in Fig. 1.4, there may still be situations in which the BZM may be looked

upon as being innocuous.

In all these experiments the concentration of BZM in cement pore water plays a crucial

role. As the chemical state of BZM in pore water may differ in a situation where the

BZM is added to HCP, as compared to a situation, where the BZM is already present

during the hydration of the cement paste, both approaches have been chosen for the

experiments described in this report.
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Fig. 1.4:
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sign  denotes that both conditions must be fulfilled, in order that the BZM can be judged as
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1.4.4 Possible limitations

There are limitations, which may restrict the reliability of predictions based on the

screening procedure proposed in Fig. 1.4. The following list summarises limitations that

can be foreseen a priori. Other difficulties in the context of the experimental results will

be discussed in the subsequent chapters of this report and summarised in chapter 7.

1. An analytical tool for measuring the concentration of the BZM in evaluation must be

available.

2. Chemical transformations which lead to reaction products with more adverse

effects on radionuclide sorption than their parent compounds and which take much

more time than the "time window" available for the investigations, cannot be

detected. However, it has also to be mentioned, that certain BZM (e.g. NS) have

such a chemical structure that chemical transformations may almost certainly be

excluded.

3. Microbial transformations of BZM are not assessed within the scope of this report.
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2 MATERIALS AND GENERAL EXPERIMENTAL PROCEDURES

2.1 Reagents

Reagents of highest purity were obtained from Fluka (Buchs, Switzerland) or Merck

(Dietikon, Switzerland). Milli-Q® water was used throughout the preparation of solutions

and dilution of samples.

Ordinary Portland cement (CPA 55 HTS, Lafarge, France) was used for preparing

cement pastes. These were hydrated for various times and, if needed, crushed and

sieved to sizes between 0 and 70 µm.

The cation exchange resin (DOWEX 50 W X-4 from Fluka, H+ Form) was converted to

the Na+ form with NaOH 0.5 M; ~10 g resin was conditioned with 100 ml NaOH 0.5 M

in a 250 ml polyethylene flask for 1 hour on an end-over-end shaker. The suspension

was decanted and the supernatant discarded. The procedure was repeated two times.

After the last step the supernatant was discarded and the resin washed with water until

the pH of the washing water came to neutral. Finally the resin was dried in a vacuum

oven at 50 °C for 24 hours.

The radionuclides 63Ni and 152Eu were obtained from Amersham International Ltd.

(Buckinghamshire, GB). Both radionuclides were kept in slightly acid solutions. These

solutions were diluted in 1 mM HNO3 before spiking. Carrier free 234Th was prepared by

extraction from uranyl nitrate using the method described in DYRSSEN (1950).

An overview of the BZM and their sources are given in Tab. 2.1. With the exception of

MS, all these BZM were supplied as aqueous solutions (denoted as stock solutions

hereafter). They were stored in plastic bottles in a refrigerator. Diluted solutions of the

BZM were prepared by weighing an aliquot of the stock solutions (note their high

viscosity!) and adding water to a defined volume. Dilution factors were calculated from

these ratios and based on separate measurements of the density of the stock

solutions. These "primary dilutions" of the stock solutions contained BZM in

concentrations typically between 0.5 and 5 g·dm-3. Owing to the lack of exact

knowledge of chemical structures of the BZM used in this work, their concentrations

specified in this report refer to the dry weight of BZM per volume of solution. If the

concentration refers to the weight of carbon contained in BZM, this is explicitly stated.

Only in the case  of chemically defined compounds, such as gluconate, concentrations

are given on a molar basis.
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Tab. 2.1: Overview of the BZM stock solutions used in this work.
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The composition of artificial cement pore water (denoted as ACW-I hereafter) was

taken from BERNER (1990) and had the following composition: 114 mmol·dm-3 Na,

180 mmol·dm-3 K, 2 mmol·dm-3 Ca and a pH of 13.3. It was prepared by flushing 1 dm3

of water with argon for ~30 min and adding samples of 4.56 g of NaOH (Merck,

100 %), 11.61 g of KOH (Merck, 87 %) and 10 g of Ca(OH)2 (Merck, 100 %). The

mixture was left standing for ~24 h, after which time the liquid was filtered off through a

0.45 µm membrane filter (cellulose mixed-ester, Schleicher & Schuell ME25,

Germany). All steps were carried out in a glove box under controlled N2 atmosphere

(CO2, O2 < 5 ppm) at a temperature of 25 ± 2 °C.

2.2 Analytical7

Sample preparation by filtration was carried out — depending on the sample size —

either using a vacuum filter unit (250 cm3) equipped with a 0.45 µm membrane filter

(cellulose mixed-ester, Schleicher & Schuell ME25, Germany) or by using a 0.2 µm

syringe filter (nylon, Semadeni, Switzerland). Attention was paid to a possible retention

of analytes in the filters. In general, filters were pre-washed with an adequate volume

of sample which was discarded.

Elemental analyses were carried out by ICP-OES (Inductively Coupled Plasma-Optical

Emission Spectroscopy) (Research Laboratory, model ARL 3410D ICP-OES) or by

ICP-MS (EMPA, Dübendorf, Switzerland). One-point-calibrations were made for each

element.

pH was measured using a pH-meter 691 ( Metrohm) equipped with an Inlab (Mettler) or

Metrohm combined pH-electrode. Two point calibrations were made with Titrisol buffer

solutions from Merck (buffers pH 7 and 9).

                                                  

7 Absorbance spectroscopy, measurements of total organic carbon concentrations and

determination of gluconate using high performance anion exchange chromatography are treated

separately in chapter 3.
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Radiochemical assays of 152Eu were carried out with a -counter (Minaxi- ,

autogamma® 5000 series, Packard). The activity of 234Th was determined with a liquid

scintillation counter (Tricarb 2250 CA, Packard) via the Cerenkov radiation which is

mainly caused by the daughter isotope 234mPa. The decay rate of 234Th was adequately

considered when measuring 234Th-spiked solutions kept for different periods. 63Ni

activities were measured by liquid scintillation counting (Tricarb 2250 CA, Packard)

after mixing 5 ml of the sample with 15 ml Ultima Gold liquid scintillation cocktail. The

count times were chosen to give 2  errors of < 1 %.

The procedure to quantify the experimental uncertainties follows generally the

recommendations given by the EURACHEM Working Group on Uncertainty in

Analytical Measurements (WILLIAMS et al., 1995).

2.3 Exclusion of oxygen and carbon dioxide

Experiments for which it was desired to exclude the presence of oxygen and carbon

dioxide were carried out in a glove box under controlled N2 atmosphere (CO2, O2 <

5 ppm) at a temperature of 25 ± 2 °C. If, in the subsequent chapters, this is not

explicitly stated, experiments were carried out under laboratory atmosphere at a

temperature of 23 ± 2 °C.
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3 ANALYTICAL METHODS USED FOR DETERMINATION OF BZM

CONCENTRATIONS

Overview:

Absorbance spectroscopy in the ultraviolet and visible wavelength range (UV-VIS) and

measurement of total organic carbon (TOC) have been used as complementary

techniques to measure the concentrations of NS and LS. High performance anion

exchange chromatography (HPAEC) was used to measure gluconate contained in PP.

No ready-to-use recipes for carrying out such measurements are existing in the

literature. For this reason careful evaluations of the procedures applied were

conducted in order to avoid possible artefacts. A large part of this chapter is therefore

devoted to the experiments showing the validity and the limitations of the techniques

applied.

• In UV-VIS spectroscopy ranges of wavelength for ideal determination of BZM

concentrations were evaluated. The linearity of calibration was checked and

dynamic measurement ranges were determined.

• The linearity of signal response versus carbon concentrations was checked in

TOC measurements and compared to UV-VIS measurements. Consistent

results were observed from these two techniques.

• In HPAEC a specific method was evaluated for the measurement of gluconate

in complex matrices, such as ACW-I or cement pore water. Linear dynamic

range and detection limits were determined and improved. Best results were

obtained by a pre-treatment of alkaline samples with cation exchange cartridges

in the H+-form.
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3.1 Introduction

In the following, methods for measuring concentrations of the BZM used in this study

are described. According to the large structural variety of BZM, a large variety of

methods for BZM analysis can be found in the literature (RAMACHANDRAN, 1995a).

They comprise the whole spectrum from unspecific methods (e.g. measurement of total

organic carbon concentration) to very specific methods, such as mass-spectrometric

techniques (JEKNAVORIAN et al., 1998, WOLF et al., 2000). However, owing to the facts

that (i) the BZM used in this study do not have an exactly known composition, (ii) no

standard solutions are available (except for gluconate) and (iii) several possibilities for

pitfalls are even present in "well-established" methods, no ready-to-use recipes can be

applied blindly. Therefore the methods used need to be carefully evaluated and, if

possible, validated.

In the present study UV-VIS spectroscopy has been applied to measure concentrations

of NS and LS. This technique has been widely-used (e.g. BLANK et al., 1963;

MASSAZZA et al., 1981; UCHIKAWA et al., 1985; ANDERSEN et al., 1986; SPANKA &

THIELEN, 1995) for these types of BZM, probably because it represents an optimal

compromise between specificity and ease of handling. The specificity of this technique

is given by the fact that the aromatic cores of these molecules absorb light in a range

between 250 and 400 nm, and that the exact position of the absorption maximum is

very sensitive to changes in functional groups attached to the aromatic core. However

one has always to keep in mind that BZM like NS and LS are complex mixtures of

different, structurally related molecules and that the signal measured represents the

sum of the individual contributions of each component. This may have an impact on

measurements of BZM in systems, in which the relative composition of the individual

components may have been changed compared to the calibration standards.

Measurements of total organic carbon (TOC) have been used in this study as a

second, less specific method. If it is justified to assume that the wet oxidation of

organic molecules in this technique is quantitative, TOC measurements can be

regarded as "near-absolute" measurements, only depending on the accuracy in

standard composition. By this, TOC measurements are well complementary to the

spectroscopic measurements.

Finally high-pressure anion exchange chromatography (HPAEC) has been applied for

the specific determination of gluconate, a main component contained in PP.
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3.2 Ultraviolet-visible (UV-VIS) spectroscopy

In UV-VIS spectroscopy, the absorption of ultraviolet (UV) or visible (VIS) light in the

sample solution is measured at one (or several) suitable wavelength(s). For a given

geometry of the sample cuvette, D , the optical density for a given wavelength ( ),

which is a measure for the absorption of light, is a linear function of the concentration

of the analyte (c)

D = c (3.1)

, the extinction coefficient, is determined by measuring D  of standard solutions. Once

 is known, the concentration of the analyte in the sample solution can be determined

using eqn. (3.1). BZM such as NS or LS exhibit strong absorption bands in the UV

region (200-300 nm), which can be utilised for analytical purposes.

Note that the method has also disadvantages that need to be considered (YILMAZ et al.,

1989). The fact that most of organic and inorganic substances absorb in the

wavelength region around 200 nm necessitates a careful choice of blank solutions.

Blank solutions contain the same components as the sample solution except for the

analyte. They are used to eliminate the possibly interfering absorption of light by these

components. There are indications in the literature (e.g. SWENSON & THORVALDSON,

1960) that such interfering substances are exuded from cement particles when

equilibrating hardened cement paste with water (cf. also section 5.2.2).

In contrast to most of the literature work, the concentration of BZM in this work has not

only been determined at one single wavelength, but over the whole spectrum of

relevant wavelengths. The idea behind this increased effort is that the presence of

interfering substances or changes in composition of the BZM under study can be

revealed by inconsistencies in the results obtained at different wavelengths. Based on

a careful selection of the wavelength for concentration evaluation, useful results may

also be obtained in such situations.

Further, UV-VIS measurements need to be conducted under strict control of pH

(SPANKA & THIELEN, 1995). The reason for this precaution is the fact that hydroxide

ions strongly absorb light in the far UV region, and consequently, differences in pH may

lead to errors when subtracting blank spectra. Further,  may be strongly pH

dependent for certain BZM.
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3.2.1 Experimental

UV-VIS spectra were recorded in steps of 1 nm on a Camspec M330 single-beam

photometer (Biolabo, Lausanne) using 1 cm quartz cuvettes. The range of wavelength

was usually between 200 and 400 nm. The data files of individual spectra were

combined into a single Excel data sheet using "CAM2CAMS" (inhouse software,

courtesy of P. Spieler) and further processed in a spreadsheet.

Aqueous dilutions of the stock solutions of NS and LS (cf. chapter 2) were used for

calibration. Spectra of solutions containing between 5 and 200 mg·dm-3 of LS or

between 0.5 and 100 mg·dm-3 of NS in ACW-I were directly measured in this matrix. In

cases where the absorption band near 220 nm of NS was used for concentration

calculations, the solutions were brought to pH ~ 8 before measurement by the addition

of a suitable amount of 2-amino-2-(hydroxymethyl)-1,3-propanediol (abbreviated as

TRIS; 0.5 ml 2 M TRIS plus 0.65 ml HCl 6.5 M per 10 ml ACW-I sample). It was verified

that the addition of TRIS buffer did not lead to changes in absorption at wavelengths >

220 nm. The pre-treatment is necessary in certain cases, since large concentrations of

hydroxide ions lead to strong absorptions in the lower UV region (200 – 240 nm),

preventing any evaluation in this region. For concentration evaluations at  260 nm,

the sample pre-treatment could be omitted.

3.2.2 Results and discussion

Fig. 3.1 shows typical spectra of LS and NS in ACW-I, the latter after pH adjustment

with TRIS buffer. Both spectra exhibit absorption maxima in the region between 270

and 300 nm, which are suitable for concentration calculations. Stronger absorption is

found in the region below 250 nm, theoretically allowing for more sensitive

measurements to be made. In the case of NS, concentration evaluations at 226 nm

would theoretically be feasible. In practice, however, interferences with other

substances in this region have to be expected, and for this reason, concentration

evaluations in the former region are preferred. In the case of LS no peak maximum is

visible in the far UV region; an evaluation of concentration is therefore not

recommendable in this region. Further tests using solutions of NS in NaOH at pH

values between 7 and 13.3 have shown that 291 is not sensitive to pH (data not

shown). For concentration evaluations in this region, aqueous solutions of NS can
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therefore be used for calibration. In contrast, a similar test for LS in NaOH showed an

increase in absorption at the maximum at 282 nm of ~8 %. As is shown in Fig. 3.2, the
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shape of the absorption band is clearly

deformed with changes in pH8. For LS,

the identity in pH of measurement and

calibration solution is therefore of

increased importance as compared to

NS.

Typical calibration curves for NS and

LS obtained in this study are shown in

Fig. 3.3. This figure illustrates the

linear correlation between the BZM

concentration and the optical density

over the whole wavelength range

investigated. The linear curve fits

shown in Fig. 3.3 are obtained using

eqn. (3.2), a modified version of

eqn. (3.1), i.e. the curve is allowed to

cross the ordinate at values differing

from zero. Eqn. (3.2) is used to

emphasise the empiric character of

these measurements, because

eqn. (3.1) is, strictly speaking, only

valid for a single substance, whereas

BZM are a mixture of different

components, each of them having their

own extinction coefficients . Fig. 3.3

shows that the BZM investigated in this

                                                  

8 It is remarkable to see that the spectrum of LS at pH 7.1 is almost in perfect qualitative

agreement with a spectrum of an aqueous LS solution published a couple of decades ago

(SWENSON & THORVALDSON, 1960). Such a finding can be looked as a matter of course for pure

chemicals, but not so with a natural product such as LS. It has to be kept in mind that LS is a

side product from industrial cellulose waste streams, LS is only poorly characterised in terms of

chemical structure and may be processed in many different ways. The identity of the spectra is

thus an indication that UV-VIS spectroscopy is a relatively robust method for concentration

determinations of LS.

0

0.5

1

1.5

2

0 2 0 4 0 6 0 8 0 100

O
pt

ic
al

 d
en

si
ty

Concentration of NS   (mg/dm3)

230 nm

250 nm

270 nm

320 nm

310 nm

290 nm

A

0

0.5

1

1.5

2

2.5

0 5 0 100 150 200

O
pt

ic
al

 d
en

si
ty

Concentration of LS (mg/dm3)

230 nm

250 nm
270 nm

320 nm

310 nm

290 nm

B

Fig. 3.3:
Calibration curves of NS (A) at pH 8 and
of LS (B) at pH 13.3.

25 NAGRA NTB 03-09



report may be treated in UV-VIS spectroscopy as single components having an

extinction coefficient which is the sum of the extinction coefficients of the individual

components contained in the mixture.

D = b c+ a (3.2)

The calibration parameters (slope b  and intercept a ) for selected wavelengths are

summarised in Tab. 3.1. As is illustrated by the very small values for a , b  can be

regarded to be virtually identical to  (cf. eqn. 3.1), and it is essentially irrelevant,

whether eqn. (3.1) or eqn. (3.2) is used for concentration calculations. The calibration

Tab. 3.1: Calibration parameters used for calculation of concentration of NS and LS
for UV-VIS spectra.

Wavelength
(nm) a b u(a ) a u(b ) a SR b

NS

260 4.84·10-3 1.78·10-2 9.98·10-4 4.08·10-5 5.20·10-3

270 6.08·10-3 1.70·10-2 1.72·10-3 4.96·10-5 4.21·10-3

280 3.90·10-3 1.91·10-2 1.87·10-3 5.41·10-5 4.59·10-3

290 3.60·10-3 2.05·10-2 1.88·10-3 5.44·10-5 4.61·10-3

300 2.80·10-3 1.89·10-2 1.74·10-3 5.02·10-5 4.26·10-3

310 1.80·10-3 1.39·10-2 1.61·10-3 4.65·10-5 3.95·10-3

320 2.86·10-3 8.55·10-3 1.59·10-3 4.58·10-5 3.89·10-3

LS

260 1.03·10-2 1.28·10-2 8.43·10-3 9.91·10-5 1.54·10-2

270 7.38·10-3 1.03·10-2 2.78·10-3 3.27·10-5 5.08·10-3

280 2.28·10-3 1.03·10-2 3.59·10-3 4.23·10-5 6.57·10-3

290 1.81·10-3 9.72·10-3 2.63·10-3 3.09·10-5 4.81·10-3

300 1.74·10-3 7.96·10-3 1.40·10-3 1.65·10-5 2.56·10-3

310 7.31·10-4 6.04·10-3 8.06·10-4 9.49·10-6 1.47·10-3

320 3.94·10-4 4.92·10-3 9.52·10-4 1.12·10-5 1.74·10-3

a Standard uncertainty of a  or a ,  respectively.
b Standard deviation of residues.
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parameters given in Tab. 3.1 were used for concentration evaluation during this study

throughout. They have been checked yearly using fresh calibration solutions. Changes

in calibration parameters during these checks were always found to be negligible within

the range of wavelength shown in Tab. 3.1 as compared to the instrumental

uncertainties (see below).

3.2.3 Experimental uncertainties

Errors in these photometric measurements are in general very small. The statistical

parameters given in Tab. 3.1 show that the deviation of the calibration points from the

fit curves are more or less independent of wavelength and optical density. The

photometric accuracy as specified by the manufacturer is < 1 %. In view of the small

deviations of the calibration points from the fit curves, the photometric accuracy of the

photometer has to be much smaller. Note that D  is related to transmission, T , as

given by the following equation:

D = log
1
T

(3.3)

Using the laws of error propagation the

following expression for the uncertainty of

D , u(D ), is obtained:

u(D ) = D T
1

T lnT
(3.4)

T  is the photometric accuracy.

Application of eqn. (3.4) shows that, for

T  of 1 %, deviations of > 5 % would be

expected at relatively low and relatively

large optical densities (cf. Fig. 3.4), which

is by far more than observed in the

experiments. A reasonable estimate

would be that the photometric accuracy is

of the order of 0.1 %. This is almost

insignificant as compared to the drift of

signal with time, which has been observed to be of the order of 0.01 within one hour. In
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order to keep the latter source of error at a tolerable level, periodical measurements of

blank solutions were carried out. A standard uncertainty of 0.01 units of optical density

is in general assumed in calculations of uncertainty of the results obtained in UV-VIS

spectroscopy.

3.3 Total organic carbon (TOC) measurements

TOC was analysed using wet oxidation of the sample. The accuracy of the results

obtained by this technique depends on the completeness of oxidation of the substrate.

This prerequisite may not be a priori fulfilled for all types of organic compounds. In the

case of polymeric organics, TOC results may underestimate the true content by a

factor up to 3 (KAPLAN, 1992). No information on the completeness of oxidation of BZM

can be found in the literature. For this reason, a few tests with variably diluted stock

solutions of the NS, LS and PP have been performed in this study. The results of these

measurements can, however, not be compared to absolute nominal values, since no

true standard solutions of these BZM are available. The carbon content of the stock

solutions can, however, be estimated rather precisely based on the composition given

by the manufacturer. Further, the linearity of the calibration plots may be a further

indication for the completeness of oxidation. In the case of incomplete oxidation, it can

be expected that the fraction of carbon reacted decreases with increasing initial carbon

concentrations resulting in curved calibration lines.

3.3.1 Experimental

TOC was analysed by a Dohrmann DC-180 Carbon Analyser (Schmidlin, Neuheim,

Switzerland) using a UV-promoted persulfate wet oxidation and non-dispersive infrared

detection of the CO2 evolved. The oxidation reagent was a 2 % solution of K2S2O8

containing 30 mM of H3PO4. Calibrations were performed with solutions of potassium

hydrogenphthalate as a standard (all reagents from Merck, p.a. quality). In general the

samples were measured together with three different standard solutions, typically

containing between 0.5 and 10 mg of carbon per dm3, and a blank containing Milli-Q

water. If a large series of samples was measured, repetitive controls using one

calibration standard and Milli-Q water were carried out to monitor the signal stability.
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The stock solutions of NS, LS and PP (cf. chapter 2) were diluted in two steps with

water to concentrations between 2 and 50 mg of BZM per dm3. In view of the

acidification of the samples in the procedure of wet oxidation, it has been previously

checked that no precipitates were formed upon addition of H3PO4 to the diluted

samples.

3.3.2 Results and discussion

Fig. 3.5 shows the relation between the BZM concentration as calculated from the

estimates — based on the manufacturers specifications — for the carbon concentration

in the stock solutions of BZM and the dilution factors versus the TOC concentrations

obtained from the measurements. The linearity of the data is obvious, indicating that

complete oxidation of the BZM is taking place upon wet oxidation of the samples.

Theoretical carbon concentrations of the BZM stock solutions can be estimated based

on the following — simplified — assumptions. The molar mass of a monomeric unit of

NS, Mmono, (cf. Fig. 1.1) is 262 g·mol-1 (NS was used as the Ca salt). The monomeric

unit of NS contains 11 carbon atoms, and thus the molar weight fraction, qc, of carbon

of NS is predicted to be (Mc is the atom mass of carbon):

qc =
11 Mc

Mmono
= 0.504 (3.5)

This compares relatively well to the measured value, i.e. to the slope of the regression

line in Fig. 3.5.

In the case of LS, such an estimate is less precise, since the monomeric unit shown in

Fig. 1.1 is only a representative one. The exact molecular structure and the molecular

heterogeneity of LS is not known. Based on the monomeric structure shown in Fig. 1.1

and considering that LS is present as a Na salt, qc for LS is calculated to be 0.55,

which is in fair agreement with the slope of the linear regression (0.48).

Based on the information available for PP, qc for LS is calculated to be 0.36, which is in

good agreement with the slope of the linear regression (0.38).

Summarising, these comparisons suggest that TOC measurements using the UV-

promoted wet oxidation procedure give valuable results in the case of the three BZM

investigated here. The slopes given in Fig. 3.5 were therefore used for calculating

concentrations of BZM from TOC measurements in the present work.
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3.4 High performance ion exchange chromatography (HPAEC)

If HPAEC is applied to the measurement of organic polyhydroxy compounds, the

variability of protonation states is one of the dominating factors governing the retention

behaviour of the analytes. At the alkaline pH of the NaOH eluent, aliphatic hydroxo

groups are partially deprotonated leading to a unique elution behaviour of structurally

closely related molecules. In the following, the evaluation of a method using HPAEC

combined with pulsed amperometric detection for quantitative determination of

gluconate concentrations in different matrices, especially in samples of PP contained in

ACW-I or cement pore water, is described.
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3.4.1 Experimental

Measurements were carried out on a Dionex DX-500 system (Dionex, Switzerland)

consisting of a metal-free GP 40 quaternary gradient pump, an ED 40 electrochemical

detector and an AS3500 SpectraSYSTEM autosampler (Thermo Separation Products),

equipped with a 9010 motor-driven Rheodyne injection valve, a 100 µl PEEK injection

loop and a 250 µl sample syringe. A 4 mm  250 mm Carbopac PA-100 separation

column equipped with a 4 mm  50 mm Carbopac PA-100 guard column (Dionex,

Switzerland) was used for separation. 100 µl samples were injected in full loop mode.

In the case of pure solutions of gluconate, the eluent was 0.25 M NaOH. However, if

strongly retained components were present in the sample, i.e. if the sample matrix was

PP in ACW-I, this eluent was — after elution of gluconate — superimposed by a step

gradient of sodium acetate reaching maximum acetate concentrations of 0.75 M, while

the NaOH concentration remained 0.25 M. Peaks were detected by pulsed

amperometry9 on a gold working electrode in combination with an Ag/AgCl reference

electrode. The waveform applied to detect the analytes and to clean and regenerate

the gold surface, was taken from ROCKLIN et al. (1998). By repetitive injection of

standard solutions of gluconate across the whole sample schedule, the variability of

detector response with time could be monitored. A corrected peak height of the sample

(yp
' ) was used to calculate analyte concentration (xp), according to:

xp =F
yp
' a
b

(3.6)

F is the dilution factor of the sample, and a and b are the parameters of the linear

regression of the calibration points. yp
'  is calculated from the measured peak height of

the sample, yp, by applying a correction function (fk), usually a polynomial expression

between first and third degree:

yp
'

=
yp
fk

(3.7)

fk is obtained from the dependence of the peak height of the repetitive control

measurements on time as described in GLAUS (2001a).

                                                  

9 For gluconate concentrations of the order of several tens of micromolar, detection by

conductivity after isocratic elution with 0.2 M NaOH is also possible.
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Best results for samples in an ACW-I matrix or cement pore water were obtained by a

pre-treatment with OnGuard-H cartridges in the H+-form (Dionex, Switzerland),

resulting in an exchange of alkaline earth and transition metal ions against protons,

which leads to a neutralisation of the sample. Cartridges were washed with 10 cm3 of

water prior to use. The sample was filtered at a flow-rate of ~ 2 cm3·min-1 through the

cartridge, whereby discarding the first one or two cm3 of filtrate. pH measurements in

the eluate were used to ensure that the amount of sample applied did not exceed the

ion exchange capacity of the cartridge. A detection limit of the order of 10-8 M of

gluconate could be reached thereby.

3.4.2 Results

Tests using aqueous standard solutions of gluconate showed that the linear dynamic

range was approximately between 0.5 and 10 µM (or 50 to 1000 pmol injected). This

range has turned out to be ideal for routine measurements. Within this range the

accuracy of the results was in general better than 95 % (data not shown).

Measurements at concentrations as low as 10 nM were possible. However, for

concentrations below 0.5 µM, a calibration using suitably diluted standard solutions or

spiking of the samples was necessary and the linear dynamic range was smaller.

When changing the sample matrix from aqueous to weakly alkaline solutions, a

deterioration of the peak shape was observed, and peak height decreased by ~25 %

for samples in 0.3 M NaOH. However, when changing the sample matrix to cement

pore water, the response of the detector for gluconate dropped to almost

insignificance. This is illustrated by Fig. 3.6, in which typical chromatograms of

gluconate solutions in the different matrices mentioned, are shown.

A number of attempts to improve the detection limit for gluconate in cement pore water

matrix have been undertaken, and consequently it is not possible to specify a single

value for the detection limit for all the results obtained in the course of this study. The

situation is even more complicated by the fact that the response of the detector has

been observed to be variable with time, depending on the coaction of several factors,

such as the age of the column, age and purity of the eluents, state of both working and

reference electrode. It has to be admitted that it was not possible to actively optimise

these coactions, and that, to some extent, the actual detection limit had to be "left to

fate".
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A real breakthrough in measuring gluconate in cement pore water matrix was,

however, achieved by pre-treatment of the samples with OnGuard-H cartridges in the

H+-form (Dionex, Switzerland). A typical example measured in the course of sorption

measurements of gluconate on cement is shown in Fig. 3.7. Upon this pre-treatment

the limit of detection dropped to typical values around 50 nM, in certain cases even to

~10 nM (or 1 pmol injected).
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Fig. 3.6 Comparison of chromatograms of gluconate standards in different
matrices. The cement pore water used for this sample has been
squeezed from hardened cement paste containing PP (cf.
section 6.3.1.1). The gluconate peak in cement pore water is the hardly
identifiable bump with a retention time of ~14'. Its retention time is
delayed compared to the other two chromatograms, since the eluent
was 0.15 M NaOH instead of the usually applied 0.25 M NaOH. The
deformation of the gluconate peak at the peak start of the other
chromatograms is an effect of an aged separation column and does
not occur when measuring the samples with a new separation column.
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Fig. 3.7 Typical chromatograms of gluconate in cement-equilibrated water (from
gluconate sorption experiments on cement, cf. section 5.3.2) eluted with
0.25 M NaOH after pre-treatment of the sample with OnGuard-H cartridge
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4 TEST MEASUREMENTS OF RADIONUCLIDE SORPTION

Overview:

In the ‘test measurements for radionuclide sorption’, a broad variety of BZM with

plasticising or set retarding effect is tested for their influence on the sorption of Eu(III),

Th(IV) and Ni(II) on hardened cement paste (HCP) under extreme conditions. ‘Extreme

conditions’ in the present sense means that a relatively small cement surface area is

exposed to a large excess of BZM molecules present in solution. It can be expected

that the adverse effect of BZM on radionuclide sorption is much stronger under these

conditions than in a real cement system, where much less BZM is present with respect

to the amount of HCP. The present experiments are thus a first test, by which a crude

discrimination between problematic and less problematic BZM with respect to their

influence on radionuclide sorption can be made. BZM that will not influence

radionuclides under such conditions can be looked at as harmless. For the others,

further investigations need to be undertaken to show their potential for radionuclide

mobilisation under more realistic conditions. The test radionuclide sorption experiments

were carried out using BZM solutions aged in ACW-I for different time periods in order

to include possible effects of chemical alterations.

It has been found that the effect of different BZM, aged for ~4 months in ACW-I, on the

sorption of radionuclides on HCP may be quite variable. For certain cases, complete

desorption of radionuclides has been observed even at very low concentrations of the

admixtures, whereas other BZM did not have any significant effect on radionuclide

sorption. Similar results were obtained for the same BZM pre-equilibrated in ACW-I for

shorter or longer periods. Thus no effect, which would reflect changes in radionuclide

sorption, could be traced back to possible chemical transformations of the BZM.

Besides the results and conclusions that could be drawn specifically for given types of

BZM, this chapter contains large parts of method development, such as the

measurement of the activity of 63Ni tracer in solutions containing substantial amounts of

coloured BZM.
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4.1 Introduction

In the test radionuclide sorption measurement, the influence of BZM on the sorption of

selected radionuclides on a fully hardened cement paste (HCP) is tested at a very low

solid/liquid ratio (S/L), i.e. a relatively small HCP surface area is exposed to large

excess of BZM molecules present in solution. If the sorption of the radionuclides10 is

not changed in the presence of BZM as compared to a reference, in which no BZM

molecules are present, it can be safely concluded that they will not have an adverse

affect on radionuclide retention under realistic conditions. The BZM concentration

applied in the test sorption measurement (~3 % weight per volume) can be regarded as

a maximum possible pore water concentration in cement, considering that BZM are

generally applied in concentrations between 1 and 2 % and pessimistically assuming

that the complete amount of BZM is present in the pore water. The radionuclides

chosen for sorption experiments are Eu(III), Th(IV) and Ni(II) as representatives for

trivalent lanthanides, tetravalent actinides and bivalent activation products.

The purpose of the experiments described in the following is threefold:

1. To show the feasibility of the experiments proposed for the screening procedure (cf.

section 1.4.3).

2. To find suitable experimental conditions for this kind of sorption experiments. In this

context the recovery of the radionuclides under study from the solution phase of

artificial cement pore water is evaluated. This is particularly important in the case of

Ni(II), because the amount of this radiotracer sorbed on cement is calculated from

the difference between the total Ni(II) concentration added and the Ni(II)

concentration found in the solution phase after contact with HCP. If any Ni(II) gets

lost from the solution by formation of colloidal particles, this process may be

misinterpreted as sorption of Ni(II), unless the recovery is known.

3. To select a restricted set of BZM from the 8 preparations available, which will be

used for preparation of and experiments with BZM-containing hardened cement

paste (cf. chapter 6).

                                                  

10 It is a blind assumption that the distribution between cement and the aqueous phase of the

radionuclides tested in the present work is gouverned by sorption processes. Strong evidences

were found in the case of Ni(II), that the distribution of this ion is dominated by some unknown

solubility-limiting processes (WIELAND & VAN LOON; 2003).
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4.2 Experimental

4.2.1 Preparation of aged BZM solutions

100 g of BZM stock solutions (or 40 g of MS, cf. Tab. 2.1) were contacted with 2 dm3 of

artificial cement pore water (ACW-I) having the following composition: 114 mmol·dm-3

Na, 180 mmol·dm-3 K, 2 mmol·dm-3, Ca2+ (pH ~13.3). ACW-I simulates approximately

the cement pore water composition of the first stage of cement degradation (BERNER,

1990). The preparation of these solutions was carried out in a glove box. The solutions

were kept in the glove box under exclusion of light at a temperature of 25 ± 2 °C until

use for sorption experiments. Samples for sorption experiments were obtained by

vacuum filtration of an aliquot of the aged BZM solutions through a 0.45 µm cellulose

mixed-ester filter11 (Schleicher & Schuell, type ME). NS and LS were centrifuged

(15 min. at 27'000 g, max.) prior to filtration.

4.2.2 Test of radiotracer recovery from alkaline BZM solutions

All steps were carried out in a glove box under controlled N2 atmosphere. BZM

solutions in ACW-I (cf. section 4.2.1), aged for 14 months, were filtered through a

0.45 µm cellulose mixed-ester filter (Schleicher & Schuell, type ME25). NS and LS

were centrifuged (27'000 g, 15 min.) prior to filtration. Two 30 cm3 samples per each

filtered BZM solutions were equilibrated in polysulfone centrifugation tubes on an end-

over-end shaker for 2 days with additions of 152Eu, 234Th or 63Ni matching the total

activity added in the experiments described in the preceding sections. After

equilibrating the solutions were centrifuged (L7-35 ultracentrifuge, Beckmann) for

30 min. at 27,000 g and two 2 cm3 samples in the case of Eu, two 10 cm3 samples in

the case of Th and two 8 cm3 samples in the case of Ni were taken for radiotracer

analysis as described in the previous sections. The vials were emptied, rinsed twice

with water, filled with 10 cm3 HCl and shaken end-over-end for approximately 20 h.

                                                  

11 Filtration through the ordinarily used Teflon membrane filters (Millipore 0.5 µm, type FH)

turned out to be impracticable owing to rapid clogging of the filters. It was tested that the

cellulose filters were sufficiently stable when filtering ACW-I at room temperature.
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These extracts were used to measure the amount of radiotracer sorbed to the vial wall.

Suitable amounts of spike solutions were diluted in ACW-I in order to measure the total

activity added to the experiments.

4.2.3 Sorption experiments with Eu(III)

Sorption of Eu(III) was studied in a HCP suspension at a S/L of 0.25 g·dm-3 using

undiluted and 1:10 diluted filtrate of BZM solutions in ACW-I (cf. section 4.2.1). All

steps were carried out in a glove box under controlled N2 atmosphere. Sorption

measurements were carried out in duplicate.

Either 30 cm3 of BZM filtrate or a mixture of 27 cm3 ACW-I and 3 cm3 BZM filtrate were

mixed in a polysulfone centrifuge tube with 0.5 cm3 of a suspension (15 g·dm-3) of

crushed HCP with particle sizes < 70 µm. Finally 1 cm3 of Eu spike solution (containing

the radioactive isotope 152Eu and the stable isotopes 151Eu and 153Eu) in 1 mM HCl was

added to give a total Eu concentration of ~2 nM and a specific activity of 140 kBq·dm-3.

The suspensions were shaken end-over-end for approximately 20 h. A 2 cm3 sample of

homogenised suspension was taken without prior centrifuging and analysed for 152Eu

by -counting (Minaxi- , autogamma® 5000 series, Packard). The rest of the

suspension was centrifuged (L7-35 ultracentrifuge, Beckmann) for 30 min. at 27,000 g

(max.). Two 10 cm3 samples of the supernatant were taken and analysed for 152Eu. The

activities found in the two samples were found to be identical within the uncertainty of

measurement. Finally, the vials were emptied, rinsed twice with water, filled with

10 cm3 HNO3 and shaken end-over-end for approximately 20 h. The amount of Eu

extracted from the vial walls was analysed in the 10 cm3 sample by -counting. For

calculation of Rd values, the reader is referred to section 4.2.6.

4.2.4 Sorption experiments with Th(IV)

Sorption of Th(IV) was studied in a HCP suspension at a S/L of 0.25 g·dm-3 using

undiluted and 1:10 diluted filtrate of BZM solutions in ACW-I (cf. section 4.2.1). All

steps were carried out in a glove box under controlled N2 atmosphere (CO2, O2 <

5 ppm) at a temperature of 25 ± 2 °C. Sorption measurements were carried out in

duplicate.
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Either 30 cm3 of BZM filtrate or a mixture of 27 cm3 ACW-I and 3 cm3 BZM filtrate were

mixed in a polysulfone centrifuge tube with 0.5 cm3 of a suspension (15 g·dm-3) of

crushed HCP with particle sizes < 70 µm. Finally 0.1 cm3 of Th spike solution

(containing the radioactive isotope 234Th and the long-lived isotope 232Th) in 100 mM

HCl was added to give a total Th concentration of ~0.3 nM and a specific activity of

~13 kBq·dm-3. The carrier-free 234Th used for the spike solution was prepared from 238U

as described by DYRSSEN (1950). The suspensions were shaken end-over-end for

approximately 3 days. A 2 cm3 sample of homogenised suspension was taken without

prior centrifuging and analysed for 234Th by -counting12 between 44 and 150 keV

(Minaxi- , autogamma® 5000 series, Packard). The rest of the suspension was

centrifuged (L7-35 ultracentrifuge, Beckmann) for 30 min. at 27,000 g (max.). One

20 cm3 sample of the supernatant was taken and analysed for 234Th. The Eu

experiments showed that the activity was homogeneously distributed at least across

the upper 20 cm3 of supernatant (cf. section 4.2.3). Finally, the vials were emptied,

rinsed twice with water, filled with 10 cm3 HCl and shaken end-over-end for

approximately 20 h. The amount of Th extracted from the vial walls was analysed in the

10 cm3 sample by -counting. For calculation of Rd values, the reader is referred to

section 4.2.6.

Through the addition of defined amounts of Th spike solution to coloured solutions of

BZM in ACW-I and comparison of spiking uncoloured solutions it was verified that the

activity measurements were not affected by the presence of coloured substances.

4.2.5 Sorption experiments with Ni(II)

Sorption of Ni(II) was studied in a HCP suspension at a S/L of 25 g·dm-3 using

undiluted and 1:10 diluted filtrate of BZM solutions in ACW-I (cf. section 4.2.1). All

steps were carried out in a glove box under controlled N2 atmosphere (CO2, O2 <

5 ppm) at a temperature of 25 ± 2 °C. Sorption measurements were carried out in

duplicate. Because a direct measurement of 63Ni is hampered in coloured solutions, a

solvent extraction procedure was applied to separate the 63Ni from the BZM, using a

modified method described in MORRISON & FREISER (1966). In this procedure Ni is first

                                                  

12 Note that in subsequent experiments with 234Th,the activity was measured using the Cerenkov

radiation mainly caused by the daughter radioisotope 234mPa because of an improved efficiency.
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separated from the coloured BZM by extraction into an organic phase as a hydrophobic

complex with 1,2-cyclohexanedione-dioxime (abbreviated as CHDD) and then back-

extracted into HCl upon disintegration of the complex.

Either 30 cm3 of BZM filtrate or a mixture of 27 cm3 ACW-I and 3 cm3 BZM filtrate were

mixed in a polysulfone centrifuge tube with 0.75 g crushed HCP with particle sizes

< 70 µm. Finally 1 cm3 of Ni spike solution (containing the radioactive isotope 63Ni and

the stable isotope 59Ni) in 1 mM HCl was added to give a total Ni concentration of

~2 nM and a specific activity of 71 kBq·dm-3. The suspensions were shaken end-over-

end for approximately 20 h and afterwards centrifuged (L7-35 ultracentrifuge,

Beckmann) for 30 min. at 27,000 g (max.).

The 63Ni activity in the supernatant was measured as follows. An 8 cm3 sample of the

supernatant was taken and pH was adjusted to 7 ±0.5 by addition of 1 cm3 of a 1 M 3-

(N-morpholino)-propanesulfonic acid (MOPS) buffer solution at pH 7 and 0.3 cm3 of

6 M HCl. 1 cm3 of a 1 mM aqueous solution (pH adjusted to 10 with NaOH) of CHDD

(Merck, 97%) was added, and the mixture was extracted with 10 cm3 dichloromethane

for 30 min on an end-over-end shaker. Phase separation was achieved by settling the

organic phase for a short while. In the case of PC and LS, a little help with

centrifugation was necessary. 8 cm3 of the organic phase — containing now the Ni —

were sampled using a micropipette and added to 10 cm3 of 0.1 M HCl in 3 M NaClO4.

These back-extractions were allowed to equilibrate for ~3 days on an end-over-end

shaker. After phase separation by settling the organic phase, 8 cm3 of the aqueous

phase were sampled and mixed with 10 cm3 Instagel® scintillation cocktail (Packard).

The activity of 63Ni was measured on a Tricarb® liquid scintillation counter (Packard). By

this procedure, only a fraction of the Ni initially present in the 8 cm3 supernatant sample

was measured. The total amount of Ni was calculated according to the ratios of

sampling volume and total volume of the extraction phases. Further a correction factor

Frec is used to correct for incomplete recovery of 63Ni during the solvent extraction and

back-extraction procedure. This factor is based on the result of a validation experiment,

in which ACW-I was spiked with known amounts of 63Ni, extracted by the same

procedure as described above and then analysed for 63Ni. From these tests (cf.

Fig. 4.1) Frec was globally set to 0.84 for the sorption experiments, and the amount of
63Ni originally present in the supernatants (Neq

Ni ) is calculated according to:

Neq
Ni

=Nmeas
Ni V1,tot

org

V1,sample
org

V2,tot
aq

V1,sample
aq

1
Frec

(4.1)
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where the following abbreviations are used:

Nmeas
Ni = 63Ni activity measured after CHDD extraction and back-extraction (cpm)

V1,tot
org = Volume of the organic phase of the CHDD extraction (cm3)

V1,sample
org = Volume sampled from the organic phase of the CHDD extraction (cm3)

V2,tot
aq = Volume of the aqueous phase of the HCl back-extraction (cm3)

V1,sample
aq = Volume sampled from the aqueous phase of the HCl back-extraction (cm3)

The13 vials were emptied, rinsed twice with water, filled with 10 cm3 HCl and shaken

end-over-end for approximately 20 h. The amount of Ni extracted from the vial walls

was analysed by -counting after mixing the 10 cm3 sample with 10 cm3 of Instagel®

(Packard). The total amount of 63Ni added to the suspensions was determined by

analysing a suitably diluted amount of spike solution in ACW-I. For calculation of Rd

values, the reader is referred to section 4.2.6.

                                                  

13 Now, the reader is allowed to take a deep breath, a cup of coffee or whatever, and

then we go back to the measurement of Ni sorbed to the vial wall.
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4.2.6 Data presentation and estimation of experimental uncertainty

Sorption data for the radionuclides, in the following denoted as M, are represented as

sorption distribution coefficients, Rd, defined as follows

Rd =
Msorb

[M]sol
(4.2)

where Msorb is the amount (mol·kg-1) of M sorbed on the solid phase and [M]sol is the

molar concentration of M in the liquid phase. The calculation of Msorb in experiments

with Eu(III) and Th(IV) differs from the calculation Msorb in experiments with Ni(II).

In the experiments with Eu(III) and Th(IV), the sum of moles of Msorb plus [M]sol can be

determined from a direct activity measurement in the cement suspension, and Msorb is

calculated from the independent measurement of [M]sol in the supernatant. The

measurement of wall-sorbed radiotracer in these cases serves only as a check of

mass-balance. In contrast, a direct measurement of 63Ni activity in the cement

suspension would be hampered by the scattering effect of cement particles in liquid-

scintillation counting. Msorb is thus calculated from the total amount of 63Ni added to the

suspension and the separate measurements of the activity in the supernatant and on

the vial wall. The latter procedure is affected by more uncertainties than the former

one. Especially the assumption of a 100 % mass balance is a prerequisite for correct

determination of Rd values.

Rd values in experiments with Eu(III) and Th(IV) are calculated according to the

following equation:

Rd =

Nsusp
Vtot
v susp

Neq
Vtot
v eq

 

 

 
 

 

 

 
 

Neq
Vtot
veq

Vtot
mc

=
Vtot Nsusp v eq Neq v susp( )

Neq v susp mc

(4.3)

where:

Nsusp = counting rate14 (cpm) in the sample taken from the suspension before

centrifugation

                                                  

14 All counting rates in eqn. (4.3) are net counting rates.
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Neq = counting rate (cpm) in the sample taken from the supernatant after

centrifugation

Vtot = total volume of the solution phase (cm3)

vsusp = volume of the sample taken from the suspension before centrifugation (cm3)

veq = volume of the sample taken from the supernatant after centrifugation (cm3)

mc = mass of cement (g)

For the estimation of the combined uncertainty of Rd values (uc(Rd) ), the total

differential of eqn. (4.3) is formed with all parameters contained being sources of

uncertainty:

uc(Rd) =
Rd

(x i )

 

 
 

 

 
 

2

u2(xi)
i=1

n

         i = Nsusp, Neq, Vtot ,  vsusp, v eq, mc (4.4)

u(xi) are the standard uncertainties of the individual sources of uncertainty. The

estimation of uc(Rd)  can be visualised by the following cause-and-effect scheme:

Rd

[M
] so

l

m
c

Vtot

veq

Neq

V
tot

M
sorb

Msusp

[M]sol

N
susp

V
tot

v
susp

N
eq

V
tot

v
eq

Fig. 4.2 Cause-and-effect scheme for the estimation of combined standard
uncertainty of Rd in sorption experiments with Eu(III) and Th(IV).

Note that this scheme is still a simplification of the overall process of uncertainty

estimation, because all volumes and net count rate can be split into further sources of

uncertainty. The uncertainty of the net count rates Nj (j are the indices "in and eq"
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introduced in eqn. (4.3)) has to be split into the uncertainty of the overall counting rates

(Nj
tot ) and the counting rates of the background measurements (Nj

0):

uNj( ) =
Nj
tot

t
+ u2 Nj

0( ) (4.5)

t is the time used for measuring Nj
tot . u(Nj

0) is the standard uncertainty of a series of

repeated control measurements of the background during the measurement of the

samples. The experience of many test measurements (VERCAMMEN, 2000) has shown

that this standard deviation better reflects the uncertainty of the background counting

rate than the one based on the Poisson distribution, which is generally used for the

statistical treatment of radioactivity measurements (e.g. BRANDT, 1976). Because

u(N j
0 ) based on control measurements is in general larger than u(N j

0 ) based on the

Poisson distribution, application of eqn. (4.5) results in a more conservative

assessment of the overall uncertainty of Rd.

The assessment of the uncertainties involved in weighting and pipetting is also based

on practical experience. The uncertainty involved in volumetric additions is set to ±1 %

relative uncertainty, and the uncertainty of weighting the resin is generally set to ±3 mg.

Rd values in experiments with Ni(II) were calculated according to:

Rd =

Nin Neq
Vtot
veq

Nw
 

 
  

 

 
  

Neq
Vtot
veq

Vtot
mc

fin (4.6)

where:

Nin = overall counting rate of the radioisotope added to the system (cpm)

Neq = counting rate of the radioisotope in the supernatant (cpm)

Nw = counting rate of the radioisotope sorbed on the vessel wall (cpm)

Vtot = total volume of solution phase (cm3)

veq = volume of supernatant sampled for activity measurement (cm3)

m = mass of cement (g)

fin = 1

The uncertainty involved in the assumption of 100 % mass balance for the radiotracer

is expressed by including a multiplication factor fin, which has a value of 1, the

uncertainty of which, however, may be different from zero. Introducing fin does not
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affect the value of Rd, but it increases the combined standard uncertainty of Rd. For the

estimation of the combined uncertainty of Rd values (uc(Rd) ), the total differential of

eqn. (4.6) is formed with all parameters contained being sources of uncertainty:

uc (Rd ) =
Rd

(xi )

 

 
 

 

 
 

2

u2(xi )
i=1

n

         i = Nin, Neq, Vtot,  veq, mc, fin (4.7)

u(xi) are the standard uncertainties of the individual sources of uncertainty. The

estimation of uc(Rd)  can be visualised by the following cause-and-effect scheme:

Rd

[M
] so

l

m
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veq

Neq

V
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M
sorb
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[M]sol

N
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v
in

N
eq

V
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N
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w

fin

Fig. 4.3: Cause-and-effect scheme for the estimation of combined standard
uncertainty of Rd in sorption experiments with Ni(II).
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4.3 Results

4.3.1 Test of recovery of Eu(III), Th(IV) and Ni(II) from alkaline BZM solutions

An overview of the recovery of Eu(III), Th(IV) and Ni(II) in the supernatants is shown in

Fig. 4.4. There are some cases in which part of the amount of radionuclides initially

added is lost from the solution phase. For these BZM the amount of radionuclide

sorbed onto the vial wall was also measured and included into the mass balance

calculation. For Eu and Th the recovery – including the amount of radiotracer sorbed to

the vessels – is only incomplete in the case of NS. For Ni, the recovery for most of the

BZM is of the order of 80 %. Only in the case of GL and PC it is significantly lower. It

has to be noted that the measurements of Ni activity have an increased uncertainty
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owing to the solvent-extraction procedure. However, the incomplete recoveries cannot

be solely explained by this experimental uncertainty. Consequently, in a cement

sorption experiment, the actual amount of activity in the supernatants will be

underestimated in those cases. Incomplete recoveries will be included in the estimation

of uncertainty of activities in the supernatants of cement sorption experiments

according to the results of these tests. This issue is rather on the safe side, because

the mass balances tend to improve if a solid phase is present in the experimental

setup.

4.3.2 Sorption of radionuclides: Rd values and their uncertainty

Sorption data of Eu(III), Th(IV) and Ni(II) on cement under the influence of aged BZM

solutions in ACW-I are shown in Fig.'s 4.5 to 4.8. Rd averaged over each of two

replicate measurements are given in these figures. The error bars represent combined

standard uncertainties according to the recommendations given by the EURACHEM

Working Group on Uncertainty in Analytical Measurements (WILLIAMS et al., 1995).

They are calculated for absolute Rd values based on the scatter of the replicate

measurements and on estimates for error propagation of the individual statistical and

non-statistical uncertainty sources involved in experimental handling and analytical

procedures. Following the procedure proposed by VERCAMMEN (2000), the lower parts

of the uncertainty bars were truncated to give symmetrical error bars for the logarithmic

values of Rd (cf. Fig’s. 4.5 to 4.8). This empirical procedure is justified by a general

experience made in sorption experiments, which says that the standard deviation from

the mean towards lower values is much smaller than the standard deviation to higher

values. The combined standard uncertainties calculated for single measurements are

in good agreement with the deviations observed for the two replicate measurements

(not shown). Only in ~10 % of all cases is the latter dominant. This is an indication that

the estimation of combined standard uncertainty, which is based on a theoretical model

using measured and estimated parameter values, is a suitable representation of reality.

However, the uncertainties specified increase when approaching the limits of the

"analytical window"15. This is clearly the case for Eu(III) and Th(IV) data in the range of

                                                  

15 The analytical window for ion exchange experiments is confined by either very strong

sorption, i.e. almost the whole amount of radiotracer is bound to the solid and almost none can
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log Rd ~ 2, but also for very large Rd values. Although the data suggest a measurable

distribution of the radionuclides between the solid phase and the solution in the former

case, it has to be assumed that almost no sorption is taking place. The actual reasons

for such a behaviour remain in the dark; at least it can be assumed that additional

sources of uncertainty, which are negligible for measurements within the ideal

analytical window, may become dominant at the limits of the analytical window. One

such possibility would be an incomplete separation of cement particles from the

solution phase. The conditions chosen for centrifugation guarantee an almost

quantitative separation of the solid. In a case in which virtually no radionuclide can be

found in solution owing to very strong sorption — i.e. at very large Rd values — only a

tiny amount of radionuclide-loaded cement remaining in the solution phase is sufficient

to distort Rd values for an order of magnitude. It is very difficult to detect those cases

experimentally, because it cannot be monitored in a single experiment, to what extent

the pellet of the cement phase may be resuspended after centrifugation.
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be found in solution, or by very weak sorption, where almost all of the radiotracer is found in

solution.
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added BZM concentration
in undiluted solutions was
~2 % (we igh t  per
volume), and the S/L was
0.25 g·dm-3. The hatched
area represents the range
of values typical ly
measured for Rd
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Fig. 4.7:
Sorption of Th(IV) on ce-
ment under the influence
of BZM solutions aged for
4 months in ACW-I. The
added BZM concentration
in undiluted solutions was
~2 % (we igh t  per
volume), and the S/L was
0.25 g·dm-3. The hatched
area represents the range
of values typical ly
measured for Rd

0 .
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4.4 Discussion

Fig.'s 4.5 to 4.8 demonstrate that the effect of different BZM on the sorption of

radionuclides on cement is quite variable. For certain cases, complete desorption of

radionuclides has been observed even at very low concentrations of the admixtures,

whereas other BZM did not have any significant effect on radionuclide sorption. This

shows that BZM cannot be treated like a single chemical substance in safety analysis.

Each BZM or group of structurally related BZM has its own behaviour according to its

chemical composition and the chemical structures involved.

The effect of the parameters varied in these experiments, i.e. the concentration of BZM

in the ACW-I solutions, the type of radionuclide investigated and the ageing time

cannot yet be comprehensively interpreted. However, they give a rough idea, in which

direction these parameter variations may lead.

The variation of type of radionuclide reflects well-known chemical relationships: As with

most small-molecular weight ligands, Eu(III) and Th(IV) behave quite similar in the

presence of BZM, i.e., the same BZM that cause a strong desorption of Eu(III) also

Fig. 4.8:
Sorption of Ni(II) on ce-
ment under the influence
of BZM solutions aged for
10 months in ACW-I. The
added BZM concentration
in undiluted solutions was
~2 % (we igh t  per
volume), and the S/L was
0.25 g·dm-3. The hatched
area represents the range
of values typical ly
measured for Rd

0 .
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cause a desorption of Th(IV), and the effects of dilution of BZM are also fairly

comparable. It is further interesting to compare the effects of GL and PP on the

sorption of Eu(III) and Th(IV). Gluconate concentrations in these BZM are of the same

order of magnitude (data not shown). The effects observed are well comparable when

considering the ranges of experimental uncertainty. Thus it can be hypothesised that

gluconate, which is a major component of PP, is responsible for the strong sorption

reduction and that the other components play a minor role16.

The unexpected dilution effect of PC on the sorption of Eu(III) and Th(IV) has to be

noted. Rd values are larger for high concentrations of PC than for lower concentrations.

This effect has been observed in several independent experiments and is certainly not

the result of a confusion of solutions. More experiments would be needed to find an

explanation for this unexpected behaviour. The influence of BZM on Ni sorption is in

general weaker than on the sorption of Eu(III) and Th(IV). In most cases sorption is

reduced by one order of magnitude or even less, which contrasts with the almost

complete desorption of Eu(III) and Th(IV). Again, PP and GL have a comparable effect

on Ni(II) sorption, which suggests that gluconate is mainly responsible for the observed

effect. This is noteworthy, because it is known that PP contains significant amounts of

nitrogen compounds. In general, nitrogen compounds are comparably stronger ligands

for Ni(II) than oxygen ligands. However the results indicate that, at the concentrations

in PP, their effect on Ni(II) sorption is weaker than the one of gluconate.

The effect of ageing of BZM solutions can only be discussed marginally based on the

data available. The two Eu(III) experiments (cf. Fig. 4.5 and 4.6) at least show that

none of the BZM exhibiting a strong influence on Eu(III) sorption is degraded to

innocuous products within the time of observation. Consequently, with respect to the

requirements of conservatism in performance assessment, one has to assume that the

BZM investigated are chemically stable in the presence of ACW-I.

The test radionuclide sorption experiments further served as a selection tool for the

further experiments carried out in the frame of this project. Due to restrictions in time

and manpower, these had to be performed using a reduced number of BZM. NS, LS

                                                  

16 This conclusions has to be looked at in a somewhat different light with respect to the

conclusions from sections 6.3.1.1 and 5.3.2 (pore water analysis of BZM-HCP and sorption of

gluconate).
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and PP were selected based on the results of the test radionuclide sorption

experiments. NS is a representative of those BZM that do not show a significant effect

in the test radionuclide sorption experiments, LS and PP do show clear effects on

radionuclide sorption. PP is further chosen, because it is presently used as a plasticiser

for waste conditioning in Switzerland and because it contains gluconate, a polyhydroxy

acid which is often used as a model compound for strong ligands under alkaline

conditions. The fact that an analytical technique to measure gluconate concentrations

at very low detection limits is available (cf. section 3.4), is a further reason for this

choice.
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5 SORPTION AND DESORPTION OF NS, LS AND GLUCONATE ON

HARDENED CEMENT PASTE

Overview:

The sorption and desorption of NS, LS and gluconate on cement has been measured

using crushed hardened cement paste as the solid. The sorption behaviour could be

phenomenologically described using a Langmuir sorption model with one sorption site

in the case of NS and LS and two sorption sites in the case of gluconate. Relatively

large uncertainties in the sorption parameters had to be accepted for NS and LS due to

the uncertainties involved in the measurement of the BZM concentration in the solution

phase.

Desorption experiments showed that large parts of NS and LS do not desorb within the

time span investigated. It cannot be decided from the experiments whether this is due

to irreversible sorption or to very slow desorption kinetics. This finding is at least an

indication that simple sorption models like Langmuir sorption should be applied with

caution for estimating pore water concentrations of BZM.

Besides the results and conclusion that can be drawn specifically to the BZM

investigated, this chapter provides some insight in methodical aspects, like a detailed

comparison between UV-VIS spectra of BZM before and after being contacted with

cement, which has consequences on the quality of calculated concentrations. Such

aspects have mostly been ignored in known literature work.
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5.1 Introduction

Sorption of BZM on cement particles is one of the primary mechanisms responsible for

the various beneficial effects of BZM on structure and material properties of concrete. It

is shown unequivocally in the literature that superplasticisers strongly sorb onto the

surface of cement particles (ERNSBERGER & FRANCE, 1945; BLANK et al., 1963;

ROSSINGTON & RUNK, 1968; DAIMON & ROY, 1978; POPESCU et al., 1991; SPANKA &

THIELEN, 1995) and single mineral phases of cement (BLANK et al., 1963; ROSSINGTON

& RUNK, 1968; RAMACHANDRAN, 1972; COSTA & MASSAZZA, 1984; FUKAYA & KATO,

1986; YILMAZ & GLASSER, 1991). The reason that sorption measurements were carried

out in the present work, is found in the uncertainty or ignorance, respectively, of the

real structure and composition of the BZM used here. In view of the consistency of the

results with experiments from other chapters of this report, it cannot be avoided to

carry out such experiments. The results of the sorption measurements will be used in

relation with the question, whether or not pore water concentrations of BZM can be

predicted based on the sorption behaviour of BZM on hardened cement paste (HCP).

The desorption experiments give information on the short-term behaviour of BZM-

loaded HCP. This is important in experiments, in which the behaviour of a BZM-loaded

cement surface in the absence of BZM in the solution phase shall be investigated (cf.

section 5.3.2). It is not the intention to demonstrate the (ir)reversibility of BZM sorption

over long-term periods. Note that there are indications in the literature that sorption of

BZM is an irreversible process (RAMACHANDRAN, 1972). Based on the discussion of the

last chapter, sorption measurements are done here for NS, LS and gluconate (as an

important component of PP). It is known that various types of interaction between BZM

and the solid are taking place during hydration of cement (JOLICOEUR & SIMARD, 1998).

In order to avoid complications due to variations in mineral composition during cement

hydration, a fully hydrated cement paste was used for the present experiments.

5.2 Experimental

5.2.1 Sorption experiments

All experimental steps were carried out in a glove box under controlled N2 atmosphere

(CO2, O2 < 5 ppm). HCP (CPA 55 HTS, Lafarge, France) hydrated for several years at

high water to cement ratio was the original material for the sorbens. Crushed and
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sieved particles with sizes < 70 µm were used for the sorption experiments. Closed

polysulfone centrifuge tubes were tared outside the glove box, filled with a suitable

amount of cement particles (0.5 g in the case of NS and gluconate, 0.5 – 1 g in the

case of LS) in the glove box, weighed outside the glove box and finally filled in the

glove box with volumes between 10 and 30 cm3 of BZM solutions in ACW-I resulting in

solid to liquid ratios (S/L) of the order of 25 g·dm-3. Total concentrations of BZM (further

denoted to as "input concentrations") added ranged between 0.02 and 5 g·dm-3 in the

case of NS, between 0.4 and 8 g·dm-3 in the case of LS and between 0.1 and 100 µM

in the case of gluconate. The suspensions were shaken end-over-end for a desired

time and then centrifuged for 15 min. at 27'000 g (max.). In some cases a layer of

cement particles remained at the surface of the supernatant. The amount of

supernatant withdrawn was therefore additionally filtered by a 0.45 µm membrane filter

while discarding the first few millilitres before analysis. Each data point, i.e. at specific

S/L or BZM input concentrations was measured in duplicate or triplicate.

5.2.2 Sorption of NS and LS: evaluation of results

Spectrophotometric analysis (cf. section 3.2) was used to measure the input

concentrations (g·dm-3) of NS and LS ([BZM]in) and equilibrium concentrations in the

supernatants obtained after centrifugation ([BZM]eq). Wavelength ranges between 280

and 310 nm were used to calculate NS concentrations17 and between 270 and 390 nm

to calculate LS concentrations according to the following equation:

[BZM]eq, =

Dsup
Dcem

F
a

b
F (5.1)

Dsup  is the optical density of the supernatant at wavelength  and Dcem the optical

density of the solution phase of a suspension of cement particles at comparable S/L,

but containing no BZM (further denoted to as "blank"). F is a dilution factor applied to

obtain solutions with a measurable optical density, and a  and b  are calibration

parameters (cf. Tab. 3.1 in section 3.2). Dcem was determined by separate

                                                  

17 The index  in the notation [BZM]eq,  denotes that [BZM]eq has been calculated at wavelength

. In the text, this index is usually omitted, which indicates that a value averaged over the

results obtained at different wavelengths is denoted.
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measurements in the filtrates of

"blank" suspensions, and it has been

shown that Dcem is l inearly

proportional to the S/L (cf. Fig. 5.1).

The data indicate that such a

correction for background absorption

of components exuded from HCP

may be necessary even at relatively

low S/L. However, no such correction

can be found in literature data.

Because the experimental conditions

are not exactly known in most of

these cases, it cannot be decided

whether this omission is justified or

not.

[BZM]in and [BZM]eq were used to calculate the amount of BZM sorbed onto cement,

[BZM]sorb, given as g BZM per kg of HCP, according to:

[BZM]sorb = [BZM]in [BZM]eq( )
Vtot
mc

(5.2)

Vtot is the total volume of the liquid phase (dm3), and mc is amount of HCP (kg).

Combined standard uncertainties were estimated for [BZM]eq,  and [BZM]sorb,  based on

the coaction of the following individual sources of uncertainty:

1. Uncertainties owing to experimental handling:

a. Volumes

b. Amount of HCP weighed

2. Statistical and non-statistical uncertainties in spectrophotometric measurements:

a. Signal to noise ratio

b. Calibration parameters

c. Drift of zero correction as a function of time

d. Irregularities of BZM spectra in the supernatant as compared to spectra of

calibration solutions

3. Further non-statistical uncertainties:
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Fig. 5.1:
Spectra of unknown substances exuded by
HCP at different S/L into ACW-I.
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a. Uncertainty of correction for unknown substances exuded by cement

b. Relative uncertainties of [BZM]in.

The procedure of the EURACHEM WORKING GROUP ON UNCERTAINTY IN ANALYTICAL

MEASUREMENTS (W ILLIAMS et al., 1995) to calculate the combined standard

uncertainties has been followed. A detailed description of the process of uncertainty

propagation and estimation of values for the individual uncertainty sources can be

found be found elsewhere (GLAUS et al., 1998).

5.2.3 Sorption of gluconate: Analytical procedures

Gluconate concentrations were measured by HPAEC (cf. section 3.4) in the input

solutions and the supernatants obtained after centrifugation and filtration. Samples

having a sufficiently large concentration of gluconate were diluted by a factor of at least

20 and measured against aqueous gluconate standard solutions. Samples, which were

measured undiluted or diluted by a factor less than 20, were measured against aliquots

of the samples spiked with two suitable gluconate concentrations. The latter series of

samples were pre-treated with OnGuard-H cartridges (cf. section 3.4) in order to

improve the peak characteristics and thus the limit of detection for gluconate. [BZM]in,

[BZM]eq and [BZM]sorb were calculated based on the HPAEC results accordingly to the

previous section, whereby no correction for any "blank compounds" was necessary.

Experimental uncertainties were estimated based on the usual procedure for HPAEC

results, i.e. using the uncertainties of experimental handling, calibration parameters

and drift of signal response as the main individual sources of uncertainty (GLAUS,

2001a). Note that any contact of low-concentrated gluconate solutions in cement

equilibrium waters with glass vessels had to be avoided, because of alteration of

gluconate concentrations owing to formation of small amounts of silica containing gel

phases and sorption of gluconate thereupon.

5.2.4 Desorption experiments

Crushed HCP was suspended for 20 h (S/L: ~0.3 g·dm-3 in the case of NS, ~1 g·dm-3 in

the case of LS, ~0.5 g·dm-3 in the case of gluconate) in 20 cm3 of BZM dissolved in

ACW-I (1 g·dm-3 in the case of NS and LS, 0.1 M in the case of gluconate) analogously
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to the procedure described in section 4.2.1. After centrifugation (27'000 g (max),

15 min.), ~18 cm3 of supernatant was removed, analysed for the concentration of BZM

and replaced by the same volume of fresh ACW-I. In the case of NS and LS this

suspension was further shaken end-over-end, and filtered aliquots of it were

periodically analysed by spectrophotometric measurements (cf. section 3.2) for the

concentration of BZM. After an observation time of ~16 days, the step of centrifuging

and replacing the supernatant by fresh ACW-I was repeated and changes in BZM

concentration in the solution phase were monitored for another 15 days. In the case of

gluconate, the equilibration time for one desorption step was between 1 and 3 days.

Approximately 40 exchange steps were performed. No kinetics were followed upon

exchange of ACW-I in this case.

Due to the fact that not the complete amount of solution phase could be replaced by

fresh ACW-I, a given amount of BZM is already present in the solution phase before

any desorption of BZM taking place. This amount could be calculated with sufficient

accuracy based on the measurement of [BZM]eq in the previous equilibration step

( [BZM]eq
0 ) the volume of solution removed (V1) and the volume of ACW-I added (V2).

The net concentration of BZM in the solution phase, [BZM]eq
' , which is only due to

desorption is thus calculated according to

[BZM]eq
'

= [BZM]eq – [BZM]eq
0 Vtot V1

Vtot V1 +V2
(5.3)

where [BZM]eq  is the overall concentration in the solution phase.

5.3 Results

5.3.1 Sorption and desorption of NS and LS

5.3.1.1 Sorption isotherms

The sorption measurements of NS and LS can roughly be divided into two categories:

(i) test experiments, in which the influence of various parameters, such as the S/L,

exposure time, wavelength for data evaluation were varied while using only a few
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different BZM input concentrations, and (ii) isotherm measurements, in which

parameters with minor importance were fixed and more variation of BZM input

concentration was applied.

The results of a typical test experiment with NS are shown in Fig. 5.2. The data show a

quite consistent picture, from which it can be concluded that the sorption data in

general do not significantly depend on incubation time, S/L and wavelength applied for

data evaluation. As suggested by the fit curve (dashed line) in Fig. 5.2, the sorption

data may be fitted by a Langmuir type of sorption equation:

[BZM]sorb =
K q [BZM]eq
1+K [BZM]eq

(5.4)

In this equation, K is the sorption-affinity

constant (dm3·g-1 of BZM) and q  the

sorption capacity (g BZM per kg of

HCP) of cement for BZM. The index

sorb denotes the BZM species sorbed

to the solid and the index eq those

species found in solution. The

experimental uncertainties are not

shown for simplicity. They are of a

similar order of magnitude as the

scatter in the data points. From this

type of experiments it was concluded

that the effects of contact time and S/L

are of minor importance.

In the second series of experiments,

detailed sorption isotherms were

measured for NS and LS, whereby the

contact time was fixed to ~20 h. Since the evaluation of sorption data at different

wavelength gives valuable information on the combined standard uncertainties of the

results (cf. section 5.3.1.2), the results of this second series of experiments were also

evaluated at different wavelength. Tab's. 5.1 and 5.2 show the experimental conditions

and representative results evaluated at one single wavelength.
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Sorption data of NS on HCP evaluated at
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320 nm), S/L (1 or 17 g·dm-3) and exposure
times (1, 3, 16 days).
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Tab. 5.1: Raw data and results obtained for evaluation at 290 nm of sorption of NS
on HCP a.

[BZM]in

(g·dm-3)
mc (g) F D290 nm [BZM]eq

(g·dm-3)
u([BZM]eq)

(g·dm-3)
[BZM]sorb

(g·kg-1)
u([BZM]sorb)

(g·kg-1)

Input solutions

1.70·10-2 0 1.11 0.316

8.22·10-2 0 1.11 1.513

8.31·10-1 0 10.98 1.544

3.99 0 52.75 1.541

Blank suspensions

0 0.3369 1.11 0.053

0 0.3300 1.11 0.045

0 0.3246 1.11 0.046

Sorption measurementsb

1.70·10-2 0.3287 1.11 0.064 6.75·10-4 3.71·10-4 0.99 0.11

1.70·10-2 0.3187 1.11 0.062 5.66·10-4 3.23·10-4 1.03 0.11

1.70·10-2 0.3451 1.11 0.064 6.75·10-4 3.71·10-4 0.95 0.10

8.22·10-2 0.3271 1.11 0.133 4.43·10-3 2.22·10-3 4.75 0.52

8.22·10-2 0.3247 1.11 0.135 4.54·10-3 2.28·10-3 4.78 0.53

8.22·10-2 0.3204 1.11 0.136 4.59·10-3 2.30·10-3 4.84 0.53

4.33·10-1 0.3257 1.11 0.612 3.05·10-2 1.53·10-2 24.72 2.82

4.33·10-1 0.3368 1.11 0.601 2.99·10-2 1.50·10-2 23.94 2.72

4.33·10-1 0.3271 1.11 0.607 3.02·10-2 1.51·10-2 24.63 2.80

8.31·10-1 0.3447 1.11 1.488 7.82·10-2 2.35·10-2 43.68 5.01

8.31·10-1 0.3207 1.11 1.604 8.45·10-2 2.54·10-2 46.56 5.42

8.31·10-1 0.3250 1.11 1.674 8.83·10-2 2.65·10-2 45.71 5.37

1.27 0.3226 2.22 2.227 2.39·10-1 2.40·10-2 63.60 7.98

1.27 0.3208 2.22 2.261 2.44·10-1 2.45·10-2 63.68 8.03

1.27 0.3267 2.23 2.223 2.40·10-1 2.41·10-2 62.77 7.88

1.70 0.3182 5.73 1.996 5.58·10-1 2.85·10-2 71.76 10.83

1.70 0.3210 5.65 1.952 5.37·10-1 2.74·10-2 72.40 10.72

1.70 0.3258 5.64 1.926 5.29·10-1 2.70·10-2 71.84 10.56

2.09 0.3438 11.13 1.458 7.91·10-1 4.04·10-2 75.70 12.40

2.09 0.3232 10.94 1.608 8.58·10-1 4.38·10-2 76.41 13.23

2.09 0.3320 10.90 1.548 8.23·10-1 4.20·10-2 76.48 12.86

2.55 0.3200 21.83 1.201 1.28 6.53·10-2 79.72 16.48

2.55 0.3318 22.29 1.157 1.26 6.42·10-2 78.16 15.88

2.55 0.3473 21.58 1.114 1.17 5.98·10-2 79.60 15.11

3.99 0.3280 44.62 1.301 2.84 1.45·10-1 70.11 25.86

3.99 0.3462 42.86 1.273 2.67 1.36·10-1 76.28 24.33

3.99 0.3260 42.86 1.323 2.77 1.41·10-1 74.56 25.95
a For the abbreviations used in this table, cf. eqn's. 5.1 and 5.2; u(x) stands for the standard uncertainty of x.
b Volume of the solution phase: 20 cm3
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Tab. 5.2: Raw data and results obtained for evaluation at 310 nm of sorption of LS on
HCP a.

[BZM]in

(g·dm-3)
mc (g) F D310 nm [BZM]eq

(g·dm-3)
u([BZM]eq)

(g·dm-3)
[BZM]sorb

(g·kg-1)
u([BZM]sorb)

(g·kg-1)

Input solutions

0.41 0 4.085 0.567

1.64 0 12.55 0.771

3.23 0 23.90 0.781

6.46 0 50.35 0.758

Blank suspensions

0 0.5038 1.11 0.115

0 1.0231 1.11 0.235

Sorption measurementsb

0.41 0.5010 1 0.466 0.078 0.004 6.09 0.4

0.82 0.4931 1 1.027 0.17 0.009 13.1 0.8

1.64 0.4998 3.0 0.949 0.47 0.024 22.6 1.7

2.43 0.4880 7.9 0.671 0.88 0.046 31.7 2.7

3.23 0.4846 12.9 0.694 1.48 0.077 33.3 3.6

4.81 0.5008 25.0 0.718 2.98 0.15 36.6 5.7

6.46 0.4860 40.4 0.732 4.89 0.25 29.3 8.3

8.09 0.5119 50.9 0.782 6.58 0.34 29.3 10.3

0.41 0.9915 1 0.382 0.063 0.00 3.24 0.2

0.82 0.9900 1 0.81 0.13 0.01 6.89 0.4

1.64 1.0003 1 1.824 0.30 0.02 13.0 0.8

2.43 1.0410 2.0 1.549 0.51 0.03 18.4 1.2

3.23 1.0158 4.0 1.241 0.83 0.04 22.3 1.6

4.81 1.0247 12.2 0.784 1.58 0.08 31.5 2.5

6.46 0.9994 25.1 0.69 2.86 0.15 34.6 3.5

8.09 0.9881 40.1 0.667 4.43 0.23 37.0 4.7
a For the abbreviations used in this table, cf. eqn's. 5.1 and 5.2; u(x) stands for the standard uncertainty of x.
b Volume of the solution phase: 10 cm3

Fig's. 5.3A and 5.3B are plots of all the results obtained also at the other wavelengths.

The solid lines are fits of the data to eqn. (5.4). The experimental uncertainty is

characterised in three different ways: (i) the scatter of each data group represents the

uncertainty due to irregularities of the BZM spectra in the supernatants, (ii) the error

bars represent the calculated combined standard uncertainties of one single data point

as applied to the centroid of each data group and (iii) the dashed lines represent

uncertainties of the fit curve due to estimated uncertainties of the fit parameters K and

q. Details will be given in section 5.3.1.2.
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curves using the parameters given in Tab. 5.3. The dashed lines denote the
ranges of uncertainty introduced by the uncertainties of the fit parameters.
Error bars denote typical combined standard uncertainties of a single data
point.
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An overview of the fit parameters obtained and their uncertainties (cf. section 5.3.1.2.)

is given in Tab. 5.3.

Table 5.3: Summary of the Langmuir fit parameters (cf. eqn. (5.4)) for the sorption of
NS and LS on HCP.

NS LS

Optimum
value

Lower
limit

Upper
limit

Optimum
value

Lower
limit

Upper
limit

K (dm3·g-1) 19 15 21 2.1 1.5 2.5

q (g·kg-1) 81 65 95 43 35 50

5.3.1.2 Uncertainties in measurements of sorption of NS and LS on HCP

One important source of uncertainty is the shift in wavelength observed for NS spectra

measured in the supernatants as compared to the spectra of the calibration solutions.

As is shown in Fig. 5.4, the spectra of BZM in the supernatants are not identical with

the spectra used for calibration. In these plots, the spectra were normalised such that

the optical densities at the absorption maximum became identical. The observed shift

in absorption characteristics upon contact of NS and LS with HCP can probably be

explained by the heterogeneity in composition of these BZM solutions and the fact that

fractions of different molecular weight have different sorption affinities (STRÁNEL &

SEBÖK, 1997; SEBÖK & STRÁNEL, 1999; FERRARI et al., 1997; VOVK, 2000a; 2000b). It

has further been shown that the fate of the individual components of NS may differ in

environmental systems, either due to different sorption behaviour or different tendency

towards biochemical degradation (MENZEL et al., 2002; RUCKSTUHL et al., 2002).

According to the spectra shown in Fig. 5.4, uncertainties of [BZM]eq concentrations

were estimated as a function of S/L and [BZM]in. In extreme cases, relative

uncertainties of [BZM]eq reached values up to 50 %. This explains the relatively large

uncertainties associated with sorption data evaluated at low BZM concentrations. At

large BZM concentrations the uncertainty of [BZM]eq due to shifts of the absorption

bands plays a secondary role. However, the uncertainty of [BZM]sorb gets increasingly

significant because the difference between [BZM]in and [BZM]eq gets increasingly
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smaller. A comparison of the scatter of

a single data group with the combined

standard uncertainties of the single

data points (viz. the error bars) in

Fig. 5.3 shows that uncertainties due to

wavelength shifts of the BZM spectra

in the supernatants is the dominant

source of uncertainty in many cases.

The combined standard uncertainty of

a single data point was calculated

based on established procedures

( W ILLIAMS et al., 1995). There is,

however, no simple, broadly accepted

method for estimating the uncertainty

of the fit parameters K and q based on

these uncertainties. A pragmatic way

was therefore used: By simple trial and

error, the fit parameters were varied,

such that the range of uncertainty

covered both essentially all data points

and the error bars of the centroids of

each data group. The uncertainty of

the fit parameters obtained in this way

is strictly speaking not a standard

uncertainty, however, it reflects in a

conservative way the sum of

experimental uncertainties.

5.3.1.3 Desorption of NS and LS from HCP

Desorption of NS and LS was measured in two steps after loading hardened cement

paste with these BZM up to saturation. For each step, desorption kinetics was followed

for ~2 weeks. The spectra of aliquot samples of the desorption equilibrium solutions

give a consistent picture for both NS and LS. They are identical with the spectra
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Fig. 5.4:
Comparison of normalised spectra of
input solutions and supernatants of NS
(A) and LS (B) after contact with cement.
The spectra were normalised such that
the optical densities of the peak maxima
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observed in the sorption experiments (data not shown). For this reason data were

evaluated the same way as in the sorption experiments using a few wavelengths that

cover the main absorption bands of NS and LS. A representation of concentrations of

NS and LS desorbed is given by Fig. 5.5. The data shown were corrected (cf.

eqn. (5.3)) for the fraction of BZM present in equilibrium solution due to incomplete

exchange of the liquid phase. The error bars comprise uncertainties due to evaluation

of the results at various wavelengths, to baseline shifts of the spectrophotometric

measurements and to average formation of triplicate sets of experiments.
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Fig. 5.5: Kinetics of desorption of NS (A) and LS (B) from HCP represented by
corrected BZM concentration, [BZM]'eq (cf. eqn. (5.4) and Tab. 5.3). The
ordinates are chosen to represent maximum possible concentrations based
on equilibration of the systems according to the Langmuir model (cf.
eqn. (5.3)).

Within the time of observation, desorption of both NS and LS has not come into

equilibrium, although — especially the NS data — suggest almost no change in

concentration taking place for equilibration times larger than 100 h. However, the state

of incomplete desorption is clearly underlined by a calculation of the theoretical

maximum value of NS desorbed, which is based on the Langmuir parameters given in

Tab. 5.3. For the first desorption step, a maximum NS concentration of 117 mg·dm-3 is

expected and for the second series 111 mg·dm-3. Consequently, only ~10 % of the

amount of NS expected to be available to desorption is found in the solution phase

after the time of observation. For LS a solution concentration of ~200 mg·dm-3 is

expected for complete sorption based on the Langmuir model. Again, this value is in

stark contrast to the concentrations experimentally observed. All these considerations
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show that desorption kinetics of NS and LS are orders of magnitude slower than

sorption kinetics. This is in agreement with observations made in the literature for e.g.

the sorption of LS on hydrated cement phases (RAMACHANDRAN, 1972). However, the

latter experiments were carried out immediately during hydration of the cement phases,

whereas in the experiments described here, cement paste hydrated for several years

has been used.

5.3.2 Sorption and desorption of gluconate

Based on the experience made for the sorption of -isosaccharinic acid ( -ISA) (VAN

LOON et al., 1997), a structurally related polyhydroxycarboxylic acid, it can be expected

that the sorption of gluconate may be even stronger than the one of -ISA, because

metal ion complexes of gluconate in solution are in general more stable by one or two

orders of magnitude. This expectation was actually confirmed by the experimental

data. Fig. 5.6 shows the sorption isotherm measured for gluconate on HCP. In view of

the chemical stability of gluconate in ACW-I, it can be safely assumed that the

observed losses of gluconate concentration in the solution phase can be quantitatively

ascribed to the sorption process and that no chemical transformation is taking place.

This assumption has been extensively corroborated by measurements of dissolved

carbon concentrations in the case of -ISA (VAN LOON et al., 1997) and was not

checked for the gluconate experiments. Most of the sorption data shown in Fig. 5.6

were measured after a reaction time of 1 day. Preliminary experiments, in which the

reaction time was varied between 1 day and 3 months (also included in Fig. 5.6), have

shown a slight dependence on reaction time, which hardly exceeded the experimental

uncertainty. A similar conclusion can also be drawn for the variation of S/L. Fig. 5.6

contains data measured at S/L between 5 and 25 g·dm-3. No significant pattern

showing a dependence on S/L could be made out in the results.
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Fig. 5.6: Sorption isotherm of gluconate on HCP. The solid line is the fit curve
obtained using the parameters given in Tab. 5.4. The dashed lines
represent the ranges of uncertainty introduced by the uncertainties of the fit
parameters. Error bars denote uncertainties of a single data point (only
marked when significantly exceeding the symbol size.

The fit curve shown in Fig. 5.6 has been obtained by fitting the combined data of the

preliminary and the main experiment to a two-sites Langmuir isotherm of the following

form (the abbreviation gluc stands for gluconate, for other symbols: cf. eqn. (5.4)):

[gluc]sorb =
K1 q1 [gluc]eq
1+K1 [gluc]eq

+
K2 q2 [gluc]eq
1+K2 [gluc]eq

(5.5)

This is the same type of isotherm as applied to the sorption data of -ISA (VAN LOON et

al., 1997). Also in the case of gluconate, eqn. (5.5) contains no mechanistic information

about the molecular processes of sorption. Eqn. (5.5) is not more than a mathematical

formula, by which the experimental data can be fitted. As for NS and LS, the

uncertainties in the fit parameters have been estimated rather subjectively based on

the combined standard uncertainties of individual data points and the scatter in

sorption data obtained for the parameter variations tested (incubation time, S/L, in the

case of gluconate). The uncertainties associated with the Langmuir parameters are

represented in Fig. 5.6 by the dashed lines. They do not comprise the data at highest

gluconate concentration. However, the ranges of uncertainty for these points is so
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large that it is doubtful, whether they should be included for the fitting process or not. A

summary of the Langmuir sorption parameters and the uncertainties involved are given

by Tab. 5.4.

Tab. 5.4: Overview of Langmuir sorption parameters (cf. eqn. (5.5)) for the sorption
of gluconate on HCP.

Stronger sorption site: K1 = (2 ±1)·106 dm3·mol-1

q1 = 0.04 ±0.02 mol·kg-1

Weaker sorption site: K2 = (2.6 ±1.1)·103 dm3·mol-1

q2 = 0.7 ±0.3 mol·kg-1

Desorption of gluconate from HCP has been investigated using three independent but

identical experiments. Desorption was induced by exchanging the equilibrium solution

by fresh ACW-I. This step was repeated several times. The results of the desorption

experiments shown in Fig. 5.7 suggest that gluconate molecules bound to the weaker

sorption site were available to desorption, because they follow in some degree the

sorption isotherm. For the stronger binding site, however, this was not the case. It has

to be noted that the question of reversibility cannot be unequivocally clarified by this

experiment, because sorption to the stronger binding site is too strong in order for

gluconate being effectively removed from this sorption site. Further, non-statistical

uncertainties may propagate from one ACW-I exchange step to the next, because the

amount of gluconate sorbed for a given step is calculated based on the total content of

the system in gluconate from the previous step. Although a way to calculate the

propagation of uncertainty is in principal available, it is difficult to make a reliable

estimation for the overall uncertainty for the last steps, since the actual standard

uncertainty for one step is not exactly known and this uncertainty propagates over ~40

steps.
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Fig. 5.7: Results of three independent desorption experiments for the desorption of
gluconate from HCP (open symbols). The data to the rightmost are the
result of the first ACW-I exchange step. The results of the next exchange
step are the data next to the left, and so forth. The sorption isotherm
acquired in the sorption experiments (cf. Fig. 5.6) is represented as the
solid line along with dashed lines denoting the range of its uncertainty.

5.4 Discussion

The pore water concentration of BZM is a key parameter in the assessment of their

role in safety analysis of a radioactive waste repository. The pore water concentration

directly affects the extent of radionuclide complexation by the BZM. It is further related

to the amount of BZM bound to the surface, which may influence a possible

competition between radionuclides and BZM on the cement surface. Under the

assumption that the sorption parameters are valid for higher S/L, the concentration of

the BZM investigated in the pore water solution of any HCP sample can now be

calculated from the total amount of BZM initially added to the cement and the porosity

of cement (assuming that the porosity determines directly the amount of pore water)

using eqn's. (5.4) or (5.5). As an example, the concentration of LS in the pore water is
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calculated. The boundary conditions for this calculation are: 1.5 g of LS per 100 g of

dry cement, 580 g cement per dm3 of concrete, porosity of concrete of 0.1. Using the

sorption parameters given in Tab. 5.3, an equilibrium concentration of 0.25 mg·cm-3 LS

results from this calculation. This value is much lower than the maximum possible

concentration (~87 mg·cm-3, obtained if no sorption is taking place). However, it is not

clear, whether the total amount of BZM is actually available to sorption/desorption

processes, or whether some part cannot be mobilised in some way after hydration of

the cement. Also, it is not sure, whether the results measured at relatively low S/L may

be extrapolated to the S/L encountered in HCP. It has also to be noted that the

application of the Langmuir law may not be looked at as a mechanistic explanation for

the sorption mechanism of the BZM. Eqn. (5.4) has been deduced for the reversible

adsorption of a single species on a single type of sorption site resulting in a monolayer

on the surface (STUMM & MORGAN, 1981). Although sorption of BZM on HCP has often

been described using the Langmuir equation (BLANK et al., 1963; POPESCU et al., 1991;

FUKAYA & KATO, 1986; MASSAZZA et al., 1981; DIAMOND, 1971; MIYAKE et al., 1985;

JOLICOEUR et al., 1994), it has been recently shown by modern surface analytical

techniques (UCHIKAWA et al., 1992), such as atomic force microscopy and Auger

electron spectroscopy, that BZM, such as NS may form multilayers on the surface.

With respect to the heterogeneous mineralogical composition of HCP, it can hardly be

expected that there exists only one type of sorption site for admixtures.

For all these reasons, it is also necessary to directly measure the concentration of the

BZM in the pore water solution of HCP samples, which is also part of the experimental

programme described in this report (cf. section 6.3.1). Only very few information is

available from the literature (SPANKA & THIELEN, 1995; MICHAUX et al., 1986)

concerning this point. It will be interesting to compare the results obtained from HCP

with the values expected from the Langmuir isotherm (cf. section 7.4).
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6 EXPERIMENTS WITH HARDENED BZM-CEMENT PASTE (BZM-HCP)

Overview:

Cylindrical cores of hardened cement paste (HCP) containing either NS, LS, PP or no

BZM were prepared and cured under anaerobic conditions at room temperature. After

~4 and ~20 months, pore water was squeezed from each of the  three samples per

BZM and one cement core per BZM was crushed to small particles with sizes < 70 µm.

The squeezed pore water was analysed for the following properties:

1. pH, alkalinity, UV-VIS absorption (NS and LS), gluconate concentration (PP),

total organic carbon concentration, concentration of selected elements.

2. Influence of pore waters on the sorption of Eu(III) on a cation exchange resin.

The crushed material was analysed for the following properties:

1. Desorption of BZM from crushed material

2. Sorption of -isosaccharinic acid on crushed material

3. Sorption of Eu(III), Th(IV) and Ni(II) on crushed material

4. Content of BZM in crushed material

These experiments aim at an assessment of the fate of BZM and their influence on the

sorption of radionuclides and polyhydroxy acids under realistic conditions, i.e. at high

ratios of cement to pore water and at a relatively low loading of cement with BZM.

A method for the measurement of total content of gluconate in HCP was developed in

the course of these experiments.
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6.1 Introduction

The experiments with HCP prepared in the presence of selected BZM (in the following

denoted to as BZM-HCP) aim at an assessment of the chemical properties of the pore

water under realistic conditions and of surface-related effects caused by the BZM

present in BZM-HCP. NS, LS and PP were chosen for the preparation of a series of

identical cylindrical test specimens (specifically denoted to as NS-HCP, LS-HCP and

PP-HCP). The idea behind the use of NS and LS is to have one representative of those

BZM having a strong sorption-reducing effect in the ‘test radionuclide sorption

experiments’ (cf. chapter 4) and one representative having no effect in these

experiments. Further, NS and LS have been widely used as superplasticisers in the

past. PP is tested here, because it is used at PSI and some of the nuclear power plants

in Switzerland for conditioning of radioactive waste. A control series containing no BZM

was prepared in addition as a reference (denoted to as Blank-HCP). After a given time

of cement hydration, part of the BZM-HCP samples were harvested, i.e. pore water

was squeezed or the complete specimens were crushed to small particle sizes. In

order to obtain information on sample heterogeneity, pore water of three cement cores

was sampled simultaneously, and the samples were analysed separately. For the

experiments investigating the properties of the solid, only a single cement core was

taken at one sampling time for crushing. The subsequent experiments with squeezed

pore water and crushed BZM-HCP material mainly serve the following purposes:

1. Measurement of the concentration of BZM in the pore water. This concentration

is of interest with respect to the results of sorption measurements of BZM on

hardened cement paste. A comparison of the predictions based on those

measurements with the results obtained with squeezed pore water will give

information, whether the former are representative for a real cement system or

not. Squeezing of pore water is expensive and needs special laboratory

equipment. It would be interesting to see whether such experiments could be

replaced by simple sorption measurements. The pore water concentration of

BZM is further of interest with respect to complexing properties of BZM. For this

reason, the latter will be addressed using a batch ion exchange method with a

polymeric organic resin as the solid phase, thereby only probing the properties

of BZM molecules in solution.

2. Measurement of sorption properties of BZM-HCP for selected radionuclides and

-isosaccharinic acid ( -ISA). These experiments can show whether the
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sorption properties of BZM-HCP cement surfaces are changed as compared to

a sample containing no BZM.

3. Preliminary assessment of the fate of the BZM in HCP, i.e. assessment of

possible chemical transformation or degradation reactions. BZM-HCP samples

were harvested after ~4 and ~20 months of cement hydration, and the same

subsequent analyses were carried out for the purpose of comparison.

6.2 Experimental

6.2.1 Preparation and storage of BZM-HCP cores

Ordinary Portland cement (CPA 55 HTS, Lafarge, France) was used as binder. The

chemical and mineralogical composition is given elsewhere (VAN LOON et al., 1997;

VAN LOON & GLAUS, 1998). For each of BZM under investigation, a total amount of

1800 g BZM-HCP was prepared. The water to cement ratio (W/C) was 0.7 (on a weight

basis). According to Tab. 6.1 cement was mixed in a Variac mixer (Moulinex) with half

of the amount of water present as liquid water at room temperature. The other half of

the amount of water was thereafter added as small-grained ice. BZM solutions (cf.

Tab. 2.1) were immediately added together with water except for LS, which was added

only after ~90 min. of cement hydration time. The suspensions were first mixed

manually and, after obtaining some degree of homogeneity, a mixer has been used.

Tab. 6.1: Composition of BZM-HCP cores used for the experiments described in
this chapter (for details see also EGLOFF, 1998).

NS-HCP LS-HCP PP-HCP Blank-HCP

Cement (g) 1049 1051 1006 1058

Water (g) 715 716 736 742

BZM (g) 35.0a 31.5b 12.6c 0

B/Cd (%) 1.5 1.2 1.25 0

W/Ce 0.7 0.7 0.7 0.7
a 45% (weight per weight) solution b 40 % (weight per weight) solution
c undiluted solution
d Ratio of BZM to dry weight of cement (expressed as percentage of weight per weight)
e Ratio of water to dry weight of cement (on a weight basis)
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Mixing speed was chosen such that the temperature did not exceed 75 °C. After mixing

the pastes were evaporated, and water losses — between 5 and 12 g — were replaced

by adding a suitable amount of fresh water. Aliquots of the paste were hardened in

250 cm3 cylindrical polystyrene vessels (Semadeni, Switzerland; 65 mm diameter) after

overlayering the paste with ~10 cm3 of water. Part of this water was successively taken

up by the hydration processes and therefore replaced. After an observation time of ~30

days, the samples were stored in a glove box under controlled N2 atmosphere (CO2,

O2 < 5 ppm). The overlayering water had to be periodically replenished due to the

aridity in the glove box. Water loss was of the order of 50 mg per day.

6.2.2 Sampling of BZM-HCP cores

BZM-HCP were sampled twice for analysis of pore water and of the chemical

properties of crushed material. The exact hydration time elapsed for the individual

series can be taken from Tab. 6.2. As can be seen from this Table, the hydration times

are not exactly the same. However, for simplicity, they are denoted in the following as

the "~4 months-" and the "~20 months crop".

Tab. 6.2: Hydration time (months) elapsed until sampling of BZM-HCP cores.

NS-HCP LS-HCP PP-HCP Blank-HCP

First sampling 3 5 3 5

Second sampling 19 22 19 22

Each 3 cores per sampling time and type of BZM were used for squeezing of pore

water in order to get a crude overview of the variability of the properties of equally

prepared samples. For the preparation of crushed BZM-HCP material, only one BZM-

HCP core per type of BZM was used.

6.2.2.1 Squeezing of pore water

Pore water was squeezed at the Institut für Bauforschung (Rheinisch-Westfälische

Technische Hochschule, Aachen, Germany) using a 500 N·mm-2 press. Before use, the

outer part of the core (a few millimetres) that could have been chemically altered during
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preparation was removed. During the squeezing process, the pore water was protected

against contamination with CO2 from air using argon as a protecting gas. Only a few

millilitres could be obtained from one BZM-HCP core.

6.2.2.2 Preparation of fine-grained material from BZM-HCP cores

All steps were carried out in a glove box under controlled N2 atmosphere. For the

preparation of crushed material, BZM-HCP cores were removed from the polystyrene

vessel, washed with water and dried for ~2 days in the atmosphere of the glove box.

They were mechanically pulverised in a ceramic mortar. Particles were gradually

separated using sieves with different exclusion sizes. The fractions with particle sizes

<70 µm were used for subsequent experiments.

6.2.3 Experiments with pore water from BZM-HCP

6.2.3.1 Chemical analyses of squeezed pore water

All experimental procedures were stamped by the restricted amounts of pore water

available. For the ICP-MS analysis (Empa, Dübendorf, Switzerland) of a series of

elements contained in the squeezed pore waters, the triplicate samples of the

~4 months crop had to be pooled owing to the low concentrations of certain elements

to be analysed. For the ~20 months crop, the triplicate samples could be analysed

separately, because analysis for a series of elements of secondary importance, but

with a comparably low detection limit was omitted. The concentrations of Na, K, Ca, Fe

and Al were in addition measured with ICP-OES for the samples from the ~4 months

crop.

The concentrations of NS and LS were measured with UV-VIS spectroscopy according

to section 3.2 after appropriately diluting the samples. The spectra were corrected for

cement-borne substances using an average spectrum of pore waters from Blank-HCP.

BZM concentrations were calculated from the absorbance in a wavelength range

between 260 and 300 nm for NS and between 270 and 290 nm for LS. The

concentration of gluconate was measured by HPAEC according to section 3.4.

75 NAGRA NTB 03-09



Samples of the ~4 months crop were injected without sample pre-treatment.

Accordingly, the detection limit for gluconate was much higher in these series than for

the ~20 months crop, where samples were pre-treated using OnGuard-H cartridges.

TOC analysis (cf. section 3.3) was used to determine the concentration of total organic

carbon.

For alkalinity titration, samples of 0.25 cm3 squeezed pore water were added in a

closed titration cell to 30 cm3 of a 0.1 M aqueous solution of NaClO4 previously flushed

with argon. The mixture was titrated under argon with a calibrated solution of 0.01 M

HCl in 0.1 M NaClO4 using a 670–Titroprozessor connected to a 665–Dosimat (both

from Metrohm, Herisau, Switzerland). A combined glass electrode calibrated at pH 4, 7

and 10 was used to read pH.

6.2.3.2 Sorption of 152Eu on cation exchange resin

Sorption of Eu(III) was studied in 5 cm3 polyethylene vials — commonly used for -

counting — under laboratory atmosphere using a suspension of 0.27 g Dowex 50W-X4

resin (Na+-form) in 4 cm3 undiluted squeezed pore water or squeezed pore water

diluted in ACW-I. The squeezed pore waters were previously filtered across a 0.45 µm

membrane filter. Sorption measurements were carried out in triplicate. Alternatively

variously diluted solutions of NS, LS or PP in ACW-I (also 0.3 M NaOH in some

instances) instead of squeezed pore waters were used to measure reference sorption

isotherms for "unaltered BZM". 20 mm3 of Eu spike solution (containing the radioactive

isotope 152Eu and the stable isotopes 151Eu and 153Eu) in 0.1 M HCl were added to give

a total Eu concentration of ~0.2 nM and a specific activity of 10 kBq·dm-3. The

suspensions were shaken end-over-end for approximately 20 h. The ion exchange

resin was allowed to settle down, and 2 cm3 of the supernatant were analysed for 152Eu

by -counting (Minaxi- , autogamma® 5000 series, Packard)18. The rest of the solution

phase was carefully decanted (without loss of resin), and the resin was washed three

times with water. The sum of Eu sorbed on the resin and on the wall was determined

                                                  

18 Test experiments with systems having various concentrations of Eu in the solution phase

showed that the Eu concentration in the supernatant of a settled suspension is identical with the

one obtained after centrifugation for 30 min. at 27,000 g (max.).
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by directly measuring the vials containing the resin in the -counter. Finally, the empty

vials were again measured in the -counter to give the amount of Eu sorbed to the vial

wall. For calculation of Rd values, the following equation has been applied:

Rd =
Nr
' Nw Nrest( )

Neq

v eq
mr

(6.1)

with:

Nr
' = counting rate19 (cpm) in the vial after washing the resin with water.

Neq = counting rate (cpm) in the solution decanted.

Nrest = counting rate (cpm) that has to be attributed to incomplete washing of the resin.

Nw = counting rate (cpm) measured for radioisotope sorbed to the vessel wall.

veq = volume of the sample taken from the decanted solution.

mr = mass of resin (g).

For the estimation of the combined uncertainty of Rd values (uc(Rd) ), the total

differential of eqn. (6.1) is formed in analogy to the procedures shown in section 4.2.6

with the parameters indicated being sources of uncertainty:

uc (Rd) =
Rd

(x i)

 

 
 

 

 
 

2

u2 (xi )
i =1

n

         xi = Nr
' ,  Nw, Nrest,  Neq (6.2)

Based on the experiences pointed out in chapter 4, the uncertainties of veq and mr were

neglected. (cf. also GLAUS et al. (1997)).

6.2.4 Experiments with crushed BZM-HCP material

6.2.4.1 Desorption of BZM

All steps were carried out in a glove box under controlled N2 atmosphere. 0.5 g of

crushed BZM-HCP samples (particle sizes < 70 µm) were equilibrated with 20 cm3

ACW-I on an end-over-end shaker for ~24 h. The suspensions were centrifuged for

30 min. at 27000 g, 19 cm3 of the supernatants were removed for analysis and

replaced by the same volume of fresh ACW-I. The suspensions were shaken for

                                                  

19 All counting rates in eqn. (6.1) are net counting rates.
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another 24 h until further sampling. After 4 steps of replacing and analysing the

solution phase the experiment was finished. The supernatants from NS-, LS- and

Blank-HCP experiments were analysed with UV-VIS spectroscopy (cf. section 3.2) and

those containing PP with HPAEC (cf. section 3.4) after sample pre-treatment with

OnGuard-H cartridges. In addition all supernatants were subjected to TOC analysis

according to section 3.3.

Absorbance measured in the supernatants of NS-HCP and LS-HCP was corrected for

cement-borne substances by subtracting the absorbance measured for the blank

series. For simplicity, BZM concentrations were calculated from one single wavelength,

which was 274 nm in the case of NS and 290 nm in the case of LS. The results were

finally transformed to carbon concentration according to the carbon content given in

Fig. 3.5. Likewise, TOC results of the supernatants of NS-HCP, LS-HCP and PP-HCP

were corrected for TOC values measured in the blank series. Both UV-VIS and TOC

results for equilibration steps 2 to 4 were corrected in addition for the incomplete

exchange of supernatants according to:

[BZM] i,c = [BZM]i [BZM] i 1,c
Vr
Vtot

(6.3)

with:

[BZM]i,c : Corrected BZM concentration (g·dm-3) for equilibration step i.

[BZM]i : Uncorrected BZM concentration (g·dm-3) for equilibration step i.

Vr : Volume (cm3) of solution remaining after removing the supernatant

(typically of the order of 1 cm3).

Vtot : Total solution volume (cm3).

6.2.4.2 Sorption of -isosaccharinic acid

All steps were carried out in a glove box under controlled N2 atmosphere. All data

points were measured in duplicate. Briefly, the BZM-HCP samples were twice pre-

washed with ACW-I, in order to remove the easily mobilisable part of BZM, and then

equilibrated with ACW-I containing -ISA. In detail, 0.5 g of crushed BZM-HCP

samples (particle sizes < 70 µm) were equilibrated with 20 cm3 ACW-I on an end-over-

end shaker for ~24 h. The suspensions were centrifuged for 30 min. at 27000 g (max.),

18 cm3 of the supernatants were withdrawn, replaced by the same volume of fresh
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ACW-I and further equilibrated. The step of ACW-I replacement was repeated once

again, and the amount of BZM desorbed was checked by UV-VIS spectrometry. A

good agreement was found between these measurements and the results from the

experiments described in section 5.2.4.1. Finally, the BZM-HCP suspensions were

equilibrated with ACW-I containing between 10-4 and 5·10-2 M -ISA. These solutions

were prepared using the sodium salt of -ISA synthesised according to VAN LOON &

GLAUS (1998). The concentrations of -ISA were chosen, such that the sorption

properties of the two sorption sites observed (VAN LOON et al., 1997) could be probed.

The suspensions containing -ISA were equilibrated in general for ~20 h until

centrifuging for 30 min. at 27000 g (max.). A few samples were equilibrated for 1 week

and 1 month to get a crude impression of the sorption kinetics.

The supernatants were filtered using a 0.2 µm membrane filter (nylon, Semadeni,

Switzerland) while discarding the first few millilitres and analysed for -ISA by HPAEC

using the same equipment as for gluconate analysis (cf. section 3.4). The eluent was

0.08 M NaOH, superimposed by a step gradient of sodium acetate reaching maximum

acetate concentrations of 0.92 M, while the NaOH concentration remained 0.08 M.

Samples were diluted by a factor larger than 10 with water where possible and

measured against external aqueous standard solutions of -ISA made from Ca( -

ISA)2. In cases where dilution was not possible because of low concentrations of -

ISA, samples were pre-treated with OnGuard-H cartridges (cf. section 3.4) and

measured against aliquots of the same samples spiked with two suitable

concentrations of -ISA. The non-spiked samples were accordingly diluted with water,

in order to obtain exactly the same chemical matrix as for the spiked samples. For

peak detection and calculation of -ISA concentrations, the same procedures as

described in section 3.4 were applied.

The amount of -ISA sorbed on cement ([ISA]sorb, mol·kg-1) was calculated from the

difference in concentration between the total concentration of -ISA in the system

([ISA]in, mol·dm-3) and the equilibrium concentration of -ISA in the solution phase

([ISA]eq, mol·dm-3) according to:

[ISA]sorb =
[ISA]in [ISA]eq( ) Vtot

mc

=

[ISA]stock
V1
Vtot

[ISA]eq
 

 
 

 

 
 Vtot

mc

(6.4)

[ISA]in is calculated from the concentration of the stock solution of -ISA added to the

cement suspension ([ISA]stock, mol·dm-3), the volume (V1) of stock solution added to the

79 NAGRA NTB 03-09



cement suspension after removing ACW-I and Vtot, the total volume of the suspension

after adding the -ISA stock solution. mc is the amount (g) of BZM-HCP present in the

suspension.

Combined standard uncertainties of [ISA]sorb (u([ISA]sorb )) were calculated by

uncertainty propagation according to:

u([ISA]sorb )= u([ISA]in )( )
2

+ u([ISA]eq )( )
2 Vtot
mc

(6.5)

Here, the assumption was made that the uncertainties of Vtot and mc are negligible.

Combined standard uncertainties of [ISA]eq were calculated according to the usual

procedures applied to results of HPAEC analysis. The combined relative standard

uncertainty of [ISA]in was assumed to be 10 %.

6.2.4.3 Sorption of radiotracers

Sorption of Eu(III) and Th(IV) was studied in polysulfone centrifuge tubes in pre-

washed (cf. section 5.2.4.2) BZM-HCP suspensions in ACW-I at an S/L of 0.25 g·dm-3.

All steps were carried out in a glove box under controlled N2 atmosphere. Sorption

measurements were carried out in triplicate.

0.8 g BZM-HCP samples (particle sizes < 70 µm) were equilibrated on an end-over-end

shaker with 39 cm3 ACW-I overnight and thereafter centrifuged at 27000 g (max.) for

30 min. 37 cm3 of the supernatants were withdrawn and replaced by another 37 cm3 of

fresh ACW-I. After repeating this washing step for a second time, the suspensions

were used as stock suspensions (S/L = 20 g·dm-3) for the sorption experiments.

0.5 cm3 portions of the stock suspensions were mixed with 39.5 cm3 of ACW-I, a

suitable amount of tracer solution. For the measurements of radiotracers in solution

and on the solid, as well as for the calculation of Rd values, the reader is referred to

section 4.2.

The sorption experiments with Ni(II) were carried out in a similar way with the exception

that the S:L ratio was much higher. For this reason, the amount of BZM-HCP (~1 g)

could be weighed directly into the centrifuge vial and washed twice with ACW-I therein.

The S/L was thus 25 g·dm-3. For the rest of the procedure, the reader is referred to

section 4.2.5, with the exception for the measurement of 63Ni activity, which could be
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carried out directly in the solutions sampled, because these contained no coloured

substances.

In a separate series containing no radiotracers, the amount of BZM contained in

cement after the two washing steps and in the solution phase was analysed. 3 cm3 of

the stock suspensions of BZM-HCP prepared for the Eu and Th sorption experiments

were added to 240 cm3 ACW-I and washed in two steps with ACW-I. After the last

centrifugation step, the BZM-HCP samples were washed with water, transferred

quantitatively into a 40 cm3 polysulfone centrifuge tube and extracted for three days

with 2.5 cm3 1 M HCl. After adjusting pH in the HCl extracts to ~2 with NaOH, they

were run over an OnGuard-H cartridge in the Na+ form in order to bring pH to neutral

and to remove interfering elements like Fe and Al. The concentrations of BZM in the

eluates of the OnGuard-H cartridges were measured according to chapter 3. Note that

the high concentration of Na+ in the eluates necessitates a special calibration

procedure for gluconate in HPAEC, because gluconate peaks were shifted upon

injection of a sample containing large Na+ concentrations. These separate series

served as a check that BZM were still present in the cement pastes used for measuring

the sorption of radionuclides and of -ISA.

6.2.4.4 Analysis of BZM in BZM-HCP

Extraction by HCl and NaOH:

250 mg of BZM-HCP (particle sizes < 70 µm) were weighed into a 40 cm3 polysulfone

centrifugation tube and extracted with 10 cm3 of 1 M HCl overnight on an end-over-end

shaker. The suspensions were centrifuged for 30 min. at 27000 g, 9 cm3 of the

supernatant were removed, 9 cm3 of fresh 1 M HCl were added, and the extraction

procedure was applied for a second time. After these extractions with HCl, H2O was

added instead of HCl, and the suspensions were centrifuged immediately. After

removing as much of the supernatant as possible, 10 cm3 of 0.2 M NaOH were added

to the remaining BZM-HCP pellets and equilibrated on the end-over-end shaker for

another 24 h.

The volume of the supernatants of the first and second extraction with HCl was brought

with water to ~40 cm3, pH was adjusted to ~2 using diluted NaOH, and the volume was

finally brought to 50 cm3 with water. These samples were then treated with OnGuard-H

cartridges according to section 3.4, in order to neutralise pH and remove interfering
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ions like Al(III) and Fe(III). The efficacy of this sample pre-treatment was monitored

with ICP-OES. The concentrations of Al(III) and Fe(III) were reduced by a factor of

~100. The concentration of Si was also significantly reduced by this pre-treatment. It

was verified in a series of test measurements that the extraction procedure did not lead

to chemical transformation or degradation reactions of the BZM.

NS an LS were analysed using UV-VIS spectrometry according to section 3.2. BZM

concentrations were calculated from the absorbances measured in a wavelength

region between 260 and 310 nm after correcting for background according to the

absorbances measured in the blank-series. Note that it is necessary to bring the

samples to neutral pH, because the extinction coefficients applied (cf. Tab. 3.1) are

rather different from those valid for acidified solutions. Generally, the sensitivity of the

method is noticeably reduced for acid samples.

Extractions by Na2CO3 or NaHCO3

An alternative method to extract BZM from HCP is an extraction using 1 M Na2CO3

(CONNOLLY et al., 1980). For these tests, 1 g of BZM-HCP was equilibrated with 20 cm3

of 1 M Na2CO3 for various equilibration times. A contact time of three days turned out to

be necessary to completely extract the BZM. This is in contradiction with an experi-

mental protocol for LS (WEXLER & BRAKO, 1963), where a few hours were stated to be

sufficient. The content of BZM in the solution phase was assessed without sample pre-

treatment after centrifuging the suspensions for 30 min. at 27000 g. It was tested that

the concentration of NS and LS could be measured directly in the diluted Na2CO3 solu-

tions using the calibration parameters given in Tab. 3.1. The concentrations of NS and

LS were calculated for simplicity using the absorbance measured at only one wave-

length (290 nm in the case of NS and 290 nm in the case of LS20). The absorbance

was corrected for those measured in the blank series at suitable contact time.

The extraction of gluconate from PP-HCP was not complete when using 1 M Na2CO3.

1 M NaHCO3 was used instead of Na2CO3. Test experiments showed that the complete

amount of gluconate was extracted from PP-HCP after a contact time of three days.

Gluconate was analysed according to section 3.4 after sample pre-treatment with

OnGuard-H cartridges.

                                                  

20 Aqueous solutions of LS were used for calibration, since the spectra in the pH range between

7 and 10 do not differ significantly at this wavelength (cf. Fig. 3.2).
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6.3 Results and Discussion

6.3.1 Experiments with pore water from BZM-HCP

6.3.1.1 Chemical analyses of pore waters

Fig. 6.1 shows typical spectra measured in the pore water samples squeezed from the

NS- and LS-HCP cores. The spectra

are corrected for cement-borne

substances. As can be immediately

perceived from Fig. 6.1,  the

significance of this technique in

determination of BZM concentration is

noticeably impaired. The spectra of the

pore waters from NS-HCP have

different absorption maxima as

compared to solutions of pure NS in

ACW-I. In the case of pore waters from

LS-HCP, a new absorption band is

even observed. For this shift of

absorption characteristics, an exact

determination of the concentration of

NS and LS in the pore water based on

UV-VIS measurements will be biased.

The spectra of NS in the pore waters

are, however, very similar to those

measured after sorption of NS on HCP

(cf. section 5.3.1.2). Therefore, it is

assumed that also for the squeezed

pore waters the results of the UV-VIS

measurements give at least results of a

correct order of magnitude for NS. The

reference to the measurements of BZM

sorption on cement at this place is of

relevance in that those sorption
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Fig. 6.1:
Corrected UV-VIS spectra of squeezed pore
waters from NS-(plot A) and LS-HCP
(plot B). The samples were taken in triplicate
after 3 months (NS) and 5 months (LS).
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measurements were carried out over short time scales, whereas in the present

analyses the concentration of BZM in the pore water could have possibly been altered

due to chemical transformation or degradation reactions occurring over the relatively

large time span of these experiments. This has to be assumed to be the case for LS-

HCP. It is hypothesised in the literature that, already upon relatively short contact times

(orders of a few days), vanillin is produced from hydrolysis of LS (SWENSON &

THORVALDSON, 1960). Fig. 6.2 shows that this hypothesis is, from a qualitative point of

view, in rather good agreement with the UV-VIS spectrum of a standard solution of

vanillin in 1 M K2CO3 (SANDERS et al., 1995). In Fig. 6.2, the spectrum of vanillin is

subtracted from the spectrum of a pore water from LS-HCP, and the vanillin-subtracted

spectrum is compared with the spectrum of a standard solution of LS21 in ACW-I. The

concentration of vanillin is chosen such

that the vanillin-subtracted spectrum

has the same optical density at 345 nm

as the LS reference solution. The rather

good agreement between the vanillin-

subtracted spectrum and the reference

solution of LS indicates that it is at least

reasonable to explain the spectral

changes in the pore water from LS-HCP

by a possible production of vanillin22.

Note that, in the work of SWENSON &

THORVALDSON (1960) the presence of

vanillin has been verified qualitatively by

chromatographic identity of reaction

products extracted from alkali-exposed

LS-cements with vanillin using paper

chromatography.

As a consequence of these spectral

                                                  

21 The concentration (68 mg·dm-3) of LS is the concentration in the diluted (1:6) sample solution

calculated later on for this sample (cf. Tab. 6.3).

22 After this correction, the spectrum is again in rather good agreement with the spectra of the

solution phase from the experiments investigating the sorption of LS on HCP (cf. Fig. 5.4).

0

0.4

0.8

1.2

1.6

2

240 280 320 360 400

O
pt

ic
al

 d
en

si
ty

Wavelength  (nm)

Pore water without correction

Vanillin

Pore water corrected

Reference solution

Fig. 6.2:
Linear correction of a spectrum of pore
water from LS-HCP shown in Fig. 6.1 for
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changes occurring during cement hydration, BZM concentrations were evaluated from

the range of wavelengths, in which the spectra of the original compounds and those

measured for the squeezed pore waters are as similar as possible. For NS a

wavelength range between 260 and 300 nm was chosen and for LS a wavelength

range between 270 and 290 nm. It is assumed that the standard uncertainty of the

results obtained at different wavelength reflects in a reasonable way the true

uncertainty in concentration measurements that can be attributed to the spectral

changes. Note that such a procedure for the evaluation of BZM concentration is rather

unusual in the literature, where BZM concentrations are most often calculated from one

single wavelength. Unfortunately, most of the authors do not explicitly indicate, whether

and how their results are corrected for background absorption due to cement-borne

substances.

The concentrations of NS and LS in the squeezed pore waters were also measured by

TOC. A summary of the concentrations as calculated from UV-VIS spectroscopy and

TOC for samples harvested after ~4  and ~20 months is given by Tab 6.3. The

uncertainties of the results from the UV-VIS measurements are fairly large due to the

changes in the spectra of the squeezed pore waters as compared to those of the initial

solutions. With regard to the relatively small sample-to-sample variations shown in

Fig. 6.1, one can conclude that the uncertainties due to spectral changes are the

dominant source of uncertainty in UV-VIS measurements. The standard uncertainties

of TOC measurements, on the other hand, are dominated by the sample-to-sample

variations, while instrumental uncertainties are mostly negligible. As also shown in

Tab. 6.3: Pore water concentrations of BZM from analysis by UV-VIS spectrometry
and TOC measurements. The results are averaged over the three samples
for each type of BZM-HCP. The standard uncertainties given include
sample-to-sample variation and instrumental uncertainties.

Sampling after ~ 4 months Sampling after ~20 months

Results from UV-VIS
Results
from TOC Results from UV-VIS

Results
from TOC

BZM (mg BZM·dm-3) (mg C·dm-3) (mg C·dm-3) (mg BZM·dm-3) (mg C·dm-3) (mg C·dm-3)

NS 224 ±56 121 ±30 192 ±15 324 ±71 175 ±38 258 ±26

LS 410 ±42 193 ±20 617 ±6 636 ±46 299 ±22 737 ±14

PP n.m.a n.m.a 4286 ±175 n.m.a n.m.a 4244 ±451
a Not measurable; gluconate was found to be below the detection limit (for details, see the text).
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Tab. 6.3, the concentrations of organic carbon as determined from the UV-VIS

measurements and from the TOC measurements are in fair agreement for NS but not

at all for LS. From the two samplings it cannot be unequivocally decided whether this

discrepancy can be interpreted as a chemical transformation reaction of LS or not.

Fig. 6.3 shows a comparison between the spectra obtained for the two incubation

times. The spectra are averaged for each of the three individual samples containing NS

or LS. As can be seen from Fig. 6.3 the spectra do not differ in qualitative sense over a

large range of wavelength. This is an indication that the BZM remain in a stable state

after the first few months. The uniform change in optical density in both spectra from

the first to the second sampling can probably rather be explained by the decrease of

available pore water due to the proceeding stage of hydration of the cement paste than

by changes in the properties of the solid with respect to sorption. If it is assumed that a

transformation reaction would be taking place, this reaction has to be relatively fast

with respect to the timescale of sampling.

In the case of PP-HPC, gluconate was analysed as the only of the numerous chemical

components contained in PP. The concentration of gluconate was in all samples below

the detection limit of the HPAEC method, which was of the order of 20 µM for the

samples taken after ~3 months and of the order of 50 nM for the samples taken after
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Fig. 6.3:
Comparison between first (~4 months) and second sampling (~ 20 months) with
respect to UV-VIS spectra of squeezed pore waters from NS-HCP (plot A) and LS-HCP
(plot B). The spectra are averaged over the three samples of each of type of BZM-HCP
and are corrected for background absorption measured in the blank series. Further
they were normalised to hypothetical undiluted conditions in order to make the
measurements carried out at different dilution factors directly comparable.
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~19 months. This noticeable improvement of the detection limit has been obtained by a

pre-treatment of the samples by a strong anion exchanger, which reduces the

hydroxide ion concentration and the concentration of trace metal impurities in the

sample (cf. section 6.2.4.4). For a comparison of the BZM concentrations in squeezed

cement pore water with the initial contents in the liquids added when preparing the

BZM-HCP cores, the reader is referred to section 7.4.

The results of the titration of squeezed pore waters with hydrochloric acid are shown in

Tab. 6.4. The standard uncertainties reflect the sample-to-sample variation observed

for the three samples each taken at one sampling time. The concentration of total

alkalinity [A]tot (M) is calculated from the amount of acid consumed during titration until

pH 6 according to eqn. (6.6):

[A]tot =
VHCl [HCl]

Vs
(6.6)

VHCl is the volume (dm3) of HCl used to reach pH 6 and Vs the volume (dm3) of pore

water used for the titration. The choice of pH 6 as end point of the titration is justified

with respect to the fact that no buffering regions have been observed in the pH region

between 4 and 8, indicating the absence of both carbonate and organic carbonic acids.

In the case of NS-HCP and Blank-HCP the titration curves can be interpreted mainly as

the neutralisation of hydroxide ions. Qualitative explanations for the increased alkalinity

in pore water of LS- and PP-HCP are the content of phenolic groups in LS and the

presence of nitrogen-containing compounds in PP. Because the exact composition of

these BZM is not known, a direct comparison of the content of these functional groups

with the increase in alkalinity is not possible. However, an agreement within an order of

the magnitude to be expected can be found. It can further be taken from Tab. 6.4 that

no changes in alkalinity have been observed between the first (~3 months) and second

Tab. 6.4: Total alkalinity ([A]tot) given in M measured in pore waters squeezed from
BZM-HCP samples. The results are averaged over the three samples
each taken at one sampling time for each of BZM-HCP.

Source Sampling after ~ 4 months Sampling after ~ 20 months

NS-HCP 0.146 ±0.004 0.147 ±0.004

LS-HCP 0.195 ±0.002 0.198 ±0.004

PP-HCP 0.234 ±0.005 0.224 ±0.004

Blank-HCP 0.147 ±0.005 0.156 ±0.007
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(~20 months) sampling. This is another

indication (not a prove) that the BZM are

not chemically altered during this time. For

illustrative purpose, titrations curves —

each averaged for one type of BZM over

the three samples — are shown in Fig. 6.4.

The concentrations of the main cations in

the pore water of BZM-HCP were found to

differ (by less than a factor of 1.5 as

compared to the blank series) with the type

of BZM used for preparation. This shows

that the BZM have some effect on the pore

water composition. However, these results

cannot be further interpreted in a

qualitative or qualitative sense and are thus

omitted from the discussion. For the measurement of trace element concentrations in

the squeezed pore waters, the procedure applied for the first sampling (~3 months)

differed from the procedure applied to the second sampling. In the first sampling, the

amount of pore water available for analysis of trace elements was so low that the

aliquots from the three cores of each BZM series had to be pooled in order to have a

sufficient quantity for analysis. For this reason the sample-to-sample variability could

not be assessed in the first sampling. In contrast, the three aliquots could be analysed

independently during the second sampling, allowing for a crude estimate of the

sample-to-sample variability to be made. Tab. 6.5 shows that results of ~20 months

crop. A comparison of the results of Tab. 6.5 with those from the first sampling (data

not shown) shows that they are in general in agreement within a factor of less than 2.

The only example is Fe, where the concentrations in the first sampling were higher

than those from the second sampling by factors between 5 and 10. However, the value

of the Fe results obtained by ICP-MS has to be regarded as doubtful, because

preliminary results from the same samples obtained by ICP-OES gave results lower by

a factor of ~10 throughout. Thus the latter results would be in good agreement with the

Fe concentrations measured in the second sampling.
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Titration of diluted squeezed pore
waters from BZM-HCP with 0.01 M
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A closer inspection of the data in Tab. 6.5 reveals that (i) most of the element

concentrations in the pore waters from NS-, LS- and PP-HCP are rather similar to

those in pore water from the Blank-HCP series and that (ii) the sample-to-sample

variations are relatively small. One exception from the former conclusion are the

concentrations of transition metal ions in pore water from PP-HCP which are

systematically higher than those from Blank-HCP. A second exception is the pore

water from LS-HCP, where only the concentration of Ni is found to be largely increased

compared to the blank series. Further experiments would be needed to clarify these

phenomena. However, a few comments can already be made here:

1. The observation that only the concentration of Ni(II) and not of any other

transition metal ions, such as Fe and Co, is increased in pore waters from LS-

HCP, suggests that the Ni is originating from the LS solution used. However, no

Tab. 6.5: Concentrations of a series of metal ions in squeezed pore water as
measured by ICP-MS. Tabulated are the average values from the three
cement cores harvested per BZM series after a hydration time of ~20
months.

NS-HCP LS-HCP PP-HCP Blank-HCP

Element

Concen-
tration

(µg·dm-3)

Standard
deviation
(µg·dm-3)

Concen-
tration

(µg·dm-3)

Standard
deviation
(µg·dm-3)

Concen-
tration

(µg·dm-3)

Standard
deviation
(µg·dm-3)

Concen-
tration

(µg·dm-3)

Standard
deviation
(µg·dm-3)

Mg 3.7 2.1 2.9a 0.1 n.d. n.d. 2.7a 0.4

Al 429 111 485 87 355 109 334 113

Ti 0.26 0.04 0.27a 0.09 0.25 0.03 0.34a 0.16

V 0.48 0.02 1.84 0.71 0.28 0.08 0.60 0.08

Cr 83 16 6.4 3.1 4.5 1.2 150 14

Mn 3.6 0.1 3.4 0.1 3.4 0.1 3.3 0.1

Fe 6.6b — 11.0a 8.5 36 7 6b —

Co 0.64 0.04 0.69 0.30 50 6 1 1

Ni 4.0 0.8 269 9 21 1 2 0

Cu 6.4 0.8 9.1 3.1 134 40 5 1

Ba 836 21 619 19 823 102 727 28

Cs 872 104 883 43 873 86 935 35

Pb 6.8 1.2 8.2 0.2 13 5 7 1
a One of the three samples was below detection limit
b Two of the three samples were below detection limit
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significant Ni concentrations could be measured in the LS stock solution. It is not

clear thus, whether the amounts of Ni present in the pore water of LS-BZM have

been introduced by some unknown contamination. In any case, the presence of

ligands in LS-BZM, which would act as strongly complexing agents for bi-valent

transition metal ions is rather improbable.

2. The systematic increase of transition metal ions in the PP-HCP series indicates

the presence of complexing agent(s). The increase in solubility of bivalent

transition metal ions cannot be explained exhaustively, because neither the type

of ligands nor their concentrations are exactly known. However, it is known that

PP contains substantial amounts of nitrogen, and it can be hypothesised that this

nitrogen is present as aliphatic ethanolamines, which are frequently used to

counteract excessive set retardation by water-reducing BZM (RAMACHANDRAN,

1995b). Although the composition of PP is not known, it is a useful exercise to

carry out simplified "backdoor speciation" calculations (HUMMEL, 1992) in order to

show, which type of amine ligands have sufficient stability towards bivalent

transition metal to bring about the increased pore water concentrations as

observed in the experiments with PP-HCP. Fortunately the binding of Cu(II) by a

series of aliphatic amines is well investigated up to pH values representative for

cement pore water. For some of these ligands, stability data evaluated using

different techniques are even available. One such example is diethanolamine, for

which stability data were measured using electron paramagnetic resonance

spectroscopy (CASASSAS et al., 1990) and polarography (FISHER & HALL, 1967).

Although different sets of complexes have been postulated in these

investigations to explain the experimental data, the two datasets are fairly

equivalent for the parameter space of interest, as is shown in Fig. 6.5. Fig. 6.5

shows the dissolution of an imaginary Cu(OH)2 as a function of the concentration

of diethanolamine. The solubility of this hydroxide has been chosen such that, in

the absence of ligands, the concentration of Cu(II) is equal to the concentration in

the pore water squeezed from the Blank-HCP. Fig. 6.5 further shows that a

ligand of this type is able to increase the solubility of the imaginary Cu(OH)2 to a

level as observed in the pore water obtained from PP-HCP. In contrast, ammonia

or aliphatic amines having no hydroxo groups are too weak to overcome the

solubility limit of Cu(OH)2. Consequently, additional functional groups other than

the amine group must be present to bring the stability of a ligand to a level

necessary for the observed increase in pore water concentration of bivalent metal

ions. Although aliphatic hydroxo groups have pK values of ~15 (RENDLEMAN,

NAGRA NTB 03-09 90



1973), it may well be possible that they are deprotonated at the pH of cement

pore water (pH 13.3) owing to the formation of bidentate complexes with Cu(II).

Similar conclusions can also be drawn for the complexation of Ni(II) by possible amine

ligands in the pore water of PP-HCP. However, in this case there is not such a plenty

of thermodynamic data (e.g. SKLENSKAYA & KARAPET'YANTS, 1966) as for Cu(II).

All these considerations suggest — in agreement with the solubility data for the PP-

HCP series — that nitrogen-containing BZM may be a problem with respect to the

solubility of bivalent transition metal ions. It has to be assumed that such molecules

may not be strongly sorbed by cement phases and can be found to a larger extent in

the pore water than BZM of the NS or LS type. For the specific assessment amine-

based BZM it would be necessary to investigate more in detail the chemical behaviour

of these molecules. No attempt has been undertaken in this work to qualitatively and

quantitatively analyse amine ligands in PP and in the pore water of PP-HCP.
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Fig. 6.5:
Simulated dissolution of Cu(OH)2 by diethanolamine based on the thermodynamic
data of Fisher & Hall (1967) (plot A) and Casassas et al. (1990) (plot B). The thin lines
denote the most important Cu(II) complexes in solution, where the sequence of
numbers represent the stoichiometric numbers of H, Cu and diethanolamine,
respectively. The thick solid line shows the total concentration of Cu(II) in solution.
The solubility of Cu(OH)2 in the absence of ligands has been adopted to meet the
concentrations of Cu found in the pore water of Blank-HCP.

91 NAGRA NTB 03-09



6.3.1.2 Influence of squeezed pore waters on sorption of 152Eu

The question of strong ligands possibly being present in squeezed pore waters is

addressed using ion exchange experiments. Dowex 50W-X4 has been chosen as the

solid phase, because it does not interact with the BZM used here. Owing to the small

amount of pore water available, these experiments had to be conducted in a

miniaturised form, and only a single radionuclide, Eu(III), could be used for these tests.

It was shown by test experiments that the distribution coefficients were not significantly

Tab. 6.6: Sorption distribution ratios (Rd) for the sorption of Eu(III) on Dowex 50W-
X4 cation exchange resin in the presence of squeezed pore water from
BZM-HCP differently diluted in ACW-I. The standard uncertainties given
include sample-to-sample variability and instrumental uncertainties.

Sampling after ~ 4 months Sampling after ~ 20 months

Sample Dilution log Rd (dm3·kg-1) na Dilution log Rd (dm3·kg-1) na

NS-HCP undiluted 2.27 ±0.10 1b undiluted 2.14 ±0.18 3

1:10 2.38 ±0.09 3 1:10 2.24 ±0.22 3

1:100 2.45 ±0.13 3 1:100 2.20 ±0.19 3

1:1000 2.47 ±0.11 3 — n.m.c —

LS-HCP undiluted 2.29 ±0.10 1 b undiluted 2.02 ±0.12 2

1:10 2.36 ±0.10 3 1:10 2.27 ±0.19 2

1:100 2.48 ±0.13 3 1:100 2.17 ±0.17 2

1:1000 2.48 ±0.11 3 — n.m. c —

PP-HCP 1:2 2.46 ±0.10 1 b undiluted 2.42 ±0.27 3

1:10 2.39 ±0.10 3 1:10 2.19 ±0.17 3

1:100 2.39 ±0.11 3 1:100 2.16 ±0.17 3

1:1000 2.52 ±0.15 3 — n.m. c —

Blank-HCP 1:2 2.27 ±0.10 1 b undiluted 2.21 ±0.21 3

1:10 2.37 ±0.08 3 1:10 2.28 ±0.19 3

1:100 2.39 ±0.12 3 1:100 2.22 ±0.17 3

1:1000 2.47 ±0.14 3 — n.m. c —
a Number of replicate measurements with pore water from different cement specimens.
b Owing to the small amount of pore water available, pore waters of the three replicate samples had to be

pooled.
c Not measured.
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affected by this modification (GLAUS et al., 1997). In order to obtain information about

possible concentration effects of the BZM in the squeezed pore waters, the

experiments were carried out using variously diluted pore waters. A summary of the Rd

values measured for Eu(III) sorption in the presence of squeezed pore waters from

BZM-HCP sampled after a hydration time of ~4 and ~20 months is shown in Tab. 6.6.

Of primary interest is the comparison of Rd values of the BZM-containing pore waters

with those of the Blank-HCP. The results given in Tab. 6.6 indicate that no strong

ligands are present in the pore waters, because identical Rd values are observed within

the range of experimental uncertainties. As usual for the uncertainties specified in this

report, these are rather minimum uncertainties, which allow for a comparison of the

quality of the various data to be made. The true experimental uncertainties are

probably somewhat larger than those indicated.

Also of interest is the comparison of the results obtained with squeezed pore waters

with fresh, chemically not altered BZM. For the latter purpose, reference sorption

measurements were carried out using fresh solutions of BZM at different

concentrations in ACW-I. The results of these experiments is shown in Fig. 6.6. The fit

curves shown were calculated based on a simple metal complexation model (VAN

LOON & GLAUS, 1998):
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Sorption of Eu(III) on
Dowex 50W-X4 in the
presence of fresh solu-
tions of BZM in ACW-I as
a function of the total
concentration of BZM
added. The concentration
scale of PP refers to the
concentration of gluc-
onate. The error bars are
combined standard un-
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five replicates plus the
experimental uncertainty
determined for the single
data.
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Rd is the sorption distribution coefficient (cf. eqn. 4.2) measured in the presence of a

ligand, L, and Rd
0  the sorption distribution coefficient measured in the absence of L. i

are the overall stability constants for the stepwise formation of 1:i complexes between

the metal ion and L. For the purpose of curve fitting, i was set a priori to 0.8. A, which is

a function of the hydrolysis constants of Eu(III) and pH, is a constant at the

experimental conditions. In the context of BZM as possible ligands, eqn. (6.7) has no

modelling function, it serves only for the purpose of data fitting and makes possible a

simpler representation of the reference sorption data in subsequent plots. For this

reason the discrepancy between the fit curves and the error bars may be tolerated.

Another comment has to be made with respect to the concentration scale chosen for

PP. The scale refers to the concentration of gluconate, because this polyhydroxy acid

is the dominant ligand with respect to complexation of Eu(III) as demonstrated by

Fig. 6.7. Note that the sorption measurements shown in Fig. 6.7 were carried out in

0.3 M NaOH. This may have lead to the systematic shift of the data to lower values as

compared to Fig. 6.6.

A comparison of the effect of BZM on the sorption of Eu(III) on Dowex 50W-X4 cation

exchange resin between squeezed pore waters from BZM-HCP and fresh solutions of
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Fig. 6.7:
Sorption of Eu(III) on
Dowex 50W-X4 under the
in f luence  o f  pu re
gluconate and a fresh
solution of PP. The
abscissa refers to total
concentration of glucona-
te. The errors bars are
combined standard uncer-
tainties from three to five
replicate measurements
plus the experimental
uncertainty determined for
a single data point.
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BZM is shown in Fig. 6.8 for NS and LS. The concentrations of BZM in squeezed pore

waters are based on the UV-VIS and TOC results given by Tab. 6.3. The vertical error

bars include the experimental uncertainty of a single measurement and the sample-to-

sample variations of the replicate measurements. The horizontal error bars are an

estimate of the uncertainty introduced by measuring the concentration of BZM in

squeezed pore water by two different techniques (UV-VIS and TOC). No such

representation can be shown for PP, because the concentration of gluconate in

squeezed pore water was below the detection limit of the HPAEC technique.
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Fig. 6.8:
Comparison between ef-
fect of BZM present in
squeezed pore water (cf.
Tab. 6.6) versus fresh so-
lutions of BZM in ACW-I
(cf. Fig. 6.6).

In the case of NS, the pore water results can be well explained by the reference curves

for fresh NS solutions when considering the ranges of experimental uncertainty.

However, for LS, a clear effect for the squeezed pore waters would have been

expected based on the reference curve. The discrepancy between the predictions for

LS and the results may be interpreted in two different ways. On the one hand, it may

be attributed to a possible transformation of LS to reaction products with smaller

complexing strength. Such a transformation would be — to a certain extent — in

agreement with the results given in Tab. 6.3, where the comparison between UV-VIS

and TOC data shows that the concentration of LS is markedly decreased in squeezed

pore water as compared to the initial concentrations (cf. Tab. 6.1). However, it has to

95 NAGRA NTB 03-09



be noted that (i) a decrease in LS concentration by a factor ~3 (cf. Tab. 6.3) can still

not explain the model discrepancy shown in Fig. 6.8 and (ii) that UV-VIS spectrometry

has not enough predictive capability to quantify possible structural changes of all the

components contained in LS. On the other hand, it may be possible that, among the

many different chemical constituents of LS, a minor compound is responsible for the

reducing effect on radionuclide sorption. If this minor compound would sorb strongly to

cement, it can be understood that its concentration in squeezed pore water may

possibly be reduced to a level, at which it exerts no longer any effect on radionuclide

sorption. It is known that sugar acids are added to commercial LS preparations in order

to influence the set time of the resulting concrete (COLLEPARDI, 1995). It was therefore

checked by HPAEC (cf. section 3.4.1), whether the LS used in this work contained

gluconate, because this sugar acid is a strong complexant and strongly sorbs to

cement (cf. section 5.3.2). The method applied comprised a steady gradient of acetate

from 0 to 0.8 M within 55 min runtime superimposed to an isocratic elution of 0.08 M

NaOH. The retention time of gluconate is much larger than when applying an isocratic

method (0.25 M NaOH) as described in section 3.4.1. In return, the separation of the

various analytes is much better than in the isocratic method. Fig. 6.9 shows

chromatograms of a diluted solution of LS together with the chromatograms of a
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HPAEC chromatogram
of a diluted LS solution.
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wi th  an aqueous
gluconate reference
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solution spiked with
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gluconate-spiked LS solution and a pure solution of gluconate. The steadily raising

baseline is the result of the acetate gradient applied. As can be seen from Fig. 6.9 the

LS mixture used in this work does not contain gluconate in significant amounts.

However, an unknown substance with very similar retention behaviour as gluconate is

present. The concentration of this unknown substance cannot reliably be estimated,

because response factors in the amperometric detection applied in this analytical

method may vary by several orders of magnitude depending on the analyte. Likewise it

is very speculative to draw conclusions from the retention behaviour in HPAEC of this

unknown substance on its chemical structure.

With respect to these restrictions and uncertainties, it is clear that the limits of a

mechanistic understanding of the processes leading to the observed "non-effect" of LS

are reached at this point. More detailed structural work would be needed to clarify

these open points.

6.3.2 Experiments with crushed BZM-HCP

6.3.2.1 Desorption of BZM from BZM-HCP

Corrected results from UV-VIS and TOC measurements for the four consecutive

desorption steps are summarised in Tab. 6.7 for BZM-HCP hardened for ~4 months

and Tab. 6.8 for BZM-HCP hardened for ~20 months. The UV-VIS spectra exhibited

Tab. 6.7: Corrected concentrations of BZM from UV-VIS spectrometry and TOC
measurements given in mg carbon per dm3. The table shows the results of
four steps of consecutively equilibrating the same sample of 0.5 g BZM-
HCP, hydrated for ~4 months, with fresh ACW-I.

NS-HCP LS-HCP PP-HCP

UV-VIS TOC UV-VIS TOC UV-VIS TOC

1. equilibration 10.8 ± 0.3 30.2 ± 1.3 18.6 ± 0.5 18.1 ± 1.2 — 60.6 ± 1.3

2. equilibration 0.7 ± 0.3 0.8 ± 1.1 2.7 ± 0.5 2.6 ± 1.2 — 0.8 ± 1.1

3. equilibration 0.2 ± 0.3 1.1 ± 1.1 2.3 ± 0.5 2.0 ± 1.2 — 0.4 ± 1.2

4. equilibration 0.09 ± 0.3 0.3 ± 1.2 0.8 ± 0.5 0.9 ± 1.2 — 0.06 ± 1.2
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the typical characteristics already shown in Fig. 5.4 for NS and LS after having been in

contact with cement. The raw data of both UV-VIS and TOC measurements were

corrected according to eqn. (6.3) (cf. section 5.2.4.1). In some cases, this correction

leads to values that cannot be discriminated from zero. In these cases the uncertainty

specified may be even larger than the concentration value itself, or the concentrations

may be below zero.

Within the range of uncertainty, the results of UV-VIS spectrometry were in fair, but

acceptable agreement with those from the TOC measurements for the sampling after

~4 months and in good agreement for the sampling after ~20 months. PP-HCP

samples were not further investigated after showing that the concentration of gluconate

remained below the detection limit in HPAEC; UV-VIS spectra did not show any

absorbing species in the typical wavelength range investigated (data not shown).

It is interesting to compare the results of the individual desorption steps with

predictions based on the Langmuir-model presented in section 5.3.1. For such a

prediction, the total amount of BZM brought into the system via the mass of BZM-HCP

has to be known, which is not the case, because the loss of water during preparation of

crushed BZM-HCP has not been evaluated. For the following calculations, the

inventory of BZM-HCP is based on the data provided by Tab. 6.1 and on the

assumption that 50 % of the water specified in this Table has been lost due to

evaporation. The relative uncertainty in the total amount of BZM introduced thereby is

estimated as ~30 %. For the first desorption step, the theoretical equilibrium

concentration of NS and LS can be calculated using the total BZM inventory and the

Tab. 6.8: Corrected concentrations of BZM from UV-VIS spectrometry and TOC
measurements given in mg carbon per dm3. The table shows the results of
four steps of consecutively equilibrating the same sample of 0.5 g BZM-
HCP, hydrated for ~20 months, with fresh ACW-I.

NS-HCP LS-HCP PP-HCP

UV-VIS TOC UV-VIS TOC UV-VIS TOC

1. equilibration 8.9 ± 2.0 7.5 ± 1.1 18.6 ± 4.6 21 ± 1.2 — 31.9 ± 1.1

2. equilibration 1.2 ± 0.6 1.2 ± 1.2 2.7 ± 0.7 3.0 ± 1.1 — 0.77 ± 1.2

3. equilibration 0.9 ± 0.6 1.0 ± 2 2.3 ± 0.7 2.9 ± 1.2 — 0.2 ± 1.1

4. equilibration 0.09 ± 0.3 -0.7 ± 1.1 0.8 ± 0.5 0.3 ± 1.1 — -0.4 ± 1.2
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Langmuir sorption parameters (cf. eqn. 5.4 and Tab. 5.3). For each subsequent

desorption step i, the total mass of BZM, mBZM,i (mg), is calculated from the total mass

of BZM in the previous desorption step, mBZM,i-1, considering the loss of BZM by partially

removing the solution phase and replacing by fresh ACW-I, according to the following

equation:

mBZM,i =mBZM,i 1 [BZM]eq,i 1 (Vtot Vr ) (6.8)

where [BZM]eq,i-1 is the solution concentration (mg·cm-3) of BZM in the previous

desorption step, Vr the volume of solution remaining after removing the supernatant

(typically of the order of 1 cm3) and Vtot the total solution volume (cm3). The result of the

comparison is shown in Fig. 6.10. For both NS and LS it is clear that the Langmuir

model is not suited to describe the experimental data, even when considering that the

initial modelled concentration value has an estimated relative uncertainty of ~30 %

owing to the uncertainties in water loss. The NS data in particular suggest that major

parts of this BZM are either irreversibly sorbed, or that desorption is a very slow

process, as already observed in the desorption experiments described in section 5.3.1.

Further note that the total amount of BZM removed from BZM-HCP — both for the

sampling after ~4 months and ~20 months of cement hydration — during the four

desorption steps as compared to the initial content of BZM is ~7 % in the case of NS-

HCP, ~20 % in the case of LS-HCP and ~40 % in the case of PP-HCP. This underlines

the fact that it is possible to remove only minor parts of these BZM by desorption in the
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Comparison between experimental and modelled (cf. eqn. 5.4) equilibrium concentra-
tion in desorption experiments from NS-HCP (plot A) and LS-HCP (plot B).
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case of NS and LS. Less clear is the situation in the case of PP-HCP. Unless specific

analyses for the individual components of PP are available, the amount of PP retained

by cement is only a lump parameter, which cannot be used for a quantitative

equilibrium model.

6.3.2.2 Sorption of -isosaccharinic acid

The results of the sorption experiments with -ISA for BZM-HCP sampled after

~4 months of hydration and ~20 months of hydration are summarised in Fig.'s 6.11 and

6.12. All these data were measured after a contact time of ~ 1day of BZM-HCP with -

ISA solutions. In a few cases, this contact time was extended to ~1 month. No

significant effects of incubation time have been observed thereby (data not shown).
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Fig. 6.11:
Sorption data for -ISA
on BZM-HCP at pH 13.3
measured for a contact
time of 1 day. BZM-HCP
samples have been
hydrated for ~4 months.
The data are average
values from triplicate
measurements. Error
bars are shown only in
cases in which they
exceed the size of the
symbols. The model
curve is calculated using
the sorption parameters
given in VAN LOON et al.
(1997).
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Fig. 6.12:
Sorption data for -ISA
on BZM-HCP at pH 13.3
measured for a contact
time of 1 day. BZM-HCP
samples have been
hydrated for ~20 months.
The data are average
values from duplicate
measurements. Error
bars are shown only in
cases in which they
exceed the size of the
symbols. The model
curve is calculated using
the sorption parameters
given in VAN LOON et al.
(1997).

The results show that the sorption behaviour of -ISA cannot be discriminated between

NS-HCP, LS-HCP, PP-HCP and Blank-HCP. This indicates that — at the BZM loadings

currently used — the sorbed BZM have no influence on the sorption of -ISA. This
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conclusion can be drawn both for samples harvested after ~4 months and ~20 months

of hydration. For the discussion of the effects of the saturation of HCP with BZM, the

reader is referred to section 7.2. The modelled curve shown in Fig's. 6.11 and 6.12 is

calculated using the two-sites model postulated by VAN LOON et al. (1997). Note that

some deviation from the experimental data can be expected especially at the lower

concentrations of -ISA, because this deviation has already been present in the

sorption data of VAN LOON et al. (1997).

6.3.2.3 Sorption of radiotracers

Averaged results from triplicate measurements of the sorption of Eu(III), Th(IV) and

Ni(II) on crushed BZM-HCP, sampled after a cement hydration time of ~4 months and

~20 months, respectively, are shown in Fig's. 6.13 and 6.14. The comparison between

Rd values measured for the BZM-containing material with those of the Blank series

shows that  — at the BZM loadings currently used — the sorbed BZM have no effect

on the sorption of the radionuclides tested. This conclusion can be drawn both for

samples harvested after ~4 months and ~20 months of hydration. For the discussion of

the effects of the saturation of HCP with BZM, the reader is referred to section 7.2.

The experiments with Eu(III) and Th(IV) were carried out at very low S:L ratio

(0.25 g·dm-3) owing to the very strong sorption of these radionuclides. At these

conditions, it is theoretically possible that the BZM might desorb from the solid during

the pre-washing and equilibration steps. Based on the Langmuir parameters given in

section 5.3.1, it would be expected that in a single equilibration step, 67 % of NS and

98 % of LS would desorb. The significance of the results for the radionuclide sorption

would accordingly be completely lost. However, it is known from the previous section

that only minor parts of BZM desorb upon repeated equilibration with ACW-I. In order

to clarify this point, the content of BZM in the solid phase was measured in a separate

series containing no radiotracers. The same steps of pre-washing and equilibration of

the samples with ACW-I were carried out as in the series in which the sorption of

radionuclides was measured. The results of these tests showed that between 80 %

and 95 % of the amount of BZM initially present in the BZM-HCP sample were found in

the solid phase after the equilibration procedure with ACW-I. Also here, the theoretical

reference value is not exactly known and based on the assumption that 50 % of water

in the BZM-HCP samples have evaporated during the crushing of the samples. This
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may introduce a relative uncertainty of ~30 % in the reference values. Despite this

uncertainty the tests clearly show that substantial parts of BZM are still bound to the
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Fig. 6.13:
Sorption data for a series
of radionuclides on BZM-
HCP at pH 13.3 meas-
ured for a contact time of
1 day. BZM-HCP sam-
ples have been hydrated
for ~4 months. The data
are average values from
triplicate measurements.
Error bars include in-
strumental uncertainties
and sample-to-sample
variations of the replicate
measurements.
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Fig. 6.14:
Sorption data for a series
of radionuclides on BZM-
HCP at pH 13.3 meas-
ured for a contact time of
1 day. BZM-HCP sam-
ples have been hydrated
for 20 months. The data
are average values from
triplicate measurements.
Error bars include in-
strumental uncertainties
and sample-to-sample
variations of the replicate
measurements.
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cement phase after the equilibration steps. Note that in the case of PP-HCP, gluconate

was analysed as the only component contained in PP.

6.3.2.4 Content of BZM in BZM-HCP

The content of BZM in BZM-HCP sampled after ~4 months of hydration has been

measured by a stepwise extraction of the cement paste with hydrochloric acid and

sodium hydroxide. The results are shown in Tab. 6.9. Considering the range of

experimental uncertainty, the question of full recovery cannot be clearly answered in

the case of NS and LS, however the results suggest that the whole amount of BZM is

extracted by the procedure applied. The large experimental uncertainty can be

explained on one hand by the spectral changes of BZM occurring during the hydration

of cement, which is comparable to those observed in Fig. 5.4, and on the other hand by

the water loss during storage and crushing of the BZM-HCP samples, which is not

Tab. 6.9: Extraction of BZM from BZM-HCP samples hydrated for ~4 months.

[BZM]a extracted  BZM extractedb

Sample

Amount of
BZM-HCP
analysed

(g)

HCl
Step1

HCl
Step2

NaOH HCl
Step1

HCl
Step2

NaOH Sumc Expectedd Recovery (%)

NS-HCP 0.253 60.2 1.03 4.27 3.35 0.06 0.04 3.45 2.77 125 ±42

NS-HCP 0.250 62.9 0.75 3.59 3.49 0.04 0.04 3.57 2.73 131 ±44

NS-HCP 0.259 63.5 1.49 4.81 3.53 0.08 0.05 3.66 2.83 130 ±43

LS-HCP 0.262 43.7 0 44.4 2.43 0.00 0.44 2.87 2.29 125 ±53

LS-HCP 0.248 40.6 0 40.4 2.26 0.00 0.40 2.66 2.18 122 ±52

LS-HCP 0.238 46.3 0 40.4 2.57 0.00 0.40 2.98 2.08 143 ±61

PP-HCP 0.246 10.2 0 0 0.57 0.00 0.00 0.57 2.15 26 ±11

PP-HCP 0.246 10.5 0 0 0.58 0.00 0.00 0.58 2.16 27 ±11

PP-HCP 0.248 4.2 0 0 0.23 0.00 0.00 0.23 2.18 11 ±5

PP-HCP 0.246 19.2 0 0 1.07 0.00 0.00 1.07 2.15 50 ±21

PP-HCP 0.247 19.2 0 0 1.07 0.00 0.00 1.07 2.16 49 ±21
a BZM concentration in 50 cm3 solution analysed (mg·dm-3 for NS and LS, µmol·dm-3 for gluconate).
b Amount of BZM extracted (mg for NS and LS, µmol for gluconate) per step.
c Total amount of BZM extracted (mg for NS and LS, µmol for gluconate).
d Total amount of BZM based on the assumption of 50 % water loss during storing and crushing of the

samples (mg for NS and LS, µmol for gluconate).
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exactly known. The results clearly show that sample-to-sample variability is a minor

source of error in the case of NS-HCP and LS-HCP. It is further shown by Tab. 6.9 that

the extraction procedure is not well suited in the case of PP-HCP. The recovery is

unexpectedly low, and — even worse — the sample-to-sample variability is too large.

A literature survey showed that extraction of cement paste with 1 M Na2CO3 is a

common practice applied for determining the contents of NS, LS and many other BZM

(CONNOLLY et al., 1980; JEKNAVORIAN et al., 1998). Preliminary tests, however,

revealed that the short extractions times recommended in WEXLER & BRAKO (1963)

were not sufficient to quantitatively extract NS and LS. This observation is indirectly

confirmed by SANDERS et al. (1995), who applied three successive extractions of each

20 min. to extract LS from hardened concrete. Moreover, it was not possible to fully

extract gluconate from PP-HCP. It is assumed that, at the alkaline pH of a carbonate

solution, the sorption of gluconate is too strong for a successful extraction. For these

reasons, the following modifications in the procedure of WEXLER & BRAKO (1963) were

introduced for the extraction of gluconate from PP-HCP: (i) The extraction times were

prolonged to several days of contact time, and (ii) 1 M NaHCO3 was used as the

extractand in the case of PP-HCP. The results shown in Tab. 6.10 indicate that the

recovery of gluconate from cement paste is complete. Reproducible results were

obtained for the extraction of all BZM-HCP samples investigated across the time scale

investigated. Note that the experimental uncertainties could be reduced slightly by this

modified extraction procedure. Especially the spectra of NS are rather identical to

those of pure fresh solutions of NS, which is underlined by a relative standard

uncertainty of ~5 % for evaluation of concentrations at wavelengths between 260 and

310 nm. Despite the remaining uncertainties, the results of both samplings taken

together strongly suggest that no significant amounts of BZM degraded to low-

molecular weight organic compounds during the hydration times investigated. This

conclusion can safely be drawn for gluconate due to the specificity of the analytical

method, and in the case of NS and LS it is stressed by the unchanged absorption in

the wavelength range between 250 and 320 nm that the main structural components of

these BZM are still conserved. It is especially remarkable that the spectra of the

extracts of LS-BZM do not show the signature of transformation to vanillin, which has

been observed for the pore waters (cf. 6.3.1.1). Thus it can be hypothesised that the

LS molecules present in the cement pore water have different reactivity than those

bound to HCP. However, it cannot be excluded from these observations, that a

decrease in degree of polymerisation may have taken place during the time of

incubation.
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Tab. 6.10: Extraction of BZM from BZM-HCP samples hydrated for ~20 months by
Na2CO3 (NS- and LS-HCP) and by NaHCO3 (PP-HCP).

Sample BZM-HCP
(g)

Contact
time (d)

[BZM] BZM
extracted

Expectedd Recovery
(%)

NS-HCP 1.001 3 397 8.1 10.9 74 ±30

0.994 5 406 8.4 10.9 77 ±30

0.998 7 405 8.3 10.9 76 ±30

1.014 10 411 8.3 10.9 76 ±30

LS-HCP 0.996 3 449 9.7 8.7 111 ±32

1.003 5 466 10.0 8.7 114 ±32

1.010 7 440 9.3 8.7 107 ±32

1.004 10 478 10.3 8.7 117 ±32

PP-HCP 1.012 3 225 4.4 5.6 79 ± 34

0.998 5 234 4.7 5.6 84 ± 34

0.994 7 226 4.5 5.6 81 ± 34

0.997 10 226 4.5 5.6 81 ± 34
a BZM concentration in 50 cm3 solution analysed (mg·dm-3 for NS and LS, µmol·dm-3 for gluconate).
b Amount of BZM extracted (mg for NS and LS, µmol for gluconate) per step.
c Total amount of BZM extracted (mg for NS and LS, µmol for gluconate).
d Total amount of BZM based on the assumption of 50 % water loss during storing and crushing of

the samples (mg for NS and LS, µmol for gluconate).
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7 INTEGRATIVE DISCUSSION AND IMPLICATIONS FOR THE BZM TESTED

Overview:

This section puts the results obtained for the BZM tested in relation to the feasibility of

the screening procedure proposed in the Introduction (chapter 1). Technical aspects of

the experimental tools and the robustness of the results obtained are discussed, as far

as they are concerned with the significance and possible limitations of the screening

procedure.

A tentative assessment of the BZM tested is also provided in this chapter. It could not

be avoided that some questions remained open in single cases, which could not be

answered on the basis of the experiments carried out in this work. In view of the rather

generic nature of this report, the investigation of these open points is outside the scope

of this work and should be carried out in the course of work specifically devoted to a

known type of BZM.

The following sections are structured according to the individual steps taken in the

‘screening-procedure’. The discussion combines aspects from the previous chapters

and is therefore not a simple repetition of something already pointed out.
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7.1 Degradation or transformation of BZM

A couple of experiments provide direct or indirect evidence of chemical degradation or

transformation of the BZM tested. These are (i) the analytical measurements of aged

solutions of BZM (cf. chapters 4 and 6), (ii) the test sorption experiments with selected

radionuclides with aged solutions of BZM in ACW-I (cf. chapter 4) and (iii) the

experiments with squeezed pore water and BZM-HCP (cf. chapter 6). None of these

experiments has given unequivocal indication of a complete degradation of the BZM or

a transformation to unproblematic compounds. Only in the case of LS, a chemical

transformation of the parent compounds to products with weaker complexing properties

towards Eu(III) can be presumed hypothetically to occur during the curing and storage

of LS-HCP. This is suggested by the observation that the reduction of Eu(III) sorption

on the ion exchange resin caused by pore water squeezed from LS-BZM is less than

expected from reference experiments with “fresh solutions” of LS in ACW-I. An

alternative explanation would be the presence of minor compounds in LS with strong

metal-binding properties. If such a compound strongly sorbed to cement, its

concentration in cement pore water would be reduced possibly to a level, at which it

exerts no longer any effect on radionuclide sorption. It is an inherent problem of

laboratory experiments that they cannot cover the time spans relevant for the existence

of a repository for radioactive waste. With respect to the requirements of conservatism

in safety analysis, however, it would be dangerous to assume a reduced complexing

strength of LS without mechanistically understanding the processes leading to this

transformation and without having identified the transformation products in detail. With

respect to this point of view, it can be understood, why the issue of degradation or

transformation of BZM has been touched rather marginally and mainly in an indirect

way within the frame of this work. However, this issue would certainly have to be

followed, if an investigation specifically dedicated to LS would have been required for a

site-specific investigation.

A last remark concerns the measurement of reference data using fresh, chemically

unchanged BZM. Such measurements would be principally of interest, in order to

assess the effect of possible chemical transformations owing to the exposure of BZM

to high pH solutions, such as the cement pore water. However, from a practical point of

view, such measurements are not possible, because BZM are exposed to high pH (i) in

all types of sorption experiments (duration: at least one day) and (ii) in BZM-HCP (~ 1

month of curing). The effect of possible fast transformation reactions can thus not be

assessed in these experiments.
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7.2 Effect of sorbed BZM molecules on the sorption of -ISA

The sorption isotherms shown in Fig’s. 6.12 and 6.13 clearly demonstrate that sorption

of -ISA on both strong and weak sorption sites (cf. the two-sites model postulated by

VAN LOON et al. (1997)) is not influenced by the presence of NS, LS or PP in HCP. This

finding can be understood in two different ways: (i) there are enough sorption sites

available to sorption of -ISA or (ii) the sorption of -ISA and BZM does not occur on

the same sorption sites, i.e. the sorption of these organic molecules is not competitive.

The first point can be tentatively assessed using the Langmuir sorption models

proposed in chapter 5. The discussion in that chapter has already pointed out the

limited validity of the Langmuir model due to violated prerequisites, such as the

reversibility of sorption. However, the aspect of saturation of sorption sites is most

probably correctly reflected by the Langmuir sorption model, because the experiments

clearly demonstrated, that the capacity of HCP for BZM is limited and levels off at a

constant value (cf. Fig’s. 5.3 and 5.6). Predictions for pore water concentrations and

surface loading of BZM based on this model have to be looked at rather as semi-

quantitative.

A tentative calculation of the concentrations of BZM sorbed to BZM-HCP and BZM

dissolved in the pore water has been carried out by solving eqn. (5.4) (for NS and LS)

or eqn. (5.5) (for gluconate) using the relevant parameters, viz. the inventories given in

Tab. 6.1 and the sorption parameters given in Tab’s. 5.3 and 5.4. For these

calculations it is assumed that 50 % of the water initially added had been lost due to

evaporation during storage or consumed by the hydration of cement. This assumption

is not very critical with respect to the result of the calculation. The result and an

estimation of its uncertainty based on the uncertainties of the sorption parameters are

given in Fig. 7.1. Fig. 7.1 shows that, in all three cases, the surface of BZM-HCP is

undersaturated with respect to sorption of BZM. A large part of sorption sites is

available to sorption of -ISA. Note that the S/L in the experiments assessing the effect

of sorbed BZM molecules on the sorption of -ISA on cement was noticeably lower

than in the intact BZM-HCP cores. It can be assumed that the degree of saturation of

BZM-HCP with BZM in these experiments remained more or less the same irrespective

of the addition of ACW-I to crushed BZM-HCP. It had been shown that the amount of

BZM bound to BZM-HCP was lowered only to a small part upon repetitive equilibration

with fresh ACW-I (cf. section 6.3.2.1). In view of the undersaturation of the cement

surface with BZM it can thus be well understood that the sorption of -ISA is not

affected by the presence of the BZM tested on the cement. However, it cannot be

109 NAGRA NTB 03-09



decided, whether or not, sorption of -ISA is competitive with respect to sorption of

BZM. This question could only be answered, if the solution concentration of BZM had

been monitored during the sorption of -ISA, a measurement which has not been

performed.

In view of the screening procedure experiments of the type described in section 6.3.2.2

give a valuable information about the effect of the presence of BZM in cement on the

sorption of -ISA. Theoretical considerations, such as the calculation of the saturation

degree of cement with BZM, are helpful. However, they cannot replace the experiment,

as long as no detailed knowledge on the sorption mechanism of BZM and -ISA and

the question of competition in sorption is available.
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Fig. 7.1:
Distribution of BZM between cement
and pore water in BZM-HCP
estimated on the base of the
Langmuir sorption model (cf.
chapter 5). The uncertainty for
[BZM]sorb is smaller than the symbol
size and cannot be displayed for the
scales chosen.

NAGRA NTB 03-09 110



7.3 Sorption of radionuclides at extremely high BZM concentrations

Experiments of this type are a valuable tool to be used in the screening procedure for a

first glance at the influence of BZM on radionuclide speciation (cf. chapter 4). However,

the conclusions have to be drawn very carefully from these experiments. Rd values are

measured at a very low S/L as compared to the S/L in hydrated cement. Further, the

concentration of BZM is substantially larger than corresponding pore water

concentrations in BZM-HCP. At the conditions of the experiments, it can be safely

assumed that, although part of the BZM is sorbed onto the cement surface, the solution

concentration of BZM is almost identical to the total concentration of BZM added and

that the sorption sites for BZM are almost fully saturated. The latter circumstance is

confirmed by model calculations applied to NS, LS and PP (gluconate) at the S/L and

the BZM inventory used in the ‘radionuclide sorption test experiments’. The result of

this model calculation is shown in Fig. 7.2. As already outlined in the Introduction (cf.

section 1.3), the primary mechanisms, by which BZM may have an adverse effect on

the retention behaviour of cement, are (i) complexation of radionuclides in solution and

(ii) competing for sorption sites on the cement surface. In view of the “worst-case

conditions” applied in the experiments, those BZM, which do not show any significant

effect on radionuclide sorption, can thus be regarded as harmless with respect to the

safety of a repository for radioactive waste. For those BZM that cause a significant

reduction of sorption, it would be desirable that they are not present either in the

cement used for conditioning and encasement of the waste or in that used for the

construction of repository caverns. If they cannot be avoided, further investigations

need to be carried out, to show that the adverse effect is not significant under realistic

conditions, i.e. at realistic surface coating by BZM and realistic concentrations of BZM

in the cement pore water.

From the results shown in chapter 4, it may be safely concluded that the results

obtained for Eu(III) and Th(IV) are in essence the same and that experimental work

with 152Eu may be preferred over 234Th because of its easier availability and lower

radiotoxic risk. Again from a practical point of view, experiments with Ni(II) have severe

disadvantages compared with experiments using Eu(III). The experimental effort for

experiments with Ni(II) is significantly larger due to the complicated measurement of

activity in coloured solutions. Further the analytical window for Ni on cement is much

more narrow than for Eu(III) owing to the relatively weak sorption of Ni(II) on cement.

Although the results suggest, that more pronounced effects are observed in

experiments with Eu(III) than with Ni(II), it may, however, be reckless to omit
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experiments with the latter radionuclide, since it is susceptible to complexation by

different types of ligands than Eu(III) and Th(IV). (cf. the concept of hard/soft metal

centres and ligands, respectively (PEARSON, 1963)).

7.4 Complex formation between radionuclides and BZM and pore water

concentrations of BZM

For the large majority of BZM, complex formation cannot be predicted using

thermodynamic stability data, as is usually the case for low molecular weight ligands,

such as EDTA. The exact structure of the complexes and the stability constants

associated are not known due to the fact that most BZM are mixtures of ill-defined
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Fig. 7.2:
Distribution of BZM between cement
and pore water in the radionuclide
sorption test experiments (cf.
chapter 4) as calculated from the
Langmuir sorption model (cf.
chapter 5). The uncertainty for
[BZM]eq is smaller than the symbol
size and cannot be displayed for the
scales chosen.
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chemical compounds. In a similar sense, this holds also for polyhydroxycarboxylate

type of BZM, such as gluconate, because the stability and stoichiometry of the

complexes formed at the alkaline pH of cement pore water are in general poorly

known. Studies on the complexation of -ISA, a strongly chelating

polyhydroxycarboxylate at alkaline pH, have shown, how laborious the elucidation of

these parameters is from an experimental point of view and that speciation calculations

for alkaline conditions using thermodynamic data measured at acidic or neutral pH

conditions may lead to a severe underestimation of the degree of complexation

(VERCAMMEN et al., 1999a; 1999b; 2001; VERCAMMEN 2000). For these reasons the

effect of complexation at the alkaline pH conditions by BZM has to be assessed in a

pragmatic way, rather than on the basis of a thorough thermodynamic understanding of

all the chemical equilibria involved. The reduction of radionuclide sorption observed

under the influence of various concentrations of alkaline solutions of BZM or of native

cement pore water, as described in section 6.3.1.2, is one example for such a

pragmatic approach. The degree of radionuclide complexation by BZM can be directly

related to the reduction of radionuclide sorption as expressed by eqn. (1.2). From this

equation and the knowledge of the pore water concentration, it is in principle possible

to calculate the formal equilibrium coefficient cK. However, it is abstained from such a

treatment here, because there is no useful possibility for comparison of these values;

they cannot be used in a broader context, because there is no thermodynamic base for

them. Further, the discussion of the limitations in the value of calculating the pore water

concentration of BZM from lump measurements, such as TOC or UV-VIS

spectrometry23, has shown that, in single cases, this parameter is also rather a formal

than a chemically well defined term (cf. section 6.3.1.1). For all these reasons, the

assessment of complex formation between radionuclides and BZM is limited in the

calculation of the ‘degree of complexation’, cK·[BZM]eq (cf. eqn. (1.1)).

Independently of the way of characterising the effect of complexation of radionuclides

by BZM, the pore water concentration of BZM is a parameter of general interest. As

illustrated by Fig. 7.3 the predictions for the concentrations of NS and LS in pore water

squeezed from BZM-HCP are significantly lower than the values experimentally

determined. The Langmuir sorption model makes a good prediction in a qualitative

                                                  

23 The reader is referred to the discussion of difficulties in interpreting the spectra measured in

cement pore water and assessing possible systematic uncertainties in these measurements (cf.

section 6.3.1.1).
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sense by predicting a significant decrease in concentration of BZM. However from a

quantitative point of view the model predictions are not conservative, because the pore

water concentrations of NS and LS are underestimated. Consequently the effect of

complexation may in turn be underestimated based on such model predictions. The

experiments carried out within the frame of this work confirm thus, that the pore water

concentration of BZM is important to be measured directly. These conclusions have to

be appraised in view of the situation that no model describing the concentration of BZM

in cement pore water is available, most probably because almost no direct

measurements of BZM concentrations in cement pore water exist. The fact that the

type and strength of interaction between BZM and cement is dependent on the

hydration state of the cement paste (JOLICOEUR & SIMARD, 1998) is further aggravating

the situation. However, for a fully hydrated cement paste, a fairly constant mineral

composition and thus a constant concentration of BZM can be expected.

The relevant information on the aspect of radionuclide complexation in the present

work is found in section 6.3.1.2, however qualitative information on the presence of

strong ligands in cement pore water of BZM-HCP can also be taken from total metal

ion analysis as described in section 6.3.1.124. However, these data cannot be used in a

                                                  

24 The reader is referred to that section for discussion of enhanced concentrations of bivalent

transition metal ions.
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quantitative way, i.e. in modelling of element solubility due to complex formation, as

long as no total inventories of the elements, including also their contents in the solid

phases are known. If an element under consideration is quantitatively present in the

solution phase, the solution concentration is a function of its total inventory only and

does not depend on the complexing strength of the ligand.

7.5 Competition between radionuclides and BZM for sorption on HCP

The effect of sorbed NS, LS and PP on the retention behaviour of cement for selected

radionuclides has been thoroughly investigated in section 6.3.2.3. The fact that the

radionuclide sorption was not affected by the presence of BZM on the cement surface

can be understood by the assumption that there are enough sorption sites available for

sorption of radionuclides. Model calculations suggest that the surface of cement is not

fully saturated with BZM for the amounts of BZM used in the preparation of BZM-HCP

(cf. Fig. 7.1). However, the predictive capacity of such model calculations is rather

restricted, since the Langmuir sorption model applied to describe the sorption of BZM

on cement is rather an empiric description of the sorption isotherms measured (cf.

chapter 5). In parallel to the case of -ISA sorption, it cannot be decided whether

sorption of radionuclides is competing with sorption of BZM. Note that slow reaction

rates for the desorption of BZM are a prerequisite for these types of experiments,

because they need to be carried out at very low S/L. Under such conditions, an almost

complete desorption of BZM from cement would be expected based on the Langmuir

sorption model. Only “irreversible” sorption or very slow desorption rates can explain

the fact that a large part of BZM was found to be present on the cement surface in the

experiments. For possible future assessments of other BZM, this aspect is very

important to be checked by separate control experiments.

7.6 Application of the screening procedure to NS, LS and PP

If the screening procedure is applied to NS, LS and PP based on the experimental data

presented in chapters 4, 5 and 6, the following conclusions can be drawn. Note that

some of the conclusions do not yet give comprehensive answers and are still open to

further questions that cannot be answered within the frame of this work. The main
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focus of this work aims at method development, rather than at working out reliable

predictions for these three BZM. For this reason it may be possible that these

conclusions will be modified by future work aiming more at a detailed investigation

dedicated to one specific BZM.

It has to be pointed out again that the application of the screening procedure does not

give an integrative picture of the role of BZM in the performance of concrete as a safety

barrier. The screening procedure focuses on possible adverse effects of BZM like

enhancing the solubility of radionuclides or decreasing their sorption on cement. Other

effects of BZM, which may be favourable with respect to radionuclide retention, such

as decreasing the porosity of concrete or improving its workability, are not taken into

account in the screening procedure. It is therefore important to balance the adverse

and the beneficial effects of the use of BZM in safety assessment.

1. In view of conservatism in safety analysis, the three BZM have to be considered as

chemically stable under the alkaline conditions of cement pore water. In the case of

LS indications for chemical transformation to compounds with weaker complexing

properties are found.

2. None of the three BZM has an influence on the sorption of -ISA. With this respect

all three BZM are unproblematic.

3. NS turned out to be unproblematic in the ‘radionuclide test sorption experiments’

(chapter 4). This was not the case for LS and PP. Because the results of these

experiments need not necessarily to be applicable for a realistic situation

encountered in cement (realistic S/L, realistic ratios of BZM to cement), further

investigations were carried out with LS and PP. NS was also included in these

experiments as a sort of reference for an unproblematic BZM.

4. NS will not complex radionuclides significantly within the range of pore water

concentrations measured. This is not surprising in view of the results obtained in

the radionuclide test sorption experiments (chapter 4). In the case of LS and PP,

the situation is more complicated:

LS would be expected to have a mobilising effect on Eu(III) with respect to solubility

and sorption and, due to the analogy of Eu(III) with other trivalent lanthanides and

actinides (CHOPPIN, 1999), also on these types of radionuclides. This expectation is

based on ion exchange experiments using solutions of LS that had no contact with

cement. However, when the complexing properties of squeezed pore water of LS-
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HCP are measured, the radionuclide mobilising effect of these pore waters is much

weaker than expected from the concentration of LS measured in the pore water of

LS-HCP. Since the reasons for this discrepancy are not fully understood, it may be

advisable to treat LS in performance assessment as a strong ligand nonetheless.

Gluconate contained in PP is known to be a very strong ligand at alkaline pH.

Examples for strong complexes with “hard cations” can be found e.g. in the case of

Fe(III) (SAWYER, 1964), Al(III) (MOTEKAITIS & MARTELL, 1984), Si(IV) (KINRADE et

al., 2001) and trivalent lanthanides (GIROUX et al., 2002). Its effect on radionuclide

sorption is, however, attenuated to insignificance by the very strong sorption of

gluconate on cement. The pore water concentration of gluconate is too low in order

to have an effect on radionuclide sorption. As already discussed in section 6.3.1.1

potential N-ligands may be a problem in the case of PP, because the solubility of

bivalent transition metal ions was generally enhanced in PP-HCP as compared to

the control samples containing no BZM. Although N-ligands are probably weaker

ligands than gluconate, their overall effect on the solubility of bivalent transition

metals may be stronger than the one of gluconate, because they are supposed to

sorb only weakly to cement. Further experiments would be needed to clarify these

points in detail.

An important conclusion with respect to the applicability of the screening procedure

is therefore that for complex BZM mixtures like PP, it is not sufficient to concentrate

the focus on a “worst-case” ligand based on the stability constants only. If nitrogen-

containing compounds are present in a BZM mixture, it is advisable to assess the

presence of possibly strong ligands by measuring sorption-reducing effects using

Ni(II) as a test radionuclide in addition to Eu(III).

5. None of the three BZM, as bound to HCP, has an influence on the sorption

behaviour of cement with respect to the sorption of radionuclides. Thus no

competition between the uptake by HCP of radionuclides and BZM is taking place

for the amounts of BZM applied in preparation of BZM-HCP.

7.7 Applicability of the screening procedure and limitations

As a result of the experiments carried out within the framework of this study, it can be

concluded that the proposed ‘screening procedure is well suited for a broad
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assessment of the effect of concrete admixtures on the retention behaviour of HCP for

radionuclides. The experimental procedures developed for the assessment are

realisable and give significant results. The good reproducibility from sample-to-sample,

which cannot be a priori looked at as a matter of course, is only one example to

emphasise this statement.

However, it has also to be noted that (i) the effort in time and manpower to carry out

such an assessment may not be underestimated, and (ii) that there are prerequisites

and limitations, which may restrict the reliability of predictions based on the screening

procedure proposed in Fig. 1.425:

1. An analytical tool for measuring the concentration of the BZM in evaluation must be

available. Unspecific techniques, like TOC measurements, may be useful in cases

in which the chemical behaviour of the various components of the BZM under

investigation is fairly similar, which is the case e.g. for NS. In the case of a complex

mixture of chemically differently behaving components, TOC measurement is not

suited to follow the fate of a single component of interest. An example for such a

case is gluconate contained in PP. If the pore water composition of PP-HCP is

analysed by TOC and compared with the TOC of the PP solution added to prepare

PP-HCP, the conclusion would be that almost no sorption of the PP components is

taking place during cement hydration. If the concentration of gluconate is followed

by a substance-specific technique like HPAEC, a drop of factor ~106 in gluconate

concentration can be observed upon contacting PP with cement. The explanation

for such a seeming difference is that gluconate is only a minor component of PP

and that the other components do not sorb to cement. The almost complete loss of

gluconate causes a change of less than 20 % in the TOC of the PP mixture. This is

less than the uncertainty introduced by changes in the amount of pore water, which

is partly used by hydration processes.

2. Chemical transformations which lead to reaction products with more adverse

effects on radionuclide sorption than their parent compounds and which take much

more time than the "time window" available for the investigations, cannot be

                                                  

25 It is again pointed out that the screening procedure’ focuses on the adverse effects of BZM.

For a holistic assessement of the role of BZM on the performance of concrete as a safety

barrier, the beneficial effects of BZM need also to be taken into consideration.
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detected. However, it has also to be mentioned, that certain BZM (e.g. NS) have a

chemical structure which suggests that such chemical transformations may almost

certainly be excluded.

3. Predictions of pore water concentration of BZM based on a sorption model

(Langmuir) do not exactly match the values experimentally found. However they

are supposed to be within a reasonable order of magnitude.

4. It may be difficult to assign a certain effect observed to a given molecule present in

the BZM mixture. The least one could do is, e.g. separate the BZM solution in

fractions of different molecular weight and carry out certain experiments with the

individual fractions only. This aspect may be of interest, since it would allow to

discriminate, whether an observed effect may be attributed to the main component

of the BZM or to side products present in the mixture26.

5. If radionuclide sorption reduction is caused by minor products in the BZM mixture

and if these minor products do not sorb on cement, wrong conclusions may be

drawn, if additionally the major component strongly sorbs on cement. Therefore,

the bottom arrow in Fig. 1.4 pointing to the right has to be considered very carefully.

6. Microbial transformations of BZM are not assessed in the frame of this work. There

are reasons to believe that microbial processes are not important in homogeneous

parts of concrete (GLAUS, 2001b). These are mainly based on observations from a

natural cement analogue (Maqarin site in northern Jordan), where low microbial

populations have been observed in general. It is hypothesised that these

microorganisms were rather passively transported from neutral groundwaters to the

alkaline waters and that “the investigated Maqarin springs may be a bit too extreme

for active life even for the most adaptable microbe” (PEDERSEN, 1999). In addition,

it has to be assumed that active growth and dispersion of microbial populations is

                                                  

26 Various attempts were undertaken during the course of this work to obtain a separation by

dialysis or use this technique to measure conditional stability coefficients for complex formation

according to the method described in GLAUS et al. (1995) for fulvic acids. Presumably these

attempts failed due to diffusion problems of the membrane. Even after weeks of diffusion, the

two dialysis compartments were still not in equilibrium. A broader evaluation of suitable

membrane materials would be required to meet the conditions of chemical stability and fast

enough establishment of diffusion equilibria.
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prevented due to the low porosity of the cement, which is, among other things, the

result of the use of superplasticisers (ONOFREI et al., 1992). The void necessary for

growth of microbia may be roughly estimated to range between 0.1 and 1.0 µm

(GHIORSE & WILSON, 1988). For heterogeneously composed cementitious waste

forms, the situation may look different. However, in such a case BZM play a minor

role in view of the total amount of organic material, and it is questionable, whether

microbial transformation of BZM is of importance in such a case.

7. For practical reasons (obtaining a good homogeneity), the BZM-HCP used in this

work was prepared using a W/C of 0.7. Concretes used for constructing a

repository for radioactive waste will mostly have an W/C of ~0.3. For this reason,

pore water concentrations of BZM and sorption capacities for them may differ

somewhat from the values measured in this report. It is assumed that these

differences do not have an important impact on the conclusions drawn here.

8. In performance assessment it is convenient to make use of a “worst case proxy”, in

order to avoid repetitive assessments of individual compounds within a group of

organic substances. From the experiments described in this report, it becomes

clear that it is not sufficient to choose the compounds with the highest complexing

strength. In view of the broad structural variety of compounds used as BZM, no

stringent correlation can be postulated to exist a priori between complexing

strength and sorption affinity. The comparative work on LS and gluconate has

shown an example, where no such correlation is given. Though gluconate is the

stronger complexant than LS, its pore water concentration is much more decreased

owing to the strong sorption of gluconate to cement. In the bottom line, the product

of complexing strength and the pore water concentration is higher for LS. From this

reason it would be more recommendable to choose LS as a “worst case proxy”

instead of gluconate.

9. The conclusions drawn are in general the more reliable, the broader the

investigations are planned. As an example, this can mean that more information

about chemical transformation reactions is gained, the longer the exposure time of

the BZM in ACW-I is. Or, it may be desirable to study more different types of

radionuclides, in order to broaden the range of thermodynamic relationships.

However, the time for carrying out such experiments will be quite restricted in a real

case. Therefore one has to find an optimum between experimental effort and

reliability of the conclusions.
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