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Abstract and keywords 

Cementitious materials are extensively used in the design and construction of radioactive 

waste repositories. One of the ways to enhance their performance is to introduce organic 

admixtures into the cement structure. However, the presence of organics in the pore water 

may affect the radionuclide mobility: organic molecules can form water-soluble complexes 

and compete for sorption sites. This work was designed to get detailed understanding of the 

mechanisms of such interactions on the molecular level. The model system has three 

components. First, pure C-S-H phases with different Ca/Si ratios were chosen as a cement 

model. Secondly, gluconate (a simple well-described molecule) is selected as a good starting 

organic additive model to probe the interaction mechanisms on the molecular scale. A more 

complex system involving polycarboxylate superplasticizer (PCE) was also tested. The third, 

U (VI), is a representative of the actinide radionuclide series. The development of description 

of the effects of organics for radioactive waste disposal applications was the primary objective 

of this work. The study of binary systems provides reference data for the investigation of 

more complex ternary (C-S-H / organic / U(VI)). The interactions are studied by means of 

both experimental and computational molecular modelling techniques. Data on sorption and 

desorption kinetics and isotherms for additives and for U (VI) on C-S-H are acquired and 

analysed in this work. In parallel, atomistic models are developed for the interfaces of interest. 

Structural, energetic, and dynamic aspects of the sorption processes on the surface of cement 

are quantitatively modeled by molecular dynamics computer simulations. 

 

Keywords: Calcium silicate hydrate (C-S-H); Uranium (VI); gluconate; adsorption; molecular 

dynamics  
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Résumé et mots-clés 

Les matériaux cimentaires sont largement utilisés dans la conception et la construction des 

sites de stockage géologique de déchets radioactifs. Ces matériaux jouent un rôle important 

dans le conditionnement de certains déchets de moyenne activité, dans la fabrication des 

massif de scellement pour des alvéoles de stockage, et sont également essentiels pour la 

construction des galeries et puits d'accès aux installations de stockage. Lors de la conception 

du stockage géologique des déchets radioactifs, de nombreux facteurs doivent être pris en 

compte de façon à garantir la sûreté à long terme: les propriétés du site choisi telles que la 

disponibilité des ressources naturelles, la stabilité sismique et volcanique, la chimie des eaux 

souterraines…etc., ainsi que la nature et le type de déchets radioactifs, des colis de déchets, et 

les propriétés des matériaux utilisés pour la construction des barrières ouvragées. Par 

conséquent, même si les matériaux cimentaires sont choisis pour leurs propriétés physiques et 

mécaniques, ils peuvent également contribuer au confinement de la radioactivité et à 

l’étanchéité des alvéoles de stockage après leur fermeture. La capacité de confinement de la 

radioactivité de ces matériaux découle de leurs propriétés chimiques (eau porale à pH élevé, 

présence de phases minérales chargées de surface spécifique élevée), ce qui leur confère une 

grande affinité avec de nombreux radionucléides qui peuvent être retenus par différents 

mécanismes (sorption, incorporation ou précipitation).  

Lors de la fabrication de pâte de ciment, des additifs organiques (comme des 

superplastifiants) sont souvent utilisés afin d’améliorer les propriétés mécaniques du matériau 

de final. La présence de ces produits chimiques potentiellement réactifs peut affecter la 

mobilité des radionucléides. Même si la quantité d'additifs organiques utilisée est 

généralement faible, les mécanismes de leurs interactions avec tous les composants du 

système de stockage des déchets doivent être systématiquement étudiés, décrits et compris. 

Ce travail propose une double approche expérimentale et de modélisation moléculaire 

permettant de décrire quantitativement, à l'aide de systèmes représentatifs réalistes, les 

interactions des radionucléides avec les matériaux cimentaires et les molécules organiques. Le 

système modèle comporte trois composantes principales. Tout d'abord, des phases pures de 

silicate de calcium hydraté (C-S-H) contenant différentes compositions en Ca/Si choisies 

comme phase modèle d’un ciment, puis, le gluconate (molécule simple et bien décrite) choisi 

comme bon représentant d'additifs organiques pour sonder les mécanismes d'interaction à 

l'échelle moléculaire, enfin, l’uranium choisi d’une part comme représentant des 
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radionucléides de la série des actinides et d’autre part, parce qu’il est l’un des radionucléides 

pour lequel les interactions avec les matériaux cimentaires ont fait l’objet de nombreuses 

d’études. Bien qu’il puisse exister sous différents états d’oxydation,  l'uranium est présent en 

milieu oxique sous forme d’uranium(VI), très mobile en milieu aqueux. Dans les systèmes 

cimentaires, l’uranium(VI) existe sous forme de cation dioxouranyl aqueux (UO2
2+

) et sa 

stabilité a été confirmée par des expériences XANES (Sylwester et al., 2000). Le motif 

linéaire de dioxouranyle linéaire UO2
2 +

 peut se lier à des ligands organiques chargés 

négativement dans le plan équatorial. 

L'objectif principal de ce travail a consisté à développer une description des effets des additifs 

organiques sur les propriétés des pâtes de ciment dans le cadre de leur utilisation pour le 

stockage des déchets radioactifs. Les plastifiants (superplastifiants) sont utilisés pour 

améliorer l'hydratation du ciment, améliorer l'ouvrabilité et la fluidité des pâtes de ciment sans 

ajouter d'eau supplémentaire et sans changer le rapport eau/ciment. Ces additifs peuvent 

également améliorer la résistance à la compression des matériaux cimentaires. Les 

superplastifiants les plus répandus sont des polyélectrolytes organiques à masse moléculaire 

élevée, comprenant principalement des polymères à structure en peigne (tels que les acides 

polycarboxyliques) et des copolymères.  

Des systèmes binaires ont été initialement étudiés de façon à obtenir des données de référence 

pour l’investigation de systèmes ternaires (C-S-H/adjuvant organique/U (VI)). Les systèmes 

ternaires sont destinés à mimer les processus “réels” où la matière organique résiduelle 

interagit avec les radionucléides potentiellement relâchés par les déchets. Les interactions ont 

été étudiées par des techniques expérimentales complémentaires et de modélisation 

moléculaire. Les phases C-S-H synthétisées ont été caractérisées pour obtenir les véritables 

rapports Ca/Si et vérifier les contaminations possibles des échantillons. De plus, c’est une 

validation des résultats obtenus par rapport aux données de la littérature et aux données de 

référence des expériences sur les systèmes binaires et ternaires. 

L’étude de systèmes binaires a été réalisée de façon à obtenir des données de référence pour 

l’investigation de systèmes ternaires (C-S-H/adjuvant organique/U(VI)), destinés à mimer les 

processus “réels” où la matière organique résiduelle interagit avec les radionucléides 

potentiellement relâchés par les déchets. La méthodologie choisie repose sur une approche 

complémentaire liant expériences et modélisation moléculaire. Les phases C-S-H ont été 

synthétisées par réaction en phase aqueuse et  caractérisées par Diffraction des Rayons X 

(DRX) et RMN-MAS du solide avant la réalisation des expériences de sorption. Leurs 
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solutions d’équilibre caractérisé par ICP-MS quadrupolaire et par chromatographie à échange 

d’ion (HPIC). Les expériences ont consisté en la détermination des cinétiques et d’isothermes 

de sorption et de désorption de molécules organiques (Gluconate et PCE) et de U(VI) sur les 

phases C-S-H. La cinétique rapide d’adsorption des molécules organiques (gluconate et PCE) 

montre que la nature de l’interaction d’adsorption est principalement électrostatique, les 

cations Ca
2+

 présents au niveau l’interface liquide-solide jouant le rôle de médiateurs (ponts 

cationiques). Les résultats montrent que l’addition d’ions gluconate peut significativement 

augmenter la sorption d’un radionucléide (U(VI)) dans les phases de C-S-H. 

De plus, un effet notable du rapport Ca/Si sur la sorption du gluconate sur les C-S-H est 

observé, avec une sorption plus forte pour des rapports Ca/Si élevés. En effet,  l’augmentation 

du rapport Ca/Si est corrélée au changement de signe de la charge de surface des phases C-S-

H (de négatif à positif) du à la surcharge par Ca
2+

 (Viallis-Terrisse et al., 2001; Jonssön et al., 

2005; Labbez et al., 2011). Parallèlement, la charge du groupement fonctionnel des molécules 

organiques est négatif en solutions alcalines (par ex. le pKa du groupe carboxyl de l’ion 

Gluconate est de  3,86) donc son adsorption serait dans ce cas principalement gouvernée par 

des forces d’attraction. Ceci pourrait signifier qu’avec le temps, la dégradation d’une pâte 

cimentaire caractérisée par des rapports Ca/Si (des phases C-S-H) plus faibles, pourrait 

favoriser le relâchement des molécules des surfaces cimentaires vers l’eau porale.  

L’évolution des concentrations des ions majoritaires et du pH a été mesuré à chaque étape des 

expériences avec le gluconate de façon à obtenir une vue détaillée des processus. Les 

concentrations à l’équilibre de Si and de Ca
2+

ainsi que le pH, restent stables quels que soient 

les échantillons étudiés. 

L’ion sodium a été ajouté au système en tant que contre-ion du gluconate (sel de sodium de 

l’acide gluconique). Une expérience spécifique a été réalisée pour étudier l’influence de la 

présence d’ions sodium sur le processus d’adsorption dans le système binaire C-S-

H/gluconate. L’ion sodium, chargé positivement, est connu pour être sorbé sur les C-S-H de 

faibles rapports Ca/Si (Stade, 1989; Hong and Glasser, 1999; Viallis et al., 1999). Nos 

résultats montrent que son addition, en concentration relativement faible, n’affecte pas l’état 

d’équilibre des C-S-H: le pH et les concentrations de Ca et de Si restent constants pour tous 

les échantillons. 

L’ion gluconate est une petite molécule qui est un bon modèle de départ pour l’étude à 

l’échelle moléculaire du mécanisme d’interaction C-S-H/organique. Cependant, on peut se 

poser la question de savoir si ce même mécanisme fonctionne pour des molécules organiques 
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plus complexes. Par conséquent, il a été testé un autre système avec le superplastifiant à base 

d'acides polycarboxyliques (PCE), une molécule typique d’un adjuvant industriel.  

Il a été confirmé expérimentalement que l’interaction PCE et les C-S-H est aussi 

principalement électrostatique et déterminée par l’attraction du cation Ca
2+

 présent à la 

surface. La différence de sorption de PCE entre C-S-H de rapports Ca/Si variable (1 et 1,4) 

existe,  mais les valeurs des rapports de distribution (Rd) calculés sont trop proches pour que 

ces différences soient considérées comme significatives : Rd (PCE/C-S-H) = 35-50 L/kg. Les 

molécules de PCE n’interagissent pas de la même manière (que l’ion de gluconate) avec la 

surface des C-S-H, leur cinétique d’adsorption est légèrement plus lente que pour de plus 

petites molécules organiques. Contrairement au gluconate, PCE n’affecte pas la sorption de 

l’Uranium(VI) aux C-S-H. Ceci peut s’expliquer par la différence de masse moléculaire et de 

configuration moléculaire de la molécule organique étudiée. Une étude serait nécessaire pour 

étudier l’influence de la masse moléculaire ainsi que de la structure des molécules organiques 

sur les mécanismes de sorption de l’Uranium(VI). De plus, l’utilisation de PCE marqué 

isotopiquement par 
14

C pourrait être utilisée pour améliorer les expériences à faibles 

concentrations en polymère dans le but d’exclure les interactions des molécules organiques 

les unes avec les autres.  

Les techniques de chimie analytique liquide permettent d’identifier les principales tendances 

du comportement des espèces étudiées à la surface des phases de C-S-H mais ne permettent 

pas de montrer quel est le mécanisme moléculaire impliqué. Ainsi, la modélisation 

moléculaire devient un outil utile pour l’interprétation d’évènements macroscopiques. 

En parallèle, des modèles atomistiques ont été développés pour toutes les surfaces d’intérêt. 

La technique de dynamique moléculaire (DM) a permis de modéliser les aspects structuraux, 

énergétiques et dynamiques des processus de sorption sur les surfaces des phases C-S-H. Des 

simulations DM non contraintes ont été réalisées. Les défauts existant dans les chaines de 

silicate des C-S-H peuvent constituer de potentiels sites de surface pour les espèces 

considérées. L’intérêt de la dynamique moléculaire prend alors tout son sens puisqu’elle 

permet d’obtenir une image à l’échelle atomique des interactions de surface. A des fins de 

cohérence, le travail de modélisation a porté sur la caractérisation des mêmes systèmes 

binaires et ternaire que ceux étudiés expérimentalement. La solution aqueuse de gluconate, 

trois phases C-S-H possédant des rapports Ca/Si différents et leurs interfaces en solution ont 

ainsi été étudiés.  
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Dans ce travail, la sorption des ions d'intérêt sur différents sites de surface a été évaluée. Une 

comparaison détaillée entre les surfaces des phases C-S-H en contact avec des solutions 

contenant ou non des ions U(VI) a permis d'identifier et de décrire des sites de sorption 

potentiels, structurellement différents en fonction des rapport Ca/Si modélisé. Plusieurs sites 

de sorption pour les ions uranyle existent les surfaces des C-S-H ; des complexes mono- et 

bidentates peuvent être formés avec les oxygènes déprotonés de la surface. De plus, les ions 

calcium s’adsorbant sur ces mêmes sites, une compétition Ca
2+

/UO2
2+

 pour ces sites peut être 

attendue. 

Pour des cas bien sélectionnés, des simulations de DM avec contraintes ont été réalisées afin 

de déterminer les profils d'énergie libre d'adsorption via des calculs de potentiel de force 

moyenne et d’estimer les constantes de complexation. Pour les phases C-S-H de rapport Ca/Si 

= 0,83, deux sites de sorption énergétiquement égaux ont été trouvés pour Ca
2+

 dont un seul 

accessible aux ions UO2
2+

.  Un modèle de phases C-S-H, incluant des défauts dans la structure 

et possédant avec une charge négative plus élevée, conduit à obtenir, à partir des profils PMF 

calculés, des sites présentant une adsorption plus forte pour les cations. En solution aqueuse, 

les ions gluconate forment des complexes avec les cations Ca
2+

 et UO2
2+

. La complexation 

avec le calcium s'est révélée être plus favorable que celle avec les ions uranyl. Les résultats 

obtenus sur l’environnement structurel local des cations sont en accord avec les données de la 

littérature. Les ions gluconate s’adsorbent sur les phases C-S-H par l'intermédiaire du 

groupement fonctionnel carboxyle et du cation pontant formant ainsi des complexes de sphère 

interne et externe avec la surface. 

La combinaison des résultats expérimentaux et de modélisation obtenue dans ce travail, 

conduit à faire l’hypothèse du mécanisme d’interaction moléculaire suivant pour le système 

ternaire modélisé. Les énergies libres d'adsorption des cations Ca
2+

 et UO2
2+

 sont assez 

similaires, ce qui conduit à une potentielle compétition pour les sites de sorption de surface. 

Le rôle de médiateur des ions Ca
2+

 dans la sorption du gluconate a été confirmé et il a été 

démontré que l'ajout de composés organiques affaiblissait la liaison des cations avec les sites 

de surface. En conséquence, une diminution de l'énergie libre d'adsorption du complexe Ca-

gluconate pourrait faciliter l'échange avec les ions UO2
2+

 sur le même site de sorption et 

pourrait ainsi expliquer l'augmentation de l'adsorption de UO2
2+ 

observée expérimentalement 

dans le système ternaire. 

Mots clés: Silicate de calcium hydraté, Uranium (VI); gluconate; adsorption; dynamique 

moléculaire 
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Radioactive waste is the waste that contains radionuclides with activity defined and regulated 

by country authorities. Radioactive waste is originated from nuclear power plants, industrial, 

medical, scientific and military activities and is generated in various forms with specific 

radionuclide compositions. 

 

Figure 1. French classification for radioactive waste from Andra website (English version, 

07/01/2017, radioactive waste/classification, with permission). 

 

In France radioactive waste is classified according to its activity level and half-life (Fig. 1): 

1. Very low level waste (VLLW) has an activity level close to that of naturally occurring 

radioactivity (1-100 Bq/g). It does not require high level isolation and can be stored in 

near surface landfill disposals (Andra CSTFA disposal facility located in the Aube 

district). Soils, sludge and rubbles are a typical waste in this group. 

 

2.  Low-level long-lived waste (LLW-LL) represents a broad range of waste including 

radium-bearing and graphite waste. LLW-LL contains mostly long lived radionuclides 

(Ra, U, Th) with half-lives that are more than 31 years. It requires higher isolation and 

can be stored in engineered near surface disposals.  

 

3. Low and intermediate level short-lived waste (LILW-SL) contains short-lived 

radionuclides (
60

Co, 
137

Cs) with half-life ≤ 31 years, and limited amounts of long-lived 

radionuclides. Waste is managed at the Andra CSFMA waste disposal facility located 

in the Aube district. 
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4. Intermediate-level long-lived waste (ILW-LL) is mostly composed of metal structures 

used in the fuel recycling process. It has radionuclides with long half-lives (more than 

31 years) and will be stored in the deep geological disposal facility. 

 

5. High level waste (HLW) – waste that can generate a lot of heat during decay process. 

It contains fission products (
134

Cs, 
137

Cs, 
90

Sr), activation products (
60

Co) and actinides 

(
244

Cm, 
241

Am). Stable deep geological disposals are normally considered for storage. 

    

The main idea of managing and storing radioactive waste is to protect people and 

environment from its harmful influence. This means isolation and/or processing of 

radionuclides in a way that no damage is done when they return to the biosphere. Unlike other 

hazardous waste the level of danger for radioactive waste reduces with time and eventually all 

of it decays into non-radioactive elements.  

In France, Andra (Agence nationale pour la gestion des déchets radioactifs) is a public body 

in charge of the long-term management of all radioactive waste, it works under the 

supervision of the Ministry of Ecology, Energy, Sustainable Development and the Sea and the 

Ministry of Research. Andra is in charge of a project of deep geological waste disposal 

(Cigeo) for HLW-LL and ILW-LL wastes generated by French nuclear power plants. The 

facility will be situated in northeastern France on the border of Meuse and Haute-Marne 

regions and will include both surface and underground installations (e.g., Grambow, 2016). 

The underground disposal will be built at a depth of approximately 500 meters in the layer of 

impervious clay rock (Callovo-Oxfordian clay formation) as it is shown in Fig. 2-B.  

 

Figure 2. The multi-barrier concept of radioactive waste disposal (A) and 3D diagram of 

Cigeo facility design (B, image adopted from Andra with permission). 

http://www.developpement-durable.gouv.fr/
http://www.enseignementsup-recherche.gouv.fr/pid20001/accueil.html
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The multi-barrier concept is adopted and applied for different types of radioactive waste. In 

principle, the multi-barrier consists of three successive barriers: waste packages, the 

engineered structure and the geological formation of the site that together provide physical 

and environmental levels of protection (Fig. 2-A). The first barrier is the conditioned 

immobilized waste typically through cementation (ILW-LL) or vitrification (HLW-LL). The 

second one is the corrosion-resistant canisters (e.g., carbon steel for HLW-LL) that contain 

the immobilised waste.  The last barrier is the host rock together with the disposal structure, 

which ensures isolation, stability and safety of the radioactive waste over a very long period 

of time.  

Many factors should be taken into account when the long-term safety of radioactive waste 

disposal is considered: both natural site properties, such as availability of natural resources, 

seismic and volcanic stability, ground water chemistry, etc., and engineered properties 

including waste forms, waste packages, and construction materials.  

Cement and concrete play an important role in the design of the radioactive waste disposal. It 

can be both part of the packaging for some intermediate level waste or part of the sealing 

material for HLW storage cells, and also a construction material for the galleries and access 

shafts (Fig. 3) of the waste disposal facility. As a result, even if cement materials have been 

chosen for their mechanical and physical properties, they may also contribute to the 

containment of radioactivity and the control of the water flow into the repository after closure. 

These materials have a high affinity with a lot of radionuclides which can be retained through 

different mechanism (sorption, incorporation or precipitation) due to their chemical properties 

(high pH porewater, presence of charged phases with high surface area).  

 

Figure 3. Design of storage cells for ILW (A) and HLW (B) (based on Andra, 2009). 
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During cement paste production, organic additives (e.g., superplasticisers) are typically used 

to enhance mechanical properties of the final cement material. Of course, the presence of 

potentially reactive chemicals may cause additional safety concerns. So, even though the 

amount of additives is usually small, the mechanisms of their interactions with all components 

of the waste disposal system should be systematically studied, described and understood. 

This work is therefore a part of a global approach that proposes to describe, using model 

systems, the interactions between organic molecules and cementitious materials with 

radionuclides. Uranium(VI) has been then selected as a representative radionuclide because it 

is one of the most studied elements with a lot of data available in literature. 

The work consists of four chapters. The first chapter presents a literature survey on the key 

points of the study.  The primary and secondary objectives are formulated accordingly. The 

second chapter provides information on materials and methods used and experimental results 

of materials characterisation. The third and fourth chapters present the results and conclusions 

for the two complementary approaches used in the work: wet chemistry experiments and 

computational molecular modelling. 
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Chapter 1 

Background and Motivation 

  



34 

 

  



35 

 

1.1.  Cement  

Cement is a complex material that consists of hydrated clinker (calcium silicates, aluminates, 

alumoferrites) and gypsum. The production of cement is huge (more than 4000 million metric 

tons were produced worldwide in 2015). It is one of the most used building materials and 

obviously will be used in the design and construction of deep geological waste repositories. 

Cement raw clinker materials are geologically available and resources exhaustion is unlikely 

in the future. In the concept of radioactive waste disposal, cements are a part of both the 

repository infrastructure (walls of the galleries, access shafts) and the waste packaging 

(intermediate level long living radionuclides). 

In cement chemistry it is common to use the first letter of the oxide to describe the chemical 

formula in a simplified way: C = CaO; S = SiO2; A = Al2O3; F = Fe2O3; M = MgO; H = H2O, 

and so on. This notation should not be confused with chemical elements. So, C-S-H should be 

understood as CaO-SiO2-H2O or calcium silicate hydrate (Taylor, 1990). 

Cement clinker is made by pyroprocessing (T = 1450°C) of homogeneous mixture of 

limestone and alumo-silicates (clays).  After heating the formed nodules are finely ground and 

calcium sulfate (gypsum) is added to control the setting rate of cement during the hydration 

process. Clinker typically consits of alite, belite, aluminates, and alluminoferrites. 

Alite, or tricalcium silicate (Ca3SiO5), is the  major component of clinker in most of the 

conventional cements. Pure alite consists of 73.3 wt. % of CaO and 26.3 wt. % of SiO2, but 

the oxides of Na, K, Mg, Al, P, S, and Fe are also present in clinker (up to 4 wt. % in total). 

Alite is rapidly hydrated, it dictates the setting time and is responsible for the short-term 

strength development of the material (Taylor, 1990).  

Belite (dicalcium silicate, Ca2SiO4, often its β-polymorph) reacts with water much slower and 

is reposible for the strength development at the later phases of cement formation (up to one 

year). Pure belite contains 65.1 wt. % of CaO and 34.9 wt. % of SO2, while oxide 

substitutions of up to 6% (mostly oxides of Al and Fe) are also observed in clinker  (Taylor, 

1990).  

Nearly 10% of clinker are constituted by the aluminate phase (Ca3Al2O6). Aluminate is the 

most reactive phase in cement clinker and its hydration causes exotermic “flash set” 

(immediate set). This process is not desirable and is typically deactivated through the  

addition of gypsum, CaSO4·2H2O. With sulfates addition, the ettringite phase 
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(3CaO·Al2O3·3CaSO4·32H2O) is formed on the surface of aluminates decreasing their 

reactivity. Slow hydration of aluminates creates sulfoaluminate phases such as AFm 

(CaO·Al2O3·CaSO4·12H2O). 

Another typical clinker component is tetracalcium aluminoferrite (Ca2AlFeO5).  Aluminate 

and ferrite rapidly form various metastable hydrate phases that further trasnform with time 

into more stable cubic structure (Taylor, 1990; Ridi et al., 2011).  

Based on the composition, there are different types of cements. Portland cement is the most 

common type of cement in general use with clinker compositions that typically consist of 45–

75 wt. % of alite, 7–32 wt. % of belite, 0–13 wt. % of aluminates, 0–18 wt. % of 

alumoferrites, and 2–10 wt. % of gypsum. Depending on the desired physical and chemical 

peformance, different types of cement blends are designed. The most known are cement 

blends with  blast-furnace slag (sulfate-resisting and low-heat cement), fly ash (low cost 

cement with early strength developpement), silica fume (exceptionally high strength cement), 

metakaolin. Other types of cements include pozzolan-lime (ground pozzolan and lime) 

cements, slag-lime (ground granulated blast-furnace slag and lime) cements, supersulfated 

cements (80 wt. % ground granulated blast furnace slag, 15 wt. % gypsum or anhydrite, 

ordinary Portland cement clinker or lime) and calcium sulfoaluminate cements (ye'elimite-

based clinker).    

 

Figure 4. Typical evolution of the heat flow for the hydration process of a cement/water 

paste (Ridi et al., 2011; Taylor, 1990). 

 

https://en.wikipedia.org/wiki/Cement
https://en.wikipedia.org/wiki/Gypsum


37 

 

When water is added to clinker, the hydration process starts. The mechanisms of cement 

hydration were extensively studied (e.g., Bentz, 1997; Pane and Hansen, 2005; Bullard et al., 

2011; Scrivener et al., 2004, 2015; Trauchessec et al., 2015; and many others). Due to the 

complex chemical composition of cement, the hydration is typically described as a five step 

(sometimes four step) process (Fig. 4):  

 

(I) Dissolution – the silicate and aluminate phases dissolve, a saturated calcium hydroxide 

solution is formed (pH=12); 

(II) Induction – a dormant period of a few hours long;  

(III) Acceleration – a precipitation of silicate and aluminate hydrates, further dissolution of 

the anhydrous phases;  

(VI) Deceleration –a strong decrease of the hydration rate; 

(V) Slow ongoing hydration – a diffusion-controlled process. 

 

In cement materials, calcium silicate hydrate (C-S-H) phases are formed as a result of 

hydration of alite (Ca3SiO5) and industrial belite (Ca2SiO4), the two silicates that are the 

essential constituents of clinker of most cements (Taylor, 1990). Synthetic pure C-S-H phases 

can be also produced by the pozzolanic reaction: (CaO + SiO2 + 2 H2O) → (Ca(OH)2 + 

H4SiO4) → (CaH2SiO4·2H2O). Because of its critical role, C-S-H was chosen as the cement 

model in this work.  

In natural environments and with time cementitious materials become a subject to degradation 

processes. One of the most significant degradation scenarios is decalcification (leaching of 

calcium and hydroxide ions from the cement pore solution). Decalcification can cause severe 

alteration in cement structure and change the properties of the hydrated phases (Glasser et al., 

2008). There are obviously various processes that cause cement degradation (irradiation, 

heating cycling, mechanical damage, etc.), but in this work only decalcification is considered 

out of all possibilities.    

1.2.  Calcium Silicate Hydrate  

1.2.1. C-S-H structure and properties 

An accurate nano-scale description of C-S-H phases is very challenging and the interest in 

understanding their structure and the nature of structural disorders continues to be strong. A 
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significant amount of research has been done in the last decades to address these issues using 

various experimental and theoretical methods. Some of the C-S-H characteristic features can 

be found in the short summary table below (Table 1). 

Table 1. Experimental characterisation of C-S-H 

Method Selected key points References 

Rietveld analysis 

of powder X-ray 

diffraction (XRD) 

data 

-  a nano-crystalline material with turbostratic 

structure; 

-  long range crystallographic order; 

-  XRD pattern is close to tobermorite 11 Å 

(Ca/Si = 0.8). 

Grangeon et al., 2013 

Nuclear magnetic 

resonance 

spectroscopy 

(NMR) 

- tobermorite-like structure for high Ca/Si; 

-  average silicate chain length in C-S-H 

depends on Ca/Si ratio; 

-  structure of C-S-H is not altered by the 

presence of organic polymers during 

hydration step and it is proved by 
1
H and 

29
Si 

NMR studies. 

Cong and Kirkpatrick, 

1996 

Brunet et al., 2004 

Richardson et al., 2010 

Bosque et al., 2016 

Rottstegge et al., 2006 

Tajuelo Rodriquez et 

al., 2015 

Raman 

spectroscopy 

-  synthetic C-S-H has a tobermorite-like 

structure 

Richardson et al., 2010 

Fourier-transform 

infrared 

spectroscopy 

(FTIR) 

-  C-S-H has features of jennite structure at 

high Ca/Si ratio (more than 1.3) 

Yu et al., 1999 

Transmission 

electron 

microscopy (TEM) 

-  C-S-H is a layered material; 

-  crystals have size of 10-50 nm; 

-  the basal distance for Ca/Si = 0.8 is 11 Å; 

-  synthetic C-S-H can include amorphous 

phases rich on Ca; 

-  synthetic C-S-H has a foil like 

morphology. 

Richardson et al., 2010 

Tajuelo Rodrigues et 

al., 2015 

Grangeon et al., 2013 

Small angle 

neutron scattering 

(SANS) 

-  in hydrated cement the formula is 

(CaO)1.7(SiO2)(H2O)1.8; 

-  in hydrated cement C-S-H density is 2.604 

mg/m
2
; 

-  three H2O types are present: interlayer 

bonded, adsorbed on the surface, liquid in 

nanopores. 

Allen et al., 2007 

 

Studies were also performed using extended X-ray absorption fine structure spectroscopy 

(EXAFS) (Lequeux et al., 1999), near edge X-ray absorption fine structure spectroscopy 
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(NEXAFS) (Mendes et al., 2011), and molecular dynamics simulations (Faucon et al., 1997; 

Kalinichev and Kirkpatrick, 2002; Kalinichev et al., 2007; Churakov et al., 2014; Dongshuai, 

2014). 

All of the essential C-S-H compositional and structural features listed above are carefully 

taken into account when the atomistic computational models were constructed in the present 

work. 

Tobermorite is a rare natural layered mineral, a calcium silicate hydrate compound that 

consists of CaO polyhedral layers parallel to the (001) crystallographic plane with attached 

silicate layers on both sides. Silicate is present in the form of infinite “dreierketten” type 

chains (chains of triplets, Fig. 5). There are two types of silicate tetrahedra: nonbridging 

tetrahedra (connected with CaO layer via two shared oxygens) and bridging tetrahedra 

(connects two nonbridging tetrahedra, points towards the interlayer and possesses a silanol 

group). H2O molecules and Ca
2+

 ions are present in the interlayer and provide the structure its 

unique properties (Dongshuai, 2014). Several tobermorite crystal structures with varying 

basal spacing are identified: clinotobermorite, tobermorite 9 Å, tobermorite 11 Å, and 

tobermorite 14 Å (different water content, degree of silicate chain polymerisation, abundance 

of interlayer calcium) (Merlino et al., 1999; Biagioni et al., 2015). 

 

Figure 5. A three dimensional view of the tobermorite structure using the orthorhombic axis 

a/2 = 5.58 Å, b = 7.39 Å, and c/2 = 11.389 Å (Hamid, 1981; Grangeon, 2013). 
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Ca/Si ratio of C-S-H is an important parameter to consider since it can significantly influence 

chemical and physical properties of cement (e.g., pH of the pore water, the surface charge, 

equilibrium ion concentrations). Despite the fact that in ordinary Portland cement we can 

observe predominantly C-S-H phases with Ca/Si ratios higher than 1.5, lower ratios appear in 

cement with added fly ash and silica fume, and in degraded pastes because of the 

decalcification. 

1.2.2. C-S-H models 

Due to the compositional and structural diversity of cement phases, modelling of cementitious 

materials is quite challenging, and even the most advanced models represent significant 

simplifications of the real systems. One of the useful ways to categorise the cement models is 

by their characteristic length scale (Dolado and van Breugel, 2011) (Fig. 6). 

 

Figure 6. Classification of the models of cementitious materials based on their 

characteristic length scale (Dolado and van Breugel, 2011). 

 

A nanoscale colloidal model of C-S-H (CM-I and CM-II) was developed a decade ago (Allen 

et al., 2007; Jennings, 2008). The elementary units of this model are non-spherical particles 

(named as “globules”) with nanometer dimensions and an internal sheet-like structure. The 

particles are charged and anisotropic, they aggregate forming typically disordered 

mesostructure (Delhorme et al., 2016; Bonnaud et al., 2016). Water is found in the interlayer 

and intraglobular spaces, distributed in small and large gel pores. It is mostly adsorbed at the 

surfaces of C-S-H particles and within the intraglobule spaces (Fig. 7). The colloidal model 

explains the behaviour of water in C-S-H phases and predicts some of the mechanical 

properties of cement. However, the focus of the present work is not in the bulk properties of 
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C-S-H, but rather in the molecular level quantification of the interaction mechanisms that 

occur at the C-S-H surfaces. 

The first atomistic models of C-S-H were based on the crystal structure of tobermorite (e.g., 

Faucon et al., 1997; Bell and Coveney, 1998; Kalinichev and Kirkpatrick, 2002; Gmira et al., 

2004; Kalinichev et al., 2007). Although the structure of this mineral is very similar to C-S-H, 

it is desirable to introduce some elements of structural disorder and defects that bring models 

closer to reality. Indeed, numerous defect-containing tobermorite models are developed. 

Tobermorite modifications provide possibilities to model different Ca/Si ratios and better 

predict the processes that occur in degraded cement or cement with high silica content. 

 

Figure 7. A schematic nanoscale model of C-S-H particles (based on  Allen et al., 2007) 

with different types of water identified: 1 – nanopore water; 2 – adsorbed water; 

3 – interlayer water, 4 – layered calcium silicate nanoparticles.  

 

Richardson and Grooves (1992) proposed a generalized model which represented C-S-H 

particles as nanostructures composed of silicate chains (with different length and different 

amount of silanol groups) in contact with Ca(OH)2. The structural formula is derived from 

tobermorite and can be expressed as {Ca2nHwSi(3n-1)O(9n-2)}·(OH)w+n(y-2)·Ca0.5ny·mH2O, where 

w is the number of silanol groups and w/n is the degree of protonation. The model assumed a 

certain amount of missing bridging silica tetrahedra, an addition of Ca
2+

, and a variable 

degree of protonation of the silanol groups. A similar model of defect tobermorite structure 

was proposed by Cong and Kirkpatrick (1996) based on the assumption that the charge of the 

deprotonated nonbridging oxygens of the silicate layer is compensated by Ca
2+

 ions through 

the formation of Si-O-Ca links. Additionally, C-S-H structure description was developed by 

Nonat and Lecoq (1998) who assumed the absence of silanol groups but the presence of Ca
2+

 



42 

 

and OH
-
 ions in the C-S-H interlayers. Depolymerisation of silicate chains as the main 

mechanism of increasing the Ca/Si ratio of C-S-H was also pointed out by Yu et al. (1999) 

who used infrared spectroscopy to study the structure of C-S-H. 

A significant advance in the C-S-H atomistic description has been made by Pellenq et al. 

(2009) using a bottom-up modelling approach (Fig. 8 (left)). This model provides realistic 

Ca/Si ratios and density values for C-S-H. Moreover, it was validated by reproducing various 

macroscopically measurable physical properties of C-S-H (mechanical stiffness and strength, 

hydrolytic shear response); and provided a good agreement with other experimental 

characterisations (Si-NMR, EXAFS, XRD, IR). Further, the atomic order-disorder structure 

had been quantified by Bauchy et al. (2014) who demonstrated how the C-S-H structure can 

be described as an intermediary between full crystallinity and entirely amorphous glass. 

Another atomistic model of C-S-H (Ca1.67SiHx) has been proposed by Kovačević et al. (2015) 

with a view on how silica oligomers are distributed in the structure. The most stable model 

was the one where only bridging silica tetrahedra were removed, thus breaking infinite silica 

chains into dimers and pentamers (Fig. 8 (right)). As a result, the approach of adjusting the 

lengths and shapes of the C-S-H silica chains to conform with available Si-NMR data was 

adopted for the model construction in the present work. 

 

Figure 8. Examples of atomistic models of the C-S-H. Right: Ca/Si = 1.75 (Pellenq et al., 

2009); the blue and white spheres are O and H atoms of H2O molecules, 

respectively; the green and grey spheres are inter and intra-layer Ca ions, 

respectively; yellow and red sticks are Si and O atoms in silica tetrahedra. Left: 

Ca/Si = 1.67 (Kovačević et al., 2015); the grey and blue spheres are Si, the red 

and pink spheres are O in silica tetrahedra and of water, respectively; the green 

spheres are Ca ions. Images adapted with permission. 
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The exact structure of C-S-H is still not completely defined and various models are still being 

developed. Yet, as it can be seen, all presently available models share certain basic features. 

The model of the C-S-H surface developed in this work should also not be taken as an 

absolutely correct description of C-S-H. This model was theoretically developed based on the 

experimental observations discussed above in order to provide relative simplicity and to 

facilitate better quantitative understanding of the molecular mechanisms of interaction among 

different chemical species near the surface of C-S-H. 

1.3. Uranium sorption on C-S-H 

Uranium has been selected as the model radioelement in the current work. A significant 

amount of research has already been done to describe its behaviour in cementitious materials.  

Uranium can be found in different oxidations states. Under oxic conditions it is typically 

present as U(VI), which is highly mobile in the aqueous environment. In cementitious 

systems, uranium exists in the form of aqueous uranyl cation (UO2
2+

), and its stability was 

confirmed by XANES experiments (Sylwester et al., 2000). In the same study, it was reported 

that uranium uptake is caused by the inner-sphere complexation with cement mineral phases. 

In the absence of CO2 and at pH >10 (characteristic to cement pore water), the dominating 

hydroxo complexes of UO2
2+ 

should be UO2(OH)3
-
 and UO2(OH)2

0
, but other coordinations 

are also possible (Prikyl et al., 2001). Numerous studies have shown that the C-S-H phase of 

the hydrated cement paste is the preferential binding surface for uranyl cations (Wieland et 

al., 2010).  

Several batch U(VI) sorption experiments on synthesised C-S-H phases were performed by 

Pointeau et al. (2004), Tits et al. (2008, 2011) revealing rapid kinetics (a stable state reached 

within approximately 10 days) and a very strong uranium uptake (10
3
 l/kg – 10

6
 l/kg).  

Measured sorption isotherms (Fig. 9) showed a significant dependence of U(VI) uptake by C-

S-H on the Ca/Si ratio, pH, and on the presence of alkali ions in the studied systems. As many 

other cation species, U(VI) sorbs better when Ca/Si and pH are lower. Cation-exchange 

properties of C-S-H phases with low Ca/Si ratios are already well-known (Viallis-Terrisse et 

al., 2001; Ochs et al., 2006; Pointeau et al., 2006). 
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Figure 9. Isotherms of U(VI) sorption on C-S-H with various Ca/Si ratios (data taken from 

Tits et al., 2011). 

 

The detailed mechanisms of U(VI) immobilisation have been studied by Macé et al. (2013) 

using extended X-ray absorption fine structure spectroscopy (EXAFS). The uranium 

coordination environment was found to be independent of the initial reaction conditions. At a 

higher concentration of uranyl ions (13.6-45 mg/g) the formation of calcium-uranate 

precipitate has been observed. In the proposed mechanisms, binding to a single Si of the 

surface was stated with a high probability of U(VI) incorporation into the C-S-H structure. A 

better description of a UO2
2+

 local environment in C-S-H (and also in hydrated cement paste) 

can be found in the more recent work of Tits et al. (2015). Three distinguishable types of 

U(VI) species in the cementitious systems can be identified: (i) surface complexed; (ii) 

incorporated; (iii) precipitated. The incorporation should happen in the  C-S-H interlayer 

space as shown in Fig. 10-b (Gaona et al., 2012; Macé et al., 2013). Once the ion is 

incorporated, it is no longer in contact with pore water and should not interact with solution 

ions present there. Thus, incorporated U(VI) will not be considered in this work.  
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Figure 10. a – Uranyl cation (UO2
2+

) with its hydration shell; b – An interlayer 

incorporation model for UO2(OH)
2-

 in C-S-H proposed by Macé et al. (2013). 

 

It is also important to keep in mind that the solvent can influence the interaction between the 

uranyl cation and the ligands (organic ions) (Buhl et al., 2006). In carbonate systems, 

complexation has been observed (Richter et al., 2016) causing reduced sorption of U(VI) on 

minerals under high pH conditions. A CO2-free inert atmosphere should help to avoid a 

process like this for the model systems in the current work.  

The interactions between U(VI) and organic ligands are of particular interest in the scope of 

this work (see more details in section 1.4), and gluconate anion is introduced here as a model 

of organic compound present in cement.  

The interaction between U(VI) and organic molecules has already attracted attention and an 

extensive amount of research has been conducted on the structure and reactivity of uranium 

complexes in various reactive media (Kakihana et al., 1987; Nguyen-Trung et al., 1992; 

Quiles et al., 1998; Groenewold et al., 2010; Birjkumar et al., 2011; Birjkumar et al., 2012). It 

is interesting to note that the presence of organics can even enhance the sorption of U(VI) on 

mineral surfaces at highly alkaline conditions (Baston et al., 1992, 1994).   

The linear dioxouranyl cation, UO2
2+

, can coordinate negatively charged ligands in the 

equatorial plane. Uranyl can form a complex with more than one gluconate ion both under 

acidic conditions (Zhang et al., 2009), and under alkaline conditions (Birjkumar et al., 2011; 

Colàs et al., 2013). The coordination is mostly happening with deprotonated carboxyl groups 

of gluconate, but at high pH (pH > 13.9), only solution hydroxyls are present in the first 
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hydration shell of the uranyl cation, deprotonation of the gluconate hydroxyl group can also 

take place, making the interaction with uranyl more probable (Fig. 11).  

 

Figure 11. UO2
2+ 

/ gluconate ion complexation (ratio 1:1): A – at pH < 13.9; B – at pH > 

13.9 (Birjkumar et al., 2011). 

 

At excess of ligand, more gluconate molecules can be present in the first solvation shell of 

UO2
2+

. In addition, complexation with larger organic molecules (polyacrylic and fulvic acids) 

has been studied (De Stefano et al., 2011), and it was shown that carboxyl groups are the 

binding sites and the density of them in the molecule greatly affects the UO2
2+

 complexation. 

The higher the number of carboxyl groups present in the organic ligand, the higher is the 

sequestration of radionuclides. This may raise concern that the presence of organic ligands 

with multiple carboxyl groups can negatively affect UO2
2+

 uptake by cementitious materials. 

1.4. Cements and organic compounds 

Organics can be brought into the cement structure and its interfaces as organic cement 

additives or as part of the radioactive waste. Organic additives are introduced to alter various 

properties of cement. Based on their function the cement admixtures are classified into five 

main groups: air-entraining, water-reducing, retarding, accelerating, and plasticisers 

(superplasticisers) (Kosmatka et al., 2002).  

Air entraining additives (surfactants) – allow incorporating small air bubbles (Ø < 1mm) into 

the structure of cement during mixing. They increase freeze resistance, durability and 

workability of the resulting cement. These organic compounds are mostly represented by salts 
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of wood resins, petroleum acids, proteinaceous material, fatty and resinous acids and their 

salts, alkylbenzene sulfonates (Geraldi et al., 2016; Šeputytė-Jucikė et al., 2016). 

Water reducers are used to decrease cement porosity, water permeability and diffusivity. 

They provide the possibility to control the plasticity of cement in time. Most common agents 

in this group are lignosulfonates and hydrocarboxylic acids (Geraldi et al., 2016; Phan et al., 

2006). 

Retarders are added to slow down the rate of concrete setting and to maintain the workability 

of the mix at high-temperature conditions. Retarders can be both organic and inorganic (Zuo 

et al., 2014; Papageorgiou et al., 2005). The most known among such organic additives are 

the salts of lignosulfonic acids, citric acid monohydrate, sodium gluconate.  

Accelerating additives (coagulants) are used when rapid cement setting is needed. They 

increase construction safety and promote the development of high early-strength (Won et al., 

2012). Triethanolamine and calcium formate are representatives of the group.  

Plasticisers (superplasticisers) are used to enhance cement hydration, improve the 

workability and fluidity of cement pastes without the addition of extra water and without 

changing the water/cement ratio. These additives can also improve the compressive strength 

of cement materials. The most widespread superplasticisers are organic polyelectrolytes with 

high molecular mass, mainly comb polymers and copolymers (Fig. 12).  

The dosage of superplasticiser in cement depends on different factors: water/cement ratio, 

cement composition, admixture characteristics. In most cases, it is in the range of 0.1 - 2 % 

w.t. (Yamada et al., 2000; Yoshioka et al., 2002; Herterich et al., 2003; Winnefeld et al., 

2007;  Ridi et al., 2013). Thus, their residual concentration in the pore water of cement should 

not be very high. 

 



48 

 

 

Figure 12. Selected examples of industrial superplasticisers (Giraudeau et al., 2007): A – 

lignosulfonates; B – sulfonated melamine formaldehyde polycondensates (SFMC); 

C – polycarboxylates; D – vinyl copolymers.  

 

The molecules of superplasticisers adsorb on the surface of cement particles and cause 

repulsive interactions between them through the formation of a steric layer (Fig. 14). The 

effects of superplasticisers on the hydration processes have been studied (Pourchet et al., 

2006; Giraudeau et al., 2007; Autier et al., 2013; Cappelletto et al., 2013), but more detailed 

understanding is still needed about their behaviour on the surface of cement and in the pore 

water.  

Under conditions of close proximity of the organic polymer additives to the cement surface 

(~10 nm), it can be suggested that organics is immobilised by adsorption or incorporation into 

the hydrated cement phase (Rottstegge et al., 2006).  

Electrostatic interactions play one of the key roles in the admixture-cement system. It was 

shown that the higher is the amount of negatively charged functional groups in the polymer 

(e.g. deprotonated carboxylic groups) the higher is its sorption on cement phases. Moreover, 

the addition of any of the polycarboxylate additives generates a slight positive increase of ζ-

potential, regardless of the specific types of the superplasticiser and cement to which it was 

added (Alonso et al., 2013). In the same work, PCE adsorption isotherms have been described 

for cements of different types (Fig. 13), and it was shown that the cement surface reaches 

saturation at [PCE] > 2 mg/g cement. 
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Figure 13. Isotherms of PCE (Mw = 60 kDa, PDI = 1.7) adsorbed by four types of cement 

(image taken from Alonso et al., (2013) with permission). 

 

Measurements of ζ-potential are frequently used to characterise the forces acting between 

particles. Chemical composition of the solvent is one of the major factors determining ζ-

potential along with other important parameters, such as ionic strength, nature of the ionic 

species, and their charge. The ζ-potential can be accurate and precise only when the solvent 

properties are well-defined.  

It is found that mineral phases with a negative or neutral ζ-potential do not adsorb large 

amounts of organic admixtures. As a result, positive ζ-potential is crucial for their sorption. 

Measured ζ-potential of ordinary Portland cement was reported to be +12 mV at pH 12 

(Nagele, 1986). In a 0.1 M potassium hydroxide solution and in a synthetic pore solution, the 

ζ-potential of C-S-H is slightly positive and is around +0.25 mV (Zingg et al., 2008).  The ζ-

potentials of alite and belite were reported to be negative (-5 mV) (Yoshioka et al., 2002). 

 

Figure 14. Scheme of superplasticisers action in the cementitious system. A – Sorption of 

superplasticiser on the particle surface. B – Repulsion between cement particles.  
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Table 2. Zeta potentials of cement phases 

 

Cement phase Zeta 

potentials, 

mV 

Specific  conditions Reference 

Ordinary Portland 

cement 

Ordinary Portland 

cement 

+12 

 

-17 

+20 

-8 

pH =12 

 

pH=13.3 (fresh HCP state) 

pH=12.65  

pH=11 (degraded state) 

Nagele et al., 

1986 

Pointeau et al., 

2006 

Ordinary Portland 

cement 

-10 Suspension in water, high 

pH 

Elakneswaran et 

al., 2009 

Slag cement paste -12 Suspension in water, high 

pH 

Ground granulated 

blast furnace slag 

-35 Suspension in water, high 

pH 

Hydrated cement 

paste 

-8 Suspension in water, high 

pH 

Ettringite +4.15  Plank et al., 2007 

 Monosulfate +2.84  

Syngenite +0.49  

Portlandite -4.4  

Gypsum -0.06  

Alite +10  Zingg et al., 2008 

Alite -10 With superplasticiser mV 

immediately after mixing 

Yoshioka et al., 

2002 

 Alite, belite -5  

C-S-H -25 - +25 As a function of the calcium 

concentration in solution 

Viallis-Terrisse 

et al., 2001 

C-S-H +0.25 0.1 M KOH solution and in 

synthetic pore solution 

Zingg et al., 2008 

 

The values of C-S-H ζ-potential as a function of calcium hydroxide concentration in solution 

were reported by Viallis-Terrisse et al. (2001). It was confirmed that calcium determines the 

potential of the double layer at the interface with a solution (see Fig. 15). The point of zero 

charge is found to be around [Ca
2+

] = 2 mmol/L. When the concentrations of calcium are very 

low and there are no other special ions present at the surface, the silica layers are partially 

deprotonated (pH 10.5–11) increasing the negative surface charge and leading to an overall 

negative ζ-potential. When the concentration of calcium is much higher (more than 2 
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mmol/L), the adsorption of cations compensates the negative charge to a considerable degree, 

so that the absolute values of ζ-potential are lower. For the high concentration of calcium 

(around lime saturation, 22 mmol/L) with pH in the range of 12–12.5, the surface ionisation 

will be greater. Nonetheless, in the case when the calcium concentration is too high the 

adsorption of calcium compensates the negative surface charge and causes the reversal of the 

ζ-potential. This surface of positive charge is neutralised by hydroxyl ions present in the 

diffuse layer (in the concept of the electrical double layer, it is a second layer in which free 

interfacial ions are moving near the surface influenced by electrostatic attraction and thermal 

motion). 

 

Figure 15.  Zeta potential of C-S-H phase as a function of the calcium concentration in 

solution (data are taken from Viallis-Terrisse et al., 2001). The schemes below 

illustrate the view of C-S-H surfaces at different Ca
2+

 concentrations. 

 

Different organic molecules may affect ζ-potentials of component minerals to a different 

degree. The ζ-potential of alite with superplasticisers is approximately -10 mV immediately 

after mixing. For other mineral phases it is approximately -15 mV. In general, with the 

addition of superplasticisers all component minerals are have negative ζ-potentials (Yoshioka 

et al., 2002). It was reported that independent of the solution, ζ-potentials of tricalcium silicate 

and C–S–H in synthetic pore solutions are not significantly influenced by the addition of 
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polycarboxylates. With increasing concentration of the additive, ζ-potential of the suspension 

remains constant and positive (Zingg et al., 2008). 

Cement may undergo degradation when put into contact with organic acids as it was shown 

by Larruer-Cayol et al. (2011) on the example of oxalic, citric and tartaric acids. Organic 

acids form complexes with Ca
2+

 and cause significant decalcification. Also, it was observed 

that decalcification increases for polyacidic compounds, and it can be a good reason to take a 

closer look at the interaction between polycarboxylic superplasticisers and cement.    

1.5. Objectives of the project 

It can be concluded from the above discussion, that there exists more or less sufficient 

understanding of the molecular processes in the binary systems (C-S-H – U(VI); C-S-H – 

organic ion;  organic complexing agent – U(VI)). Essentially, the next step is to move to 

system combinations of multiple components present in the system together. This constitutes 

the primary objective of the present work. 

The defects in C-S-H surface silicate chains can serve as potential sorption sites for the 

interfacial species. This is where the computational molecular modelling becomes very 

helpful by providing a quantitative atomic scale picture of the interfacial interactions. The 

sorption of ions of interest on different surface sites is evaluated in this project. 

The interactions between complexing agents and radionuclides and the processes affecting the 

solubilisation of radionuclides can be described by the general scheme as shown in Fig. 16 

(Keith-Roach, 2008): 

 

Figure 16. The general scheme of radionuclide-admixture interaction (from Keith-Roach, 

2008; with permission). 
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Another important issue is that the presence of organic molecules on the surface of 

cementitious particles can influence the diffusion of ions to the sorption sites, and they can 

form complexes of different stability with metal cations present in the solution. 

In the scope of this project the following principal questions can be asked: 

→ How does gluconate sorb on C-S-H surfaces and how much it is different from the 

sorption on hydrated cement paste?  

→ What is the effect of Ca/Si ratio of C-S-H on the behaviour of interfacial organic 

ions or how sorption properties of cement might develop in time (as a result of 

degradation)? 

→ Does the presence of gluconate on the surface affects the adsorption of U(VI) on 

the C-S-H phases? 

→ What could be the molecular mechanisms involved? 

→ Do the same mechanisms work for more complex organic molecules, such as 

polycarboxylate polymer? How does it sorb and how does it affect the radionuclide 

behaviour? 

In conclusion, the primary objective of this work is to identify and describe the most probable 

molecular mechanisms of interaction in the three-component model system (C-S-H/organic 

additive/U(VI)). The secondary objective includes the comparison of the results obtained for 

simplified components with the data obtained for more complex, real-life materials (polymer 

superplasticiser, hydrated cement paste).  
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2.1. Experimental methods 

2.1.1. Methodology 

To facilitate the description of complex processes, a number of simplifications of the 

investigated systems are introduced. The detailed reasoning was given in Chapter 1. To sum 

up, cement is modelled as represented by pure C-S-H phases and its degradation is 

represented by varying the Ca/Si ratio (Ca/Si of 0.83, 1.0, and 1.4) of the C-S-H phase. 

Organic additives are studied on the example of simple gluconate ion and polymeric 

synthesised polycarboxylate. Out of all possible radioelements, 
238

U is selected a model.  

First, binary systems are in focus of the investigation since they provide the essential 

reference information for understanding the behaviour of the ternary systems (Fig. 17). A 

comparison between sorption on C-S-H and HCP is also done to check if the results are 

transferable to more realistic cement systems. The experiments on U(VI) sorption on C-S-H 

are performed to verify the reproducibility and to serve as a reference.  

 

Figure 17. Model systems. 

 

 

The ternary systems are designed to mimic the “real” processes when residual organics, 

present in cement pore water after the hydration process, may interact with radionuclides 

potentially released by the wastes. Thus, in the present experiments the C-S-H phases are 

equilibrated with organic components prior to their exposure to U(VI). 

Eventually, four binary and two ternary systems were studied. The experimental models are 

summarised in Fig. 17. 
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2.1.2. Synthesis of C-S-H 

C-S-H phases prepared by alite hydration can be inhomogeneous having local regions with 

different Ca/Si ratios, and also the kinetics of hydration is much slower than the kinetics of 

direct reaction, so pure synthetic phases were chosen for this study (Fig. 18).  

Degasified water was prepared by heating (T=50°C) and steering under partial vacuum of 

Milli-Q® ultrapure water (>18.2 MΩ·cm). The synthesis was performed in the absence of 

carbon dioxide in a glove-box under inert atmosphere (argon). Synthetic C-S-H gels were 

prepared individually in PPCO centrifuge tubes (Nalgene™) by the direct reaction of calcium 

oxide (Sigma Aldrich, ≥ 99.9%) and silica fume (Aerosil® 200, Evonik) in degasified water 

with solid-to-water ratios of 2×10
-2

 kg/l. This method gives opportunity to obtain C-S-H gels 

with different Ca/Si ratios by controlling the amount of initial reagents. Three compositions of 

calcium silicate hydrates were synthesised corresponding to three values of Ca/Si ratio (0.83, 

1.0 and 1.4) in order to be able to compare the sorption properties of pure hydrate phases and 

those of the degraded cement.  

After an aging period of 1 month, the synthesised suspensions were centrifuged (4000 rpm, 40 

min) and filtered through 0.22 μm PTFE syringe membrane filters (VWR).  

 

Figure 18. The general scheme of C-S-H synthesis and characterisation. 
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2.1.3. C-S-H characterisation  

Synthesised C-S-H phases have to be characterised in order to obtain actual Ca/Si ratios and 

to control the sample for possible contaminations. Moreover, it is a validation of the obtained 

results with respect to the available literature data and reference information for the 

experiments on binary and ternary systems. 

2.1.3.1. Characterisation of the solid phase  

Separated solids, from samples dedicated for solid analysis, were analysed by XRD to control 

purity and to confirm the absence of crystalline phases such as portlandite (excess of calcium) 

and calcite (carbonation). Carbonation (formation of calcium carbonate) can cause significant 

complications in quantifying the amount of calcium that participates during the synthesis of 

C-S-H phases and therefore should be avoided. To limit this issue a homemade protective 

sealed XRD cell has been used during the sample analysis (Fig. 19). The diffractograms were 

registered on a D5000 diffractometer (Bruker) using Cu Kα line (λ = 1.54184 Å) in the 

standard Bragg-Brentano (θ/2θ) geometry (angular range: 5-51°; angular step: 0.02°; total 

duration: 12 hours). 

 

Figure 19. Protective XRD cell for powder analysis: A – cell design; B – instrumental 

arrangement.  

 

The solids for the analysis were dried in the inert atmosphere over silica gel for 2 weeks. All 

C-S-H samples were prepared at the same time and conditions and only differed by their 

Ca/Si ratios. The resulting diffractograms were analysed with the EVA software (V12.0 rev0 

+Diffract Plus release 2006) and compared to the reference patterns from the ICDD-PDF 

database. All samples show X-ray diffraction patterns typical for C-S-H phases with maxima 
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at 16.7°, 29.1°, 32°, and 49°. Unfortunately, the diffraction maximum at 7° related to the basal 

plane reflection (001) is not well defined (Fig. 20). Broad and weak diffraction peaks are 

characteristic of amorphous (nanocrystalline) phases and they become sharper with increasing 

Ca/Si ratio (more ordered structure (Grangeon et al., 2013)). It can be seen that there is a 

slight carbonation of the samples used for the XRD analysis. The samples were not 

completely dry (“soft” drying on silica gel) and the protective XRD cell could not completely 

assure that there is no exchange with the atmosphere during 12 hours of the data collection. 

The carbonation results have no impact on those C-S-H samples that were kept in the glove-

box and were used for the sorption/desorption experiments. 

 

Figure 20. XRD patterns of the solid phase of C-S-H with Ca/Si: 0.83; 1.0; and 1.4. 

 

The determination of C-S-H water content is a complicated task since many factors can 

influence the accuracy of the final results (drying conditions). The amount of water present in 

the synthesised C-S-H phases was evaluated by two-step drying (Table 3). First, a measured 

mass of the C-S-H sample was heated at T = 60 °C. The sample mass was periodically 

monitored until it reached a constant value. The heating at mild temperatures allows 
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estimating the amount of free water that does not belong to the C-S-H phase. As a second 

step, heating at T = 105 °C was performed.  

Table 3. The C-S-H water loss during heating. 

Temperature Time, hours 
Ca/Si = 0.83 

m (C-S-H), g 

Ca/Si = 1.0 

m (C-S-H), g 

Ca/Si = 1.4 

m (C-S-H), g 

  ↓ Initial mass (wet solid) ↓ 

T = 60°C 

0 3.151 3.224 2.744 

5 0.382 0.374 0.354 

8 0.374 0.376 0.312 

24 0.354 0.354 0.310 

30 0.355 0.354 0.310 

48 0.355 0.354 0.311 

Loss of free water: ∆ = 2.796 g ∆ = 2.890 g ∆ = 2.434 g 

T = 105°C 

72 0.276 0.344 0.294 

80 0.275 0.344 0.294 

96 0.275 0.344 0.294 

  ↑ Final mass (dried solid) ↑ 

 

The results of water loss for three C-S-H phases are presented in Table 3. The results on the 

free water content were further used for the calculation of liquid-to-solid ratio of the 

individual samples. 

2.1.3.2. Solid state NMR analysis 

Solid state NMR analysis of the samples was performed and interpreted at the CEMTHI 

Laboratory (Orléans, France). 
29

Si MAS NMR spectra were acquired on a Bruker Advance 

400 MHz (B0=9.4 T) operating at a Larmor frequency of 79.4 MHz and with a spinning rate 

of 12 kHz. Each spectrum is the sum of 30,000 to 40,000 transients accumulated with a 

recycling delay of 10 s ensuring complete magnetization relaxation. 
29

Si chemical shifts are 

given relative to tetramethylsilane (TMS) at 0 ppm. The spectra were deconvoluted using the 

Dmfit program (Massiot et al., 2002), into individual Gaussian–Lorentzian peaks, whose 

integration corresponded to the relative amount of differently coordinated species. This 

deconvolution was performed using the minimum possible number of component peaks to 

describe the spectrum accurately, based on the information available in the literature for 

cement (Colombet et al., 1998). 
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The 
29

Si MAS spectra acquired for the three different C-S-H phases (chemical shift range: -70 

ppm to-105 ppm) are reported in Fig. 21. They show typical patterns for C-S-H phases with 

several peaks varying with the Ca/Si ratio. 

 

Figure 21. 29
Si MAS NMR spectra of the different C-S-H phases. 

 

The 
29

Si chemical shifts were attributed based on the connectivity of silicon tetrahedra in the 

C-S-H structure as described by Roosz (2016) (Fig. 22). 

Thus, five main chemical shifts are reported at -77.88, -79.5, -82.5, -84,0 and -85,0 ppm 

which can be related to the different polymerization degrees of silicon tetrahedra Q
1br

, Q
1
, Q

2i
, 

Q
2br

 and Q
2
 respectively (Fig. 23). 

 

Figure 22. Deconvolution of 
29

Si MAS NMR spectra in C-S-H structure and silicon 

tetrahedra connectivity Q
n
 (from Roosz, 2016; with permission) 

C-S-H 1.4

C-S-H 1.0

C-S-H 0.83

Silicon tetrahedra
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Figure 23. Gaussian/Lorentzian deconvolution of 
29

Si RMN spectra for each C-S-H phase: 

experimental spectra (blue line); individual contribution (black dashed line); 

calculated spectra (red line). 

 

The identification of the Q
1
 and Q

2
 tetrahedra and the absence of Q

4
 related to amorphous 

silica (residual silica fume) show that the hydration reaction (synthesis) is fully completed. 

The deconvolution procedure gives the individual contributions of each Q
n
 tetrahedra to the 

total spectrum area. The ratio QR, Q
1
/∑Q

n
, is an indicator of silicate chain polymerization and 

can also be used to estimate the Ca/Si ratio. Those data are reported in Table 4.  

Table 4. Contribution of each Q
n
 tetrahedra and QR ratio for C-S-H phases.  

 

 

The results obtained on the samples in this work show a classical trend. As the Ca/Si ratio 

increases, Q
2
 contributions diminish and Q

1
 contributions increase, which is consistent with 

the depolymerisation of the silica chains and the formation of dimers for C-S-H with Ca/Si>1. 

Moreover, the QR values, obtained in this work, were compared with the data compilation of 

C. Roosz (Fig. 24) (Roosz, 2016). 

C-S-H 1.4 C-S-H 1.0 C-S-H 0.83

-77,88 -79,5 -82,5 -84 -85

Ca/Si Sample Q1br Q1 Q2i Q2br Q2 QR

0,8 C-S-H0.8 9,31 22,26 10,46 57,98 0,09

1 C-S-H1.0 30,86 15,13 11,6 42,42 0,31

1,4 C-S-H1.4 14,16 69,53 3,56 12,75 0,84

d  29Si (ppm)
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Figure 24. Correlation of QR value with Ca/Si ratio in the C-S-H structure (adapted from 

Roosz, (2016) with permission) 

 

The results obtained for C-S-H phases with Ca/Si < 1, are totally consistent with what can be 

found in the literature and give a strong confidence in the quality of the C-S-H phases 

synthetized. However, as reported in Fig. 24, for QR values above 0.7, the correlation is not so 

good. The discrepancy is mostly due to the use of different protocols for the C-S-H synthesis. 

As a consequence, QR value is then much less accurate for a precise estimation of the Ca/Si 

ratio. Taking this into account, the C-S-H phase with Ca/Si = 1.4 in the present work is 

consistent with literature data. 

2.1.3.2. Characterisation of the liquid phase  

pH values were measured using a combined microelectrode (PHM220, Radiometer, pH range 

0-14) calibrated with buffer solutions of 9.18 (pH9.180, Radiometer Analytical) and 12.45 pH 

(pH12.45, Radiometer Analytical) at room temperature (t = 23°C). The concentrations of Si 

and Ca in solutions were measured by quadrupole inductively coupled plasma - mass 

spectrometry (XSeries II ICP-MS, Thermo Fisher Scientific) and cation-exchange ion 

chromatography (ICS1000, Thermo Scientific Dionex). The equilibrium characteristics of the 

prepared system provide an understanding of the C-S-H structure and a correlation between 

pH, Ca and Si concentrations and Ca/Si ratio, as has already been described thoroughly (Chen 

et al., 2004; Lothenbach and Nonat, 2015).  
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The real Ca/Si ratios were calculated from the difference between the initial amounts of Ca 

and Si and the measured concentrations of these elements in the equilibrated solutions (Table 

5). It was confirmed that synthesised C-S-H phases have Ca/Si ratios that correspond to the 

target ones and the resulting equilibrium characteristics agree well with the data available in 

the literature (Chen et al., 2004; Lothenbach and Nonat, 2015).  

Table 5. Characterisation of C-S-H equilibrated solutions. 

Ca/Si ratio 

(target) 
pH value 

[Si] equilibrated  

in solution, mol/l 

[Ca] equilibrated  

in solution, mol/l 

Ca/Si ratio 

(calculated) 

0.83 10.24±0.05 (2.68±0.31)×10
-3

 (1.25±0.12)×10
-3

 0.85±0.05 

1.0 11.51±0.05 (0.42±0.63)×10
-4

 (2.10±0.12)×10
-3

 0.98±0.05 

1.4 12.32±0.05 (1.70±0.71)×10
-5

 (11.10±0.12)×10
-3

 1.38±0.05 

 

 
Figure 25. Characteristics of C-S-H equilibrated solution: a – pH as a function of Ca/Si 

ratio; b – concentration of Si as a function of Ca concentration in equilibrated 

solution. 

 

2.1.4. Gluconate sorption on C-S-H 

Gluconate uptake by the C-S-H phases was studied using classical sorption/desorption 

experiments. First, the kinetics of sorption was studied to get the initial understanding and to 
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estimate the contact time for further study of the corresponding isotherms. A sorption 

experiment is typically followed by a desorption experiment (kinetics and desorption 

isotherm). 

The uncertainties of each experimental step were calculated (micropipettes, scales, ICP-MS, 

IC, LSC, etc.) and the error propagation formula (eq. 1.) was applied with an assumption of 

independent variables (Ku, 1966): 

sf =  √(
∂f

∂x
)

2

sx
2 + (

∂f

∂y
)

2

sy
2 +  (

∂f

∂z
)

2

sz
2 + ⋯                                     (1) 

where, x, y, z are variables at each experimental step with the uncertainty of sx, sy, and sz 

respectively. The results are expressed at the uncertainty level of 95% (k = 2). 

A general scheme of the gluconate sorption and desorption experiment is presented in Fig. 26.  

 

Figure 26. The general protocol of gluconate sorption and desorption experiment.  
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2.1.4.1. Sorption experiments 

The sorption process is classically described by an isotherm (concentration of species sorbed 

as a function of species concentration in equilibrated solution). A series of batch experiments 

was performed to evaluate the sorption of gluconate (D-Gluconic acid sodium salt, ≥ 99%, 

Sigma-Aldrich) on C-S-H with various Ca/Si ratios by measuring the concentration depletion 

in the solution:  

[Gluconate]sorbed = ([Gluconate]initial – [Gluconate]solution) x × (V/Q(Si)C-S-H)       (2) 

where  

[Gluconate]sorbed: concentration of gluconate on the solid (mmol/mol of Si); 

[Gluconate]initial: concentration of gluconate initially present in solution (mmol/l); 

[Gluconate]solution: concentration of gluconate in solution at equilibrium (mmol/l); 

V is the solution volume (l);  

Q(Si)C-S-H is the amount of Si in C-S-H (mol); 

To study a wide range of concentrations, stable and radio-labelled gluconate was used. The 

amount of C-S-H was estimated from the amount of Si in the solid because its estimation 

from water loss introduces higher uncertainties. The following formula (3) was used: 

Q(Si)C-S-H = Q(Si)initial – Q(Si)solution                                                      (3) 

where, 

Q(Si)C-S-H: concentration of Si in the solid (mol); 

Q(Si)initial: concentration of Si initially added during C-S-H synthesis (mol); 

Q(Si)solution: concentration of Si in solution at equilibrium (mol). 

Sorption can be characterised by the distribution ratio (Rd), describing the distribution of the 

species of interest between the solid phase and the liquid phase in a batch sorption 

experiment: 

Rd (l/kgsolid) = ([Gluconate]sorbed / [Gluconate]solution) x L/S                       (4) 

where L/S is the liquid to solid ratio (l/kg). For the L/S calculation the amount of solid was 

estimated after drying the C-S-H samples at t = 60°C for 48 hours. 

For sorption experiments, initial gluconate concentrations were in the range of 10
-5

 to 10
-2

 

mol/l. Non-radioactive (stable) gluconate was analysed by DIONEX ICS-1000 ion 

chromatography system (IonPac AS18 hydroxide-selective anion-exchange column coupled 
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with a conductivity detector, see Annexe 2 The eluent consisted of a 5mM KOH solution at a 

flow rate of 1 ml/min.  Gluconate standard solutions (D-Gluconic acid sodium salt, ≥ 99%, 

Sigma Aldrich) were used for the calibration curve in the range from 0.5 to 10 mg/l. An 

injection loop of 100 µl was used to lower the detection limit for gluconate (0.5 mg/l of 

gluconate). 

The kinetics of adsorption was studied by measuring the evolution of gluconate concentration 

in the contact solution after 0.5, 1, 3, 7, 15 and 30 days of reaction (for the initial gluconate 

concentration of 1.03×10
-3

 mol/l). Full ion composition analysis with ion chromatography 

was performed for all samples to provide a complete system description. Sodium 

concentrations were additionally analysed for the reason that Na
+
 was added to the systems as 

a counterion of gluconate. 

2.1.4.2. Desorption experiments 

The solid separated at the end of the sorption experiment was used for desorption studies 

(kinetics and isotherm of desorption). 25 ml of the organics-free solutions with pH and 

concentrations of Ca and Si defined by the C-S-H equilibrium state (Table 4) were added to 

the samples. The gluconate concentration at the end of the desorption step was calculated as: 

[Gluconate]desorption = [Gluconate]sorbed – [Gluconate]desorbed                      (5) 

where 

[Gluconate]desorption: concentration of gluconate on the solid at the end of the desorption step 

(mmol/mol of Si); 

[Gluconate]sorbed: concentration of gluconate on the solid at the end of the adsorption step 

(mmol/mol of Si); 

[Gluconate]desorbed: concentration of gluconate in solution at the equilibrium at the end of the 

desorption step (mmol/mol of Si). 

The calculation of [Gluconate]desorbed included an evaluation of the residual amount of solution 

left after separation. The water content for each C-S-H phase was calculated by weight loss 

during drying at 60°C (see Table 3). 

2.1.4.3. Liquid Scintillation Counting Analysis 

Sorption of gluconate using gluconic acid isotopically labelled with 
14

C (D-[1-
14

C], > 99%, 

ARC) was studied in the range of particularly low concentrations: 10
-9

 to 10
-6

 mol/l. 
 14

C has a 
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half-life of 5730 years and decays by beta-emission (Emax = 156 keV, Eav = 49.44 keV) to the 

stable nuclide 
14

N: 

C →  N +  e− + ve7
14

6
14                                             (6) 

The equilibrated solutions were analysed by liquid scintillation counting (Tri-Carb 3170 

TR/SL, PerkinElmer) in order to determine the residual amount of the radioactive tracer (see 

Annex 1 for more details).  Ultima Gold LLT was used as an LSC cocktail. It is a 

multipurpose liquid scintillation cocktail for a wide range of aqueous samples. The sample-to-

cocktail proportion was 1:10. 

When radiotracers were added, the adsorption values were calculated from the ratio of the 

activity of 
14

C in the solid phase and its activity in solution assuming an equilibrium isotopic 

exchange between the 
14

C labelled and inactive gluconate in the C-S-H system: 

Ceq =  
Cini∗ Aeq

Aini
                                                      (7) 

where, Cini and Aini are the initial concentration and activity, Ceq and Aeq – their values in the 

equilibrium solution. 

The difference between the actual activity of a sample and the activity measured by the 

instrument is caused by the process called quenching. A part of the energy is typically 

absorbed by the solvent and, thus, it is not registered by the scintillator. To introduce quench 

correction an external standard spectrum analysis was performed. The counting efficiency (ε) 

was evaluated to determine the activities of the samples: 

ε =
Am

A0
 x 100%                                                           (8) 

where, A0 is the known activity of a standard solution, Am is the activity measured by LSC. 

The activity in the sample (Asample) is calculated by the following equation: 

Asample =  
Am− ABG 

ε
                                                    (9) 

where ABG – background activity (cps, counts per seconds), ε – counting efficiency. For 

solutions of 
14

C-labelled gluconate, the counting efficiency was (83 ± 0.5) %.  

2.1.5. Gluconate sorption on HCP 

Sorption and desorption of gluconate on HCP were measured in addition to the experiments 

with pure C-S-H phases. Hydrated CEM I (from Lafarge, Val d’Azergues factory) have been 
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taken for the experiment. 200 g of HCP were mixed with 800 ml of decarbonized and 

degasified water. 

At selected conditions, the ion chromatography method was found to be unsuitable for the 

analysis of gluconate in HCP equilibrated solutions since the solution is rich on anions with 

very high retention times. So, 
14

C-labelled gluconate was used to study the entire 

concentration range. The initial concentrations of gluconate were in the range from 10
-8

 to 10
-

3
 mol/l.  

The procedure of sample preparation and analysis was the same as for the sorption 

experiments on pure C-S-H phases. 

2.1.6. Synthesis and characterisation of polycarboxylate superplasticiser 

Polycarboxylate (PCE) is a representative of commonly used industrial superplasticiser. Since 

the exact composition of the manufactured product is usually not known and often masked 

with additional agents, it was decided to synthesise pure PCE for the current project in order 

to describe the mechanisms of interactions clearly.  

PCE was synthesised by radical polymerization in aqueous solution following the protocol 

described by Plank et al. (2008) with several modifications proposed by M. Isaacs. 10 mL of 

deionized water, monomer, the macromonomer and chain transfer agent dissolved in 26.3 mL 

of deionized water were initially mixed in the reaction vessel. pH is specified at 9 and an 

aqueous solution of 0.25 g initiator in 1.5 mL of deionized water was added to start the 

polymerization (Fig. 27). The reaction was performed at 80 °C. 

 

Figure 27. PCE synthesis and the purification step. 
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Reagents used: 

1. Monomer: sodium methacrylate (Sigma-Aldrich). The monomer is the building block 

of the negatively charged backbone of PCE superplasticiser.  

 

2. Macromonomer: PEGMEMA, with number-average molecular mass (Mn) of 950 

(Sigma-Aldrich), -CH3 terminated. The macromonomer forms the brush-like structure 

of the polymer causing sterical hindrance between cement particles when sorbed. 

 

3. Chain transfer agent: sodium methallyl sulfonate (MASA) (FLUKA). It is a chemical 

compound that possesses a weak bond that helps to transfer the growth of the polymer 

chain to another molecule. Often it is called regulator or modifier. It also adds a 

certain amount of negatively charged groups to the polymer backbone (sulfonate 

groups) but the small quantity used here enables to ignore the contribution. 

 
 

4. Initiator: sodium persulfate (Sigma-Aldrich). Persulfates produce free radicals when 

heated and in the presence of monomers act as a polymerisation initiators to form 

polymer molecules. 
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Thus, the total scheme of PCE polymerisation can be expressed like this: 

 

The purification was performed by dialysis tubing method using hydrophilic membranes with 

a typical molecular weight cut-off of 14 000 Da (dialysis tubing cellulose membrane, Sigma-

Aldrich). The reaction solution was placed into the pre-washed dialysis tube and put into a 

large volume of distilled water (2 litres). Water was changed after 5 hours and the tube was 

left for another 24 hours. The dialysed polymer was collected and freeze dried as a next step.  

The synthesised PCE was analysed using size exclusion chromatography (the analysis was 

performed by Dr. Mélanie Legros from the Institut Charles Sadron, Strasbourg, which is a 

CNRS unit specialising in polymer science): 

Molecular mass:       Mn = 33 700  

                                 Mw = 92 500 

Polydispersity:         Mw/Mn = 2.75 

Mn is the number average molecular mass of a polymer containing Ni molecules of mass Mi, 

an arithmetic average of the molar mass distribution: 

Mn =  
∑ MiNi

∑ Ni
                                                    (10) 

Mw is the mass average molecular mass, the sum of the products of the fractional molar mass 

multiplied by the weigh factor. It presents the distribution of molar mass in polymer: 

Mw =  
∑ Mi

2Ni

∑ MiNi
                                             (11) 
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The ratio of Mw to Mn characterises polydispersity, and the broader is the molecular mass 

distribution in the polymer the higher is its polydispersity. 

PCE is well-soluble in aqueous solution. The concentrations of polycarboxylate are identified 

by Total Organic Carbon analysis (Annexe 4).  

2.1.7. Sorption of PCE on C-S-H 

A series of test batch experiments were performed to evaluate the sorption of synthesised 

polycarboxylate on C-S-H phases with Ca/Si = 1.0 and Ca/Si = 1.4 using the same procedure 

as for the gluconate sorption experiments described above:  

[PCE]sorbed = ([PCE]initial – [PCE]solution) x L/S                          (12) 

The kinetics of adsorption was studied by measuring the evolution of polycarboxylate 

concentration in the contact solution after 1, 3, 7, 14, 28 days of reaction. The initial PCE 

concentration of 0.77 g/l was used in the experiment. 

For sorption experiments, the initial PCE concentrations were in the range of 0.01 to 10 g/l. 

The samples were left to equilibrate with regular shaking for a period of one week. After that, 

they were centrifuged and the solution was separated and filtrated. pH was measured 

following a standard protocol. 

In parallel, high solubility of PCE in aqueous solution was studied and confirmed: with the 

highest concentration used for adsorption experiment ([PCE] = 10 g/l) no precipitation was 

observed after 1 week. 

The concentrations in solution were analysed by Total Organic Carbon (TOC) analysis 

(Shimadzu TOC-VCSH analyser with non-dispersive infrared detector). To measure the sample 

concentration, a correlation between the total carbon concentration and peak area (calibration 

curve) is predetermined using a standard solution. Subtracting the inorganic carbon 

concentration, measured by the analyser, from the total carbon concentration, determines the 

total organic carbon concentration. Samples with lower polymer concentration that required 

less dilution were neutralised by H3PO4 titration as required for the TOC analysis. 

2.1.8. Uranium (VI) sorption on C-S-H 

C-S-H with Ca/Si = 1.4 was used for the U(VI) sorption experiment. Figure 28 presents the 

general approach of the experiment. The initial concentrations in sorption experiments were in 
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the range of 10
-5

 to 10
-2

 mol/l. Mother solution of 
238

U(VI) (from CERCA, Areva) had initial 

concentration of 0.181 mol/l in HCl 0.01 mol/l. For each concentration, an appropriate 

volume of 
238

U solution in 10
-2

 mol/l hydrochloric acid was added to the C-S-H suspension. A 

contact time of 2 weeks was used. The range of concentrations was selected following the 

protocol given by Tits et al. (2011), to avoid the major formation of a U(VI) precipitate ([U] < 

10
-2

 mol/l). Similar to the gluconate study, full ion analysis (U, Si, Ca, pH) was performed 

and the concentrations of U(VI) were measured using ICP-MS. 

A series of batch experiments were performed to evaluate the sorption of 
238

U(VI) on C-S-H 

with various Ca/Si ratios by ratios by measuring the concentration depletion in the solution:  

[U(VI)]sorbed = ([U(VI)]initial – [U(VI)]solution) x L/S                         (13) 

 

Figure 28. Scheme for the ternary system experiment. 

 

To study the interaction mechanism of U(VI) with C-S-H phases in the presence of organic 

molecules two ternary systems were developed. The experiment with the ternary system 

containing gluconate ion was performed in parallel to the study of U(VI) on C-S-H without 

the organic additives. C-S-H with Ca/Si = 1.4 was selected to study both ternary systems. 

First, C-S-H has been equilibrated with gluconate of a defined concentration (0.35 mM) for 1 

week (based on the results of adsorption kinetic study) prior to the addition of the 

Uranium(VI). The prepared “binary” C-S-H was further used to study the isotherm of 

adsorption of U(VI). The same protocol was applied to the system involving polycarboxylate. 

The general scheme of the ternary system experiment is presented in Fig. 28. 
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2.2. Computational methods 

2.2.1. Molecular dynamics simulations 

2.2.1.1. Method introduction 

In general, computational modelling can be used on different length and time scales as it is 

represented by the scheme in Fig. 29. Molecular modelling allows mimicking and 

interpretation of the processes that are happening on the time scale from femtoseconds to 

hundreds of nanoseconds (~10
-15

 – 10
-7

 s; i.e., on the scale characterising molecular 

vibrational, rotational, and slow diffusional motions) and on the length scale from Angstroms 

to tens of nanometers (~0.1 – 100 nm; i.e., from the scale of individual chemical bonds to 

almost macroscopic scale of nano- and micro-particles). There are two main techniques that 

can be applied for that: quantum mechanics and molecular mechanics (Fig. 29).  

In quantum mechanics (QM) simulations electrons are explicitly taken into account and thus a 

study of chemical reactions becomes possible. Quantum calculations are computationally very 

demanding and are often performed for a relatively small number of atoms and molecules. As 

discussed above, C-S-H gels have disordered structure and larger system sizes are necessary 

in order to realistically model the behaviour of these materials. In most cases, this makes use 

of quantum simulations for C-S-H interfaces computationally prohibitively expensive, if not 

completely impossible.  

Molecular mechanics (MM, empirical force-field-based method) considers the model system 

considering as consisting only of atoms. Different from QM, the electronic structure of the 

system is empirically modeled by distributions of partial atomic charges, and the interactions 

between atoms in MM are described in a simplified way, such that each molecule is seen as a 

system of atoms of certain masses and charges connected by spring-like bonds. This system 

can move in space, rotate and vibrate according to the forces acting between atoms and 

described by a set of empirical functions often collectively called a “force field”.   
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Figure 29. Computational modelling methods. 

 

Classical molecular dynamics computer simulation is a method in which Newton’s equations 

of motion are numerically solved for a system of interacting atoms: 

Fi = miai =  mi
d2ri

dt2                              (14) 

F𝑖 =  − 
d

dr𝑖
U(r𝑖)      (15) 

where Fi and ai are functions of the position of the atom i at every instant, mi is the mass of 

the atom, Ui (r) is potential energy of its interaction with other atoms in the system. The 

simulation data in the form of dynamic trajectories of all atoms in the system can then be 

analysed with the help of statistical mechanics in order to obtain many molecular properties of 

the system. 

Molecular modelling allows interpretation of the observed interfacial behaviour on the atomic 

and molecular scale considering the effects of the structure and composition of the surface on 

the interaction. Thus, molecular dynamics can be a bridge between theoretical hypotheses and 

experimental observations.  
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2.2.1.2. Building C-S-H models 

The realistic atomistic description of a C-S-H phase is much more challenging than a 

description of common crystalline phases. Numerous experimental studies (neutron scattering 

(Allen, 2007), 
43

Ca NMR (Bowers and Kirkpatrick, 2009), 
29

Si NMR (Brunet et al., 2004), 

XRD, TEM, EXAFS (Grangeon et al., 2013)) suggested that the crystal structure of 

tobermorite is one of the closest to real cement hydrate. The unit cell parameters and atomic 

coordinates of tobermorite-11 Å (Hamid, 1981) were used as the basis of our models.  

 

Figure 30. The building of C-S-H surface. A – supercell (6 x 6 x 1) of tobermorite-11 Å; B – 

cleaved surface along (0 0 1) plane. Colour scheme: yellow – Si tetrahedra, red – 

O, green – Ca, white – H. 

 

The simulation supercell was then formed by unit cell multiplication along x and y crystal 

axes. The size of the system is chosen in such a way that the introduced defects would not 

create an excessively ordered regular pattern when periodic boundary conditions (PBC) are 

applied. In PBC, the modelled system is described as a unit cell infinitely replicated in all 

three dimensions in space, and thus surrounded by an infinite number its self-images. At the 

same time, the system should be relatively small to require reasonable computational time to 

calculate its properties. As a result, four C-S-H models with approximately 40 × 40 Å
2 

surface 

areas were constructed. 

The bulk tobermorite supercell of 6 × 6 × 1 (40.2 × 44.4 × 22.5 Å
3
) was then cleaved along 

the (0 0 1) crystallographic plane – a typical cleavage plane for tobermorite (in the middle of 

interlayer) to create a basic model of the C-S-H surface which was then further modified to 

construct models of C-S-H surfaces with various Ca/Si ratios. Since the surface is the primary 

object of interest in our study it was decided that only the top layers of the cleaved crystal 
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(those in direct contact with the model solutions) would be modified to produce the required 

Ca/Si ratios, leaving the initial stoichiometric tobermorite in the middle of the model structure 

(Fig. 30). The statistical accuracy of the calculated properties is improved by a factor of two 

through the creation of identical defects on the two cleavage surfaces of C-S-H. 

The model structures with different Ca/Si ratios can be constructed in two ways (Fig. 31) by 

randomly removing silica tetrahedra from the crystalline tobermorite structure (using the data 

from 
29

Si MAS NMR studies for C-S-H as a guidance (Cong and Kirkpatrick, 1996; Beaudoin 

et al., 2009) and by introducing additional Ca
2+

 cations into the interlayer.  

 

Figure 31. The scheme of Ca/Si ratio modification of the tobermorite fragment. 

 

To achieve higher Ca/Si ratios, bridging tetrahedra were extracted randomly taking into 

account that a dimer is the most abundant of all silicate species in C-S-H and a linear 

pentamer is the second most abundant (Richardson et al., 2010; Sáez del Bosque et al., 2016). 

The formation of defects in the silicate chains can result in extra adsorption of water 

molecules at the surface. At the same time, H2O dissociation in reactive media leads to the 

formation of additional hydroxyl groups on the surface and protons that bind at the sites of 

missing silicon tetrahedra. Different cases of surface site protonation (Churakov et al., 2014) 

should be considered since they can result in the accumulation of different surface charge (see 

Fig. 32).  
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Figure 32. Different types of silanol groups on C-S-H surface and their intrinsic acidity 

constants (Churakov et al., 2014). 

 

Aqueous hydroxyl ions were added to the system in order to maintain the total electrostatic 

neutrality of the models. For the C-S-H model with the lowest Ca/Si ratio, all silanol groups 

of bridging Si and one of the pairing Si (replacing the introduced defect) were deprotonated; 

for the C-S-H models with high Ca/Si ratio, all of the surface silanol groups were 

deprotonated. The deprotonated oxygens of the surface were assigned a higher partial charge 

(q = -1.3|e|) than the protonated ones, following the atomistic models of kanemite 

(Kirkpatrick et al., 2005). Aqueous hydroxyl ions were added to the system in order to 

maintain the total electrostatic neutrality of the models. Three dimensional periodic boundary 

conditions were applied to the constructed model interfaces, and for each Ca/Si ratio three 

such interfaces were simulated: C S H/water, C-S-H/uranyl solution, and C-S-H/gluconate 

solution.. 

Most interatomic interaction parameters, including the partial atomic charges for C-S-H, H2O, 

and Ca
2+

 ions were taken from the ClayFF parameterization (Cygan et al., 2004) and its later 

modifications for cement systems (Kirkpatrick et al., 2005; Kalinichev et al., 2007). The 

interaction parameters for uranyl ions used in this work (Guilbaud and Wipff, 1993, 1996) are 

also consistent with ClayFF (Teich-McGoldrick et al., 2014). For organic gluconate, the 

GAFF set of parameters was used (Wang et al., 2004).  

 2.2.1.3. Force field choice 

The inter- and intra-molecular forces are defined by the force field which is a set of functions 

and parameters that together specifies potential energy of interatomic interactions in the 

system. The total potential energy of the system is expressed as a sum of all individual 

contributions from several types of terms (Fig. 33): 
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 Etotal = ECoul + EVDW + Ebond stretch + Eangle bend + Etorsion + Eimproper + Eout-of-plane  (16) 

 

Figure 33. Main contributions to a MM force field.  

 

These parameters are empirical and they are typically obtained through fitting experimental 

data (usually various spectroscopic or diffraction results) and/or using quantum chemical 

calculations. The parameters derived from experimental data for small molecules can be 

further extrapolated (transferred) to larger molecules with similar atomic structures. The 

results of molecular modelling strongly depend on the choice of the force field and its 

accuracy for a given problem. One of the primary difficulties in simulating mineral-organic 

systems is defining a force field that is consistent with the interactions between minerals and 

organics (Freeman et al., 2007).  

ClayFF (Cygan et al., 2004) is an empirical force field developed and used for mineral and 

mineral-like water-solid interfaces and has been successfully applied for simulations of 

cement materials (Kalinichev and Kirpatrick, 2002; Kalinichev et al., 2007; Kumar et al., 

2007; Shahsavari et al., 2011; Kalinichev, 2014). In ClayFF only oxygen-hydrogen and 

oxygen-uranium bonds are explicitly defined (bond-stretch and angle bending terms), all other 

interactions are treated as non-bonded and quasi-ionic (defined only by electrostatic and van-

der-Waals terms).   

In ClayFF the partial charges of atoms are used rather than full formal charges (see Table 5). 

Parameters for uranyl atoms are taken from Guilbaud and Wipff (1993, 1996). They are 

defined through quantum mechanical calculations and represent empirical parameters that are 

used to fit the potential energy surface due to the actual electron structure of the system.  
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Table 6. Atom types and their partial charges in ClayFF (Cygan et al., 2004). 

Atom species and force field notations Charge/e- 

Water hydrogen (h*) 0.41 

Water oxygen (o*) -0.82 

Bridging oxygen (ob) -1.05 

Oxygen of hydroxyl group (oh) -0.95 

Oxygen of aqueous hydroxyl (oh-) -1.41 

Deprotonated oxygen of silanol group (onb) -1.358 

Tetrahedral silicon (st) 2.1 

Octahedral calcium (cao) 1.36 

Interlayer calcium and aqueous calcium ion (Ca) 2.0 

Hydrogen of hydroxyl group (ho) 0.425 

Uranium in uranyl ion (uo) 2.5 

Uranyl oxygen (ou) -0.25 

 

Electrostatic interactions are calculated by the Coulomb law: 

ECoul =  
e2

4πϵ0
∑

qiqj

rij
i≠j       (17)  

where qi and qj are the partial charges of the atoms, rij – separation distance between the 

charges (i and j). For calculation of short-range repulsion and longer-distance dispersive 

attraction (often called the van der Waals term) the Lennard-Jones (12-6) function is 

commonly used: 

EVDW =  ∑ D0,ij [(
R0,ij

rij
)

12

− 2 (
R0,ij

rij
)

6

]i≠j      (18) 

where D0,ij (energy parameter) and R0,ij (distance parameter) are empirical constants. When 

interaction between a pair of unlike atoms is calculated, D0 for this pair is defined through the 

geometric mean rule and R0 through the arithmetic mean rule (Lorentz-Berthelot mixing rules): 

D0,ij =  √D0.iD0,j                 (19) 

R0.ij =
R0,i+R0,j

2
              (20) 
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H2O molecule, the hydroxyl group and the uranyl ion bonds in ClayFF are additionally 

explicitly defined by simple bond-stretch and angle-bend harmonic terms: 

Ebond stretch (ij) =  k𝑏𝑠(rij −  r0)2      (21) 

Eangle bend (ijk) = kab(θijk − θ0)2      (22) 

where, kbs and kab are force constants, r0 and θ0 are equilibrium values of the bond and angle, 

respectively. Between the explicitly bonded atoms electrostatic and VDW interactions are 

assumed to be excluded. 

Based on the recent study of clay-organic force field combinations (Szczerba and Kalinichev, 

2016), it was decided to use the general AMBER force field (GAFF, Wang et al., (2004)) for 

the description of gluconate and its interactions with the C-S-H surface. GAFF contains 

parameters for a wide variety of organic molecules composed of different types of atoms (C, 

H, O, N, P, S, halogens), and it is highly consistent with ClayFF in its functional form. When 

an organic molecule is included in the model system, additional potential energy terms are 

used to describe its intra-molecular motions and interactions. Figure 34 shows the structure of 

the gluconate molecule with its bonds and angles that require special force field parameters. 

Etorsition, Eimproper, Eout-of-plane, typical terms for organic molecules, are added here to the general 

energy expression. The “torsion” (also known as “dihedral”) angle energy parameter defines 

intramolecular rotations: 

𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =  ∑
𝑉𝑛

2
(1 + cos(𝑛𝜑 −  𝛾))     (23) 

The “improper angle” term has the same functional expression as torsion, and it is used to 

ensure the planarity of the defined functional groups (e.g. deprotonated carboxyl group of the 

gluconate ion). 

SPC (simple point charge) model for H2O molecules was used as in the original ClayFF. In 

GAFF partial charges on atoms are assigned by the restrained electrostatic potential fit model 

(RESP).  
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Figure 34. The ball and stick model of gluconate and its structural characteristics. 

 

2.2.1.4. General simulation protocol  

A molecular dynamics simulation is generally divided into three stages: initialisation, 

equilibration, and production. The first step is to define initial positions and velocities for all 

atoms in the simulation box. Once this is set, the system equilibration is necessary in order to 

bring the simulated molecular system to the required state of thermodynamic equilibrium. 

The standard distance cut-off of 15 Å was used to calculate short-range Lennard-Jones 

interactions to the potential energy. Long-range electrostatic forces were evaluated by means 

of the Ewald summation method. Materials Studio software package (BIOVIA, San Diego, 

CA, USA) was used to prepare the simulation models and to visualise the results, but all 

large-scale equilibration and production MD runs were carried out with the LAMMPS 

(Plimpton, 1995) and NAMD (Phillips et al., 2005) software packages.  

The structural models cannot be considered as thermodynamically equilibrated from the 

beginning. So, as the first step geometry optimisation of each model structure was performed 

using the Polak-Ribiere version of the conjugate gradient algorithm of energy minimization 

with tolerance thresholds of 10
-6

 kcal/mol for energy and 10
-8

 kcal/mol-Å for forces. Thus 

optimised structures were then used in molecular dynamics (MD) simulations. The Verlet 

leapfrog algorithm was used to numerically integrate the equations of motion with a timestep 

∆t = 1 fs. In the leapfrog scheme the velocity (v) is defined at half steps (δt/2) while the 

positions (r) are defined at whole steps of δt (Verlet, 1967): 

𝑣(t + δt) = 𝑣 (t −
δt

2
) + a(t)δt     (24) 

r(t + δt) = r(t) + 𝑣 (t +
δt

2
) δt    (25) 
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The selected timestep ensures a reasonable accuracy and numerical stability of the integration 

algorithm.  

Severe artefacts may occur in the system if the nonbonded long-range interactions have an 

abrupt cut-off. To avoid such behaviour, Ewald summation approach was used. It is a 

computational algorithm to accurately determine the contributions to the potential energy due 

to the long-range electrostatic interactions in the system with periodic boundary conditions. It 

uses the expression that is a sum of Coulomb terms in direct (real-space) and reciprocal space, 

and three (sometimes four) correction terms. The point charges are represented as a Gaussian 

charge density (exponential decay). 

 

Figure 35. An example of parameter monitoring during equilibration stage: A – cell volume, 

B – temperature; C – total potential energy; D – pressure. 

 

During the pre-equilibration MD run performed for each model system, several parameters 

were carefully monitored: individual components of the potential energy, density, stabilisation 

of system atomic configuration (Fig. 35). Once these parameters attained their stable values, 

the system was considered to reach a required thermodynamic equilibrium and the main MD 

production run could be started. All simulations were run for 2 ns (NPT-ensemble) after an 

equilibration period of 1 ns (NVT-ensemble). In the NPT-ensemble (isothermal–isobaric 
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ensemble), number of atoms (N), pressure (P), and temperature (T) are conserved using a 

Nose/Hoover temperature thermostat and Nose/Hoover pressure barostat (Nosé, 1984; 

Hoover, 1985). In the NVT-ensemble (canonical ensemble), number of atoms (N), volume (V) 

and temperature (T) are kept constant. Ambient conditions (T = 300 K, P = 0.1 MPa) were 

assumed in all MD runs.  

2.2.2. Simulation analysis 

2.2.2.1. Atomic radial distribution functions and coordination numbers 

Calculation of radial distribution functions (also known as pair distribution functions or pair 

correlation functions) helps to describe local structural properties of the studied systems, 

particularly liquids and solid-liquid interfaces. It shows a normalised probability of finding an 

atom (A) at a certain distance (rAB) from another atom B (Fig. 36). 

 

Figure 36. Radial distribution function: schematic spherical shell (A) and its 2D projection 

(B). 

 

To calculate the radial distribution function (RDF) for a pair of atomic types in the system 

from an MD-generated trajectory, the distances between all possible pairs of these atoms are 

sorted into distance bins (dr) and averaged over the total simulation time and over all pairs of 

such atoms in these atoms.  

In other words, quantitatively, RDF (g(r)) is a dimensionless function that shows a normalized 

probability of finding an atom (A) at a distance (rAB) from another atom (B) compared to a 

completely random distribution of atoms in space (e.g., in ideal gas):  

gAB(rAB) =  
N̅AB

4πρBrAB
       (26) 



86 

 

where N̅AB is an average number of atoms B at the distance rAB from the atom A, ρB is the 

number of atoms B per volume unity (number density). The calculated results can be usually 

compared with experimental data from X-ray or neutron diffraction measurements (if 

available), which provide experimentally measured structure factors of the system that can be 

Fourier-transformed into the corresponding RDFs.  

Integration of the given RDF provides the running coordination number. It is an average 

number of atoms B within a sphere of a defined radius rAB from atom A:  

nAB = 4πρB ∫ g𝐴𝐵(r)r2dr
rAB

0
     (27) 

In our case, the most important RDFs were characterizing the local structural environments of 

Ca
2+

 and UO2
2+

 (when present) cations and various oxygen species: oxygens of H2O, of 

solution OH
-
 groups, protonated and deprotonated silanol groups of the surface, oxygens of 

the carboxyl and hydroxyl groups of gluconate molecules, and uranyl oxygens. These 

functions provide time-averaged information on the composition of the first solvation shell of 

the ion and help to evaluate the strength of their complexation or adsorption  to a studied 

substance or surface.  

The solvation shell is the shell composed of the solvent and present dissolved chemical 

species that surround a selected atom or molecule. If the solvent is water, the shell is often 

called hydration shell.  

2.2.2.2. Atomic density profiles 

The structure of solutions at a solid-liquid heterophase interface can give an insight into the 

nature of interactions between species of interest and their spatial distribution within the 

interface.  
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Figure 37. Calculation of atomic density profiles. 

 

Calculation of atomic density profiles in the direction perpendicular to the surface is done 

through evaluation of the average number of atoms of a certain type (N̅A) found, on average, 

at a certain distance z (i.e, within the range of distances from z to z+∆z) parallel to the surface 

(Fig. 37): 

densityA (z) =
N̅A(∆z)

V
       (28) 

where V is the total system volume. 

In this work, the atomic density distributions were typically calculated through the statistical 

analysis of 2000 atomic configurations in thermodynamic equilibrium for the systems without 

organic molecules and 4000 configurations in the presence of gluconate. The consecutive 

configurations were separated in time by 0.5 ps and selected from the entire length of the 

equilibrium production MD run. 

2.2.2.3. Surface atomic density maps 

The distribution of atoms can also be analysed within a layer of solution parallel to the surface 

at a certain distance from the surface (two-dimensional distribution in the xy plane). These 

distributions are defined by the probability of finding an atom of type A at a position (x,y) 

above the surface within a range of distances from z to (z+∆z): 

surface densityA (x, y) = N̅A(∆x∆y)     (29) 
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Figure 38. The scheme of a surface density map calculation.  

 

This type of trajectory analysis allows determining preferential sorption sites of solution 

species of interest. As in the case of atomic density profile calculations, the surface density 

maps in this study were typically calculated through the statistical analysis of 2000 

equilibrium atomic configurations for the systems without organic molecules and 4000 

configurations in the presence of gluconate.  

The consecutive configurations were separated in time by 0.5 ps and selected from the entire 

length of the equilibrium production MD run. 

2.2.2.4. Potentials of mean force and the calculations of adsorption free energies  

Free energy (F) can be evaluated when the canonical partition function (Q) of the system is 

known: 

F =  −
1

β
lnQ          (30) 

with β = 1/kBT, where kB is the Boltzmann constant and T is absolute temperature. The 

canonical partition function (NVT ensemble) can be obtained through the integration over the 

phase space of the system: 

Q =  ∫ exp [−βU(r)]dN r      (31) 

where U(r) is the potential energy, N is a number of degrees of freedom.  

The change of free energy is the driving force of any process, such as a chemical reaction. In 

the case of sorption processes, the differences in free energy between different states of the 

system (surface-ion) along a distance coordinate can quantitatively characterise the strength of 
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sorption sites of interest. Free energy is related to the probability distribution along the 

reaction coordinate. When reaction coordinate (x) is defined, the energy calculation takes the 

form: 

F(x) =  −
1

β
ln

∫ δ(x(r)−x) exp((−βU)dNr)

exp ((−βU)dNr)
    (32) 

F(x) also is known as the potential of mean force (PMF). In computer simulations, direct 

phase-space integrals cannot be accurately calculated, instead, time averaging is used 

assuming that the system is ergodic (so, P(x) = Q(x)): 

P(x) =  limt→∞
1

t
∫ ρ(x(t′))dt′

t

0
     (33) 

where t is time, ρ is a number of appearances of x in the given reaction interval. As a result, a 

statistical analysis of an MD simulation trajectory enables the calculation of free energy 

changes in the system. 

For our practical application, the NAMD open source code (Phillips et al., 2005) was used to 

perform umbrella sampling (biased MD simulation method) and the simulation results have 

then been processed by the WHAM algorithm (Kastner, 2011) to calculate the potential of 

mean force, thus providing a free energy profile of adsorption along the selected coordinate 

(in our case – normal to the surface).  

The umbrella sampling algorithm was initially developed by Torrie and Valleau (1974; 1977). 

Its practical implementation using the weighted histogram analysis method (WHAM) was 

later developed by Ferrenberg and Swenden (1989) and further generalised by Kumar et al. 

(1992). The umbrella sampling method uses the molecular configurations from MC or MD 

computer simulations to determine the probability for the system to be in a given 

conformation or a structural state. With this method, it is possible to overcome high energy 

barriers and to perform sampling of unfavourable atomic configurations of the system with 

statistical accuracy which otherwise would not be possible.  

The energy barriers along the reaction coordinate can make a process of sampling very 

difficult, thus, an additional term of potential energy can be added to ease the transition across 

the barrier. The total PMF calculation in our case consists of a series of individual MD runs 

during which a selected ion is restrained at a certain distance from the surface within a 
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defined range of distances (window). In each simulation window, this distance is restrained at 

its required value using a harmonic restraint, Ubias(x), to allow the system to sample all 

possible configurations at that particular reaction coordinate. At each time step during the 

simulation, the force required to keep the molecules at the constraint distance was defined 

(typically, k = 100-250 kcal/mol- Å
2
 for 1.0 Å < x < 6.0 Å; k = 25-100 kcal/mol- Å

2 
for 6.0 Å 

< x < 15.0 Å). The biasing potential is described by the formula: 

Ubias (x) = k(x −  x0)2     (34) 

where x0 – target distance; k – force constant.  

P(x) =  
∑ ni(x)Nsim

i=1

∑ Niexp ([Fi− Ubias,i(x)]Nsim
i=1 /kBT)

     (35) 

Fi =  −kBTln{∑ P(x)exp [−Xbins Ubias,i(x)/kBT]}    (36) 

where Nsim is number of simulations, ni(x) is number of counts in the histogram bin associated 

with x, Ubias,i and Fi are the biasing potential and the free energy shift from simulation, P(x) is 

the estimate of the unbiased probability distribution. A detailed description of the umbrella 

sampling and WHAM algorithms used here can be found elsewhere (Kastner, 2011).  

PMF calculations were applied here to obtain a quantitative description of the adsorption free 

energy profiles of Ca
2+

 and UO2
2+

 cations as a function of their distance from the C-S-H 

surfaces of varying Ca/Si ratios and at the interfaces with aqueous solutions of various 

compositions using the recently developed approach (Loganathan and Kalinichev, 2017). A 

complete calculation requires a number of separate simulations. For each PMF curve 

obtained, approximately 60-70 biased MD simulations were run in NVT ensemble (T = 300 

K) for 1000 ps time. All MD simulations at defined windows are independent thus they could 

be run in parallel. 

Before the WHAM code has been applied, all histograms of the simulation series had been 

carefully monitored to ensure adequate and relatively uniform sampling of the reaction 

coordinate as it shown in Fig. 39. The sampling windows had sufficient overlaps with each 

other ensuring proper recovering of the unbiased PMF curve from the ensemble of the 

histograms. PMF calculations strongly depend on the way the umbrella sampling is performed 

and artefacts may occur if data in a particular window are missing or insufficient (Souaille 

and Roux, 2001). 
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Figure 39. The typical histogram of umbrella sampling. 

 

The z distance between the ion of interest and the C-S-H surface was constrained. The 

constraint distances were probed from 1 to 15 Å with a step of 0.2 Å.  

To keep the atom at defined sorption site and not to allow its significant drift in directions 

parallel to the surface, an additional xy constrain was applied as a “soft cylindrical wall”  of a 

defined diameter, as shown in Fig. 40 (Loganathan and Kalinichev, 2017). No additional force 

restraint has been applied in this case. 

 

Figure 40. Schematical presentation of constrains for PMF calculations.  

 

The free energy of adsorption strongly depends on the surface structure and composition. The 

PMF between ions of the solution (Ca
2+

, UO2
2+

, gluconate) and C-S-H surfaces were 

calculated for several specific adsorption sites identified during the previous unconstrained 

MD simulations. The reference atoms were selected in such a way that the centre of mass was 
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located in the projection of the atom of interest on the surface where zero is defined as the 

average z-coordinate of deprotonated oxygens of the pairing tetrahedra. Practically, the 

biasing potential applied was different for every sorption site studied; its value was 

continuously monitored and adjusted during the umbrella sampling simulations to achieve the 

desired level of statistical accuracy.   

   

  



93 

 

 

 

Chapter 3 

Results and Discussion: Experimental Study 
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3.1. Gluconate sorption on C-S-H 

3.1.1. Sorption experiments 

3.1.1.1. Kinetics of gluconate adsorption 

The kinetics of gluconate adsorption on C-S-H has been studied and Figure 41 shows the 

measured evolution of gluconate concentration in supernatant solution with time for an initial 

concentration of 1.03×10
-3

 mol/l. Full tabulated results for this and other experiments can be 

found in the Annex 5. For all selected C-S-H compositions the adsorption of gluconate was 

relatively fast, with the reactions almost completed within 1 day and reaching a steady state in 

3 days. Thus, the contact time of 3 days for isotherm studies was selected for all C-S-H phases 

studied. Also, it has been shown that Ca/Si ratio affects the gluconate uptake but does not 

affect the kinetic rates of sorption.  

Quantitatively, more gluconate was adsorbed on C-S-H with Ca/Si = 1.4 than on the other two 

compositions. Fast kinetics is generally interpreted as evidence of surface sorption when the 

adsorption is limited by electrostatic interactions. Assuming that C-S-H should be the main 

responsible phase of gluconate uptake, the obtained kinetic results can be compared with the 

ones from Glaus et al. (2006). In their work, it was shown that a steady state is reached after 1 

day of equilibration and the difference in gluconate equilibrium concentration in solution for 1 

and 3 days stays in the range of measurement uncertainties. 

 

Figure 41. The kinetics of gluconate adsorption on C-S-H phases with three Ca/Si ratios 

(0.83, 1.0, 1.4), S/L = 20 g/l. 
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3.1.1.2. Isotherms of gluconate adsorption 

Figure 42 presents combined results of two sorption experiments performed with 
14

C-labelled 

gluconate for the range of very low concentrations and with stable gluconate for higher 

concentrations. The results expressed as a log[Gluconate]solid / log[Gluconate]solution show the 

influence of the Ca/Si ratio on the gluconate adsorption by C-S-H phases. For three Ca/Si 

compositions studied, the sorption gradually increases in the entire concentration range used, 

and the higher the ratio the higher the sorption is. The lowest adsorption was observed for C-

S-H with Ca/Si = 0.83. The sample with Ca/Si = 1.4 showed stronger adsorption of gluconate 

than the one with Ca/Si = 1.0. The data overlap demonstrates good reproducibility of the 

results obtained with two different analytical techniques (IC and LSC). 

 

Figure 42. The isotherms of gluconate adsorption for C-S-H phases with three Ca/Si ratios 

(0.83, 1.0, 1.4), S/L = 20 g/l.  

 

The isotherms of adsorption in the low concentration range tend to be linear and the trends are 

similar for all C-S-H compostions studied. Linear sorption often can be an indication of the 

existence of only one type of preferential sorption sites or the existence of several sites with 

equal probability of adsorbate attraction. Linear sorption is the first stage of gluconate 

sorption process, further saturation of sites causes a decrease in gluconate uptake by C-S-H 
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phases. The saturation stage can be easier identified (C-S-H with Ca/Si = 1.4) when the 

isotherm is expressed as Rd (l/kg) as a function of [Gluconate]solution. 

 

Figure 43. The distribution ratio (Rd) for gluconate adsorption on C-S-H phases with three 

Ca/Si ratios.  

 

The distribution coefficients (Rd) were calculated with the maximum Rd value of 

approximately 285, 40, and 4.5 l/kg for C-S-H samples with Ca/Si = 1.4, 1.0, and 0.83, 

respectively (Fig. 43). The saturation of sorption sites can be clearly identified: the Rd values 

are decreasing at high gluconate loadings for the C-S-H sample with the highest Ca/Si (1.4). 

The saturation of other C-S-H phases studied has not been observed at the selected 

experimental conditions. 

 

Figure 44. The mechanism of gluconate/C-S-H interaction. Yellow bricks – C-S-H particles, 

green circles – Ca
2+

 cations, violet cirle – gluconate anion. 
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The gradual increase in the amount of gluconate sorbed on C-S-H can be explained by 

electrostatic interactions between the adsorbate and the C-S-H surface (Fig. 44). As it has 

been already mentioned, with the increase of Ca/Si ratio, the surface charge changes from 

negative to positive due to Ca
2+

 overcharging (Viallis-Terrisse et al., 2001; Jonssön et al., 

2005; Labbez et al., 2011).   

At the same time, the nature of the interacting organic functional groups plays a very 

important role in the adsorption. In alkaline solutions, gluconate is deprotonated and exists in 

the form of a negatively charged ion (pKa of the gluconate carboxyl group is 3.86), so its 

adsorption would be mostly driven by electrostatic forces. The rapid kinetics of adsorption 

also validates this assumption: a steady state is reached only after one day of contact. 

Furthermore, it has been shown by Pallagi et al. (2013; 2014) that in highly alkaline solutions 

gluconate anions bind Ca
2+

 cations to form different types of complexes. In their study, 

multinuclear complexes containing more than one molecule of gluconate were suggested as 

dominant (Fig. 45). Nevertheless, the concentrations of gluconate used here are far too low to 

observe such complexation, taking into account that the highest initial gluconate 

concentration was 0.01 M (20 times lower than in the work of Pallagi et al. (2014)).  

 

Figure 45. The species distribution diagram for Ca-gluconate system ([Ca
2+

] = 0.06 M; 

[Gluconate
–
] = 0.19 M) as a function of pH (image taken from Pallagi et al., 

2014). 

 

For a complete description of the studied systems, a full cation and anion analysis was 

performed for each sample: pH, [Ca], [Si], [Gluconate], [Na]. No change in pH values was 
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observed for all C-S-H phases studied (see Annexe 5). The results for major cations are 

presented in Fig. 46. No significant changes in concentration were observed. The addition of 

gluconate within the selected concentration range does not affect the Si content in the C-S-H 

solution in the stable state. The results of [Si] evolution agree with conclusions made by Nalet 

and Nonat (2016) that D-gluconate does not show strong complexing abilities with silicate 

cations. At the same time, as expected, higher gluconate concentration causes a slight increase 

in Ca concentration due to the strong complexation.  

 

 

Figure 46. The evolution of Ca (a) and Si (b) concentrations in the C-S-H equilibrated 

solution as a function of gluconate concentration at steady state. 
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3.1.1.3. Influence of sodium on gluconate sorption 

Sodium was added to the system as a counterion of gluconate (sodium salt of gluconic acid). 

A separate experiment was performed to investigate if its presence can affect the adsorption 

processes in the C-S-H/gluconate binary system. 

The experiment on adsorption of inactive gluconate on C-S-H phases with various Ca/Si 

ratios was repeated following the same protocol.  The results of these repeated expeirments of 

gluconate adsorption (named Na experiment here) agree with the previous study reported in 

Fig. 47. 

 

Figure 47. The isotherm of gluconate adsorption on C-S-H with different Ca/Si. The results 

of the previous study are shown for comparison (labeled by -2 here).  

 

The evolution of Na concentration in solution as a function of the initial amount of Na 

introduced to the system was monitored. It was shown that sodium sorbs on the C-S-H phase 

with lower Ca/Si ratios and does not sorb on the C-S-H phase with Ca/Si = 1.4.  

Being a positively charged cation, sodium is known to be sorbed on C-S-H phases with low 

Ca/Si ratios (Stade, 1989; Hong and Glasser, 1999; Viallis et al., 1999). Alkali cations (Na, K) 

can compete with Ca for negative surface sorption sites of C-S-H phases (Labbez et al., 
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2011). The competition when Ca
2+

 concentration increases as a result of substitution by Na
+
 

and K
+
 can only be observed for C-S-H phases with low Ca/Si.  

 

Figure 48. Sorption of Na
+
 on C-S-H with different Ca/Si ratios (0.83; 1.0; and 1.4). 

 

 

Figure 49. Concentrations of Ca
2+

 in the C-S-H equilibrated solution as a function of the 

Na
+
 addition.  
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Figure 50. The pH values in the C-S-H equilibrated solution as a function of the Na
+
 

addition.  

 

The results of sodium adsorption on C-S-H phases are presented in Fig. 48. The highest 

uptake was observed for the C-S-H sample with Ca/Si = 0.83. It was shown that the addition 

of Na
+
 in relatively small amounts does not affect the equilibrium state of C-S-H: pH, Ca, and 

Si concentrations stay constant for all samples (Fig. 49 and 50).  

3.1.2. Desorption experiments 

The results of experiments on the desorption kinetics and isotherms of gluconate from C-S-H 

are presented in Fig. 51. All systems reached a steady state in 1 day, so the reaction time of 3 

days was selected for the desorption experiments. It was shown that the desorption process is 

not reversible for all studied C-S-H phases indicating that additional processes or chemical 

reactions occur. It can be seen that the hysteresis is more prominent for the C-S-H 

composition with lower Ca/Si ratio, while the sorption for the sample with Ca/Si = 1.4 is 

reversible within the stated levels of uncertainty for both experiments. The observed 

desorption hysteresis can also be a result of the sorption non-equilibrium. The uncertainties in 

desorption calculations are high since it is an experiment which consists of multiple 

consecutive steps. The “real” uncertainty can be underestimated. It may be assumed that the 

steady state has been reached but post-adsorption transitions of gluconate molecules on the C-

S-H surface take place. 



103 

 

 

 

Figure 51. The kinetics of gluconate desorption from C-S-H (a) and isotherms of gluconate 

desorption (b) from C-S-H phases with three Ca/Si ratio (0.83, 1.0, 1.4), S/L = 20 

g/l. Lines only show the averaged position of the sorption isotherms. 

 

The C-S-H surface provides different sorption sites for organic anion that have to be studied 

(see the molecular modelling section below). Also, some of the hydroxyl groups of gluconate 

may participate in the sorption process and contribute to its stronger binding to the C-S-H 

surface. The calculated uncertainties are large due to the propagation of errors through 

numerous steps of the desorption experiment. Wet chemistry experiments allow identification 
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of the main trends in the behaviour of the investigated species on C-S-H surfaces, but they do 

not provide sufficient information on the molecular mechanisms involved. Thus, 

computational molecular modelling was further used here as a tool for the interpretation of 

macroscopic observations. 

3.2. Gluconate sorption and desorption on HCP 

 

Figure 52. The isotherm of gluconate adsorption on hydrated cement paste (CEM I, S/L=20 

g/l). 

 

To the best of our knowledge, the desorption processes of gluconate from C-S-H phases have 

never been studied before, and only a comparison with the data from Glaus et al. (2006) for 

hydrated cement paste is then possible (the only data reported in the literature). It should be 

kept in mind that the Ca/Si ration of HCP is around 1.6 and it contains up to 70% of C-S-H 

phase. An isotherm of 
14

C-labelled gluconate adsorption on hydrated cement paste is 

presented in Fig. 52.  

Glaus et al. (2006) classically identified two sorption sites for gluconate: a strong site (with 

the sorption affinity constant Kstrong = (2±1) x 10
6
 l/mol and sorption capacity qstrong = (0.04 ± 

0.02) mol/kg) and a weak site (with Kweak = (2.6 ± 1.1) x 10
3
 l/mol and qweak = (0.7 ± 0.3) 

mol/kg, accordingly). The sorption was found to be reversible for both sites: directly (as a 

result of gluconate desorption experiment) for the weak site, and indirectly for the strong site 

based on the experimental results of α-isosaccharinic acid (α-ISA, a structurally similar 
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polyhydroxycarboxylic acid) desorption from HCP (Van Loon et al., 1997). The sorption 

capacity of HCP and affinity constant for α-ISA are as follows: qstrong = (0.1 ± 0.01) mol/kg, 

and Kstrong = (1730 ± 385) l/mol; qweak = (0.17 ± 0.02) mol/kg and Kweak = (12 ± 4) l/mol. It 

can be seen that the binding of α-ISA to HCP is much weaker and it cannot be treated as a 

complete analogue of gluconate in desorption experiments. Also, the strutural nature of the 

weak and the strong sites remained undefined. 

The obtained results are compared both with the published data and the results from the 

current work for the C-S-H phase with the highest Ca/Si ratio (1.4). Ca/Si ratio of HCP is 1.6 

and, according to the presented trend for C-S-H phases, more gluconate should be sorbed on 

the hydrated cement phase. But the sorption on the hydrated cement paste (CEM I) is much 

higher than on pure C-S-H. It can be suggested that the C-S-H phase can be considered as the 

main adsorber of organic anions from solution, but even this assumption is not enough to fully 

explain the sorption on HCP. 

The isotherm of gluconate desorption was measured for the hydrated cement paste as well, as 

can be seen in Fig. 53. The desorption from the hydrated cement paste was found to be fully 

reversible since the desorption isotherm follows the sorption isotherm below [Gluconate]des.eq 

= (2 x 10
-4

) mol/l. The results also agree with the observed trend of increasing reversibility of 

gluconate uptake with the increase of Ca/Si ratio of C-S-H.  

The obtained desorption results can’t be directly compared with the ones of Glaus et al. 

(2006) since numerical data are missing, and the concentration ranges of the two experiments 

seem to overlap for only two experimental points ([Gluconate] > 10
-4

 mol/l).  
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Figure 53. The isotherm of 
14

C-labelled gluconate desorption from hydrated cement paste 

(S/L = 20 g/l). The orange line only shows the average position of sorption 

isotherm. 

 

3.3. Sorption of PCE on C-S-H 

The adsorption of PCE on a charged surface is energetically favourable, and for molecules 

with long side chains it occurs because of a significant entropy gain, as it was shown by Plank 

et al. (2010). Generally, the adsorption of polymers is mostly controlled by the diffusion of 

the molecule to the surface of interaction. The rate of diffusion depends on the molecular 

mass, molecular structural properties (e.g., side chain lengths, polymer conformation), and the 

interaction with ions present in the solution. The probability of polymer incorporation into C-

S-H interlayers has been studied by Popova et al. (2000) using XRD and 
29

Si NMR analysis, 

and no significant change in the basal spacing has been found after the addition of polymer 

additives. So, only superficial adsorption is considered in this work. 

The data on the kinetics of adsorption for synthesised polycarboxylate on two C-S-H phases 

illustrated in Fig. 54, with the initial polymer solution concentration equivalent to 0.77 g/l.  
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Figure 54. The kinetics of polycarboxylate adsorption on C-S-H with Ca/Si = 1.0 and 1.4. 

 

The steady was reached in one week of reaction time for both C-S-H phases studied and 

remained constant over a time period of one month. There is a difference in sorption of PCE 

on C-S-H with Ca/Si = 1.0 and Ca/Si = 1.4, but the calculated Rd values are very close to 

each other: Rd (PCE/CSH) = 35-50 l/kg.   

PCE does not react with the C-S-H surface in the same manner as gluconate ions, and its 

adsorption rate is somewhat slower comparing to what was observed for smaller organic 

molecules: a steady state is reached in 1 week for C-S-H with Ca/Si = 1.4 while for gluconate 

it was only 0.5 day.  

The measured PCE adsorption isotherms on two C-S-H phases are presented in Fig. 55. No 

difference in PCE sorption for lower concentrations ([PCE]eq < 2 g/l) was observed between 

the two C-S-H phases studied: there is an overlap between the isotherms. The influence of 

Ca/Si ratio of C-S-H on the PCE adsorption is, thus, negligible.  

Polycarboxylate molecules tend to be adsorbed on positively charged surfaces because of 

their negatively charged backbone functional groups (Flatt and Houst, 2001; Kauppi et al., 

2005; Plank and Winter, 2008; Ferrari et al., 2010; Lesage et al., 2014). It was previously 

confirmed that the higher the carboxylate group content in the superplasticiser, the greater is 

its uptake, because the admixture adsorption by cement particles is mediated by carboxylic 

groups (Yamada et al., 2000; Yamada et al., 2001; Alonso et al., 2013). This interaction can 

also explain the main mechanisms of PCE sorption on C-S-H phases. 
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Figure 55. The isotherms of PCE adsorption on C-S-H phases with Ca/Si = 1.0 and Ca/Si = 

1.4. 

 

The results do not show the same trend as those described by Alonso et al. (2013) for PCE 

consumption by cement pastes. The term is “consumption” often used to describe the uptake 

of PCE since it is difficult to separate pure sorption mechanisms for polymer molecules from 

other processes that can decrease the concentration of organics in the solution. Alonso et al. 

(2013) have studied the PCE sorption on CEM I, and it was shown that the cement surface 

reaches saturation at [PCE] ≈ 2 g/kg. In this work, only synthetic C-S-H with its equilibrated 

solution is present, and the saturation stage, characteristic for cement, has not been clearly 

identified. A large amount of sorbed PCE on C-S-H phases can be explained by multiple layer 

adsorption, PCE aggregation (formation of micelles) or overestimated concentration decrease 

due to the centrifugation step.   
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Figure 56. pH values of C-S-H equilibrated solutions as a function of the PCE concentration 

in the steady state. 

 

For all samples, the solution pH was measured after PCE adsorption (Fig. 56). It was found 

that the addition of polycarboxylate polymer does not affect pH of the equilibrated solution.  

The method used to evaluate PCE adsorption does not allow to distinguish the concentration 

depletion due to the sorption process and due to the probable confinement of PCE molecules 

in the solid phase between C-S-H particles after centrifugation (Ferrari et al., 2011). Surface 

polymer precipitation can also be suggested as it was done by Houst et al. (2007) for the 

interpretation of linear adsorption for the range of added PCE concentrations for a model 

surface (MgO). Additionally, it can be suggested that association with Ca
2+

 cations can 

decrease the anionic charge on the molecule (Plank et al., 2010) or they can form multicore 

intramolecular complexes with polymer molecules, increasing their consumption, as shown 

schematically in Fig. 57. 

 

Figure 57. The multicore intramolecular complex of PCE molecules with Ca
2+

. 
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The primary uptake mechanism of PCE is also accepted to be Ca
2+

-mediated surface sorption, 

as in the case of gluconate (Plank et al., 2008; Turesson et al., 2014; Liu et al., 2015). It is 

important to note that at the solution/C-S-H interface the polymer molecules might compete 

with simple ions that modify polymer conformation. In highly alkaline solutions, the 

deprotonated carboxyl groups of the polymers potentially can either connect through 

hydrogen bonding to the surface sorption sites (-surface-OH2
+
) or complex via the interfacial 

Ca
2+

 cations (Houst et al., 2007).  

It can be seen that the behaviour of PCE molecules on C-S-H interfaces is much more 

complex than the behaviour of gluconate. The data on other ions present in the system is 

necessary (Ca, Si) as well as an additional study of sorption at the range of lower 

concentrations. 

As a next step, PCE is added to C-S-H to study its potential influence on the adsorption 

behaviour of U(VI). The lowest PCE concentration used in the sorption study is used for 

equilibration.  

3.4. Uranium sorption on C-S-H 

3.4.1. Binary system: U(VI)/C-S-H 

Uranium (VI) exists in aqueous solutions in the form of uranyl cation, UO2
2+

, and in alkaline 

solutions it forms hydroxo complexes of different stoichiometry with a general formula 

(UO2)m(OH)n
2m-n  

(Krestou and Panias, 2004).  

Adsorption is one of the main reactions that control the mobility of radionuclides in cement 

phases. A strong sorption of U(VI) on C-S-H has already been demonstrated by Tits et al. 

(2011). In the present work, the behaviour of the binary C-S-H/U(VI) system was investigated 

for the C-S-H phase with the highest Ca/Si ratio at a solid-to-liquid ratio of 20 g/l. It was 

assumed that the U(VI) binding by C-S-H is mostly occuring due to surface sorption and 

might also involve Ca uptake (Tits et al. (2011)). 

The highest sorption is under alkali-free conditions, and it was found to be dependent on pH 

and on the C-S-H composition (Tits et al., 2011). The results obtained in the current study for 

isothermal adsorption in the absence of organic molecules (Fig. 58) reveal linear adsorption 
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(slope of ≈ 1) with the same trends reported earlier for C-S-H phases with various Ca/Si ratios 

under alkali-free conditions (10.1 < pH < 12.5) (Tits et al., 2011).  

Pointeau et al. (2004) have shown that Rd values for U(VI) adsorption on C-S-H phases are 

very similar after 9 days and 21 days of contact time. The reported fast sorption kinetics and 

the linear sorption behaviour suggest that the uptake of U(VI) might happen due to adsorption 

involving only one major sorbed species and a major single sorption site (or several sites with 

equal sorption affinities).  

 

Figure 58. The isotherm of U(VI) adsorption on C-S-H with Ca/Si = 1.4, S/L = 20 g/l. 

 

No considerable changes in the measured pH, Si, and Ca concentrations values were observed 

in our experiments (Annex 5). These results agree with Tits et al. (2011) and indicate that the 

addition of U(VI) does not affect much the equilibrium state of the C-S-H phase.  

The results of this experiment are the reference for the interpretation of U(VI) sorption 

behaviour in ternary systems. 

3.4.2. Ternary systems: Gluconate/U(VI)/C-S-H and PCE/U(VI)/C-S-H 

Sorption of U(VI) on C-S-H with Ca/Si = 1.4 in the presence of organic molecules (gluconate 

and PCE) has been investigated and compared with the results for the U/C-S-H binary system. 

The measured isotherms are presented in Fig. 59 including the results of U(VI) adsorption as 

a blank experiment for better comparison. The concentrations of organic molecules were 

selected to be as low as possible to ensure undersaturated conditions with monolayer 
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adsorption on the surface: 0.35 mmol/l of gluconate and 0.01 g/l of polycarboxylate 

accordingly. The choice of concentrations was guided by the measured adsorption isotherms 

and by the detection limits of analytical instruments used. 

 

Figure 59. The isotherm of U(VI) adsorption on C-S-H with Ca/Si = 1.4 (S/L = 20 g/l) in the 

presence of gluconate and PCE (ternary systems). 

 

It can be clearly seen that the pre-equilibration of C-S-H with gluconate causes a significant 

change in the uptake values for the model radioelement: U(VI) sorbs better for over the entire 

range of concentrations studied. At the same time, the addition of polycarboxylate does not 

affect the U(VI) sorption on a macroscopic level and the results for the C-S-H/PCE/U(VI) 

ternary system do not differ much from the binary C-S-H/U(VI). 

The ion analysis (Ca, Si, U and pH) in the ternary system with gluconate was performed 

(Annexe 5), and similar to the results on the binary system, the values pH, Si and Ca 

concentrations in the ternary system all remained stable. These data reveal that the formation 

of a U(VI) precipitate can be excluded in the concentration range of the present work (less 

than 10
-7

 mol/l in equilibrium). U(VI) solubility in C-S-H systems is determined by Ca–

uranate (Tits et al., 2008) and it varies between 10
-5

 mol/l and 10
-7

 mol/l depending on the Ca 

equilibrium concentration and pH (Tits et al., 2011).  

The concentration of gluconate in equilibrium was also analysed for all the samples. Its 

evolution as a function of U(VI) concentration is reported in Fig. 60. It can be concluded that 
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there is no evident competition between gluconate ions and uranyl cations for the sorption 

sites on C-S-H: the adsorption of gluconate does not change for [U]eq below 5x10
-5

 mol/l.  

The method of solution depletion cannot provide enough information to identify the processes 

causing the uptake of particular species. Even though the total concentration of gluconate in 

the steady state did not change, it could partially participate in complexation of uranyl cations. 

Colàs et al. (2013) have studied the complexation of gluconate with U(VI) in alkaline 

solution. They suggested a UO2(OH)2(Gluconate)
2-

 complex to be a stable species formed at 

high pH (pH=12) as a result of UV–Vis absorbance experiment. In our work, both gluconate 

and uranyl are present at low concentrations, and the formation of polynuclear complexes is 

less probable. 

 

Figure 60. The concentration of gluconate in the C-S-H equilibrated solution as a function of 

the U(VI) addition ([Gluconate]initial=0.35 mmol/l, the red dashed line represents 

the permanent state concentration of gluconate in the absence of U(VI); S/L = 20 

g/l, Ca/Si=1.4). 

 

It is known that superlasticisers can increase the solubility of some radioelements (Eu(III), 

Th(IV), Ni(II), U(VI), Pu(IV)) and decrease their sorption on cement (CEM I, CEM V) 

(McCrohon and Williams, 1997; Greenfield et al., 1998; Dario et al., 2003; Young et al., 

2013). However, the decrease of U(VI) sorption on C-S-H phases has not been observed. The 

comparison of the present results with literature findings is not straightforward since only 

pure C-S-H phases were studied, but not real cement pastes. Also, the strongest effect of 

superplasticisers on the radionuclide solubility is reached when they are introduced in solution 
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but in the current work it was previosly sorbed on the solid. Another important factor to 

consider is the concentration: the effects on the radionuclide sorption on cement are observed 

for [PCE]initial > 0.1 % (Dario et al., 2003; Young et al., 2013).  

It can also be expected that the molecular mass of the organic molecule can influence the 

mechanisms of interaction. Both of the presently studied organic molecules (gluconate and 

PCE) have shown rapid kinetics of adsorption that is typically interpreted as an electrostatic 

mechanism of uptake. Evidently, gluconate ion is much smaller and thus much more mobile 

than a polymer, and, as a result, gluconate ion can approach closer to the surface and might 

more easily create stable complexing configurations with cations. So, The results of the 

gluconate study should be extrapolated with certain caution. 

3.5. Chapter conclusions  

The measurements of gluconate sorption on pure C-S-H phases with three Ca/Si ratios (0.83, 

1.0, 1.4) were performed with all C-S-H phases carefully analysed to ensure the desired Ca/Si 

ratios and purity prior to all wet chemistry experiments. It was shown that sorption of 

gluconate is a rapid process which is not fully reversible. The adsorption of gluconate is 

affected by the Ca/Si ratio of C-S-H: the sorption ability of C-S-H increases for higher Ca/Si 

ratios showing trends similar to the ones that are reported in the literature.  

The evolution of major ion concentrations and pH were measured at every stage of 

experiments with gluconate to get a detailed understanding of processes involved. The 

concentration of Si and Ca in the equilibrated solutions and their pH values did not change for 

any sample used in the study. 

New data on gluconate sorption and desorption on HCP at low concentrations have been 

obtained. The results confirm that the C-S-H phases are primarily responsible for the 

adsorption of organic anions.  

The rapid kinetics of adsorption of both gluconate and PCE polymer molecules indicates that 

the nature of adsorption interaction is mainly electrostatic and it is occuring through the 

mediation of Ca
2+

 cations present at the solution-solid interface. 

The presence of organics in the system can influence the uptake mechanisms of metal cations 

by C-S-H phases. It was shown that the addition of gluconate ion increases significantly the 
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sorption of Uranium (VI). At the same time, an experiment with polycarboxylate ion did not 

reveal any differences in the surface sorption of the metal ion. It may be explained by the 

difference in molecular masses and molecular configurations of the organic molecule studied.  

Wet chemistry experiments allowed to identify the main trends in the behaviour of the studied 

species on C-S-H surfaces, but they do not explicitly indicate what are the molecular 

mechanisms involved. Thus, molecular modelling becomes a helpful tool here for the 

interpretation of the macroscopic observations. The results of molecular modelling on the 

sorption of gluconate and uranyl ions are presented and discussed in the next chapter. 
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Chapter 4 

Results and Discussion: Molecular Modelling 
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4.1. Bulk aqueous gluconate solutions 

To be able to characterise the behaviour of gluconate ions with cations on the surface of C-S-

H phases the reference system should be studied first. The presence of Ca
2+

 can influence the 

adsorption of UO2
2+

 in different ways: (i) competing with UO2
2+

 for surface sorption sites; 

(ii) changing the surface charge; (iii) affecting aqueous speciation of U(VI) through the 

formation of calcium uranate complexes. So, a description and interpretation of UO2
2+

 

sorption on C-S-H phases can’t be complete without a comparison with models that include 

calcium cations. Solutions of the calcium salt of gluconic acid (2,3,4,5,6-

pentahydroxyhexanoic acid) were studied by classical MD simulations using the LAMMPS 

open source code (Plimpton, 1995).  

The chemical structure of gluconic acid consists of a six-carbon zigzag backbone chain with 

five hydroxyl groups and terminated by a carboxylic acid group. Different spatial 

arrangements (conformations) of gluconic acid are possible due to rotations about the single 

bond between carbons with sp
3
 hybridization (Littleton, 1953; Lys, 1984). Several 

conformations were initially built and went through the geometry optimisation step to obtain 

the most probable molecular configuration. Potentials from ClayFF were used for the 

inorganic part of the simulated systems, and potentials from GAFF – for gluconate (see 

Section 2.2.1.3. for more details). The models of bulk aqueous solutions were built next: 

1. Gluconate with calcium cations: 3809 water molecules, 8 gluconate molecules, 4 Ca
2+

. 

2. Gluconate with calcium cations and aqueous hydroxyls: 3809 water molecules, 8 

gluconate molecules, 8 Ca
2+

, 8 OH
–
(aq). 

3. Gluconate with calcium, uranyl cations, and aqueous hydroxyls: 3809 water 

molecules, 8 gluconate molecules, 6 Ca
2+

, 12 OH
–
(aq), 4 UO2

2+
. 

First, a potential energy minimization (geometry optimisation) and further equilibration using 

NPT-ensemble MD simulation (1 bar, 300K) were performed (equilibration time: 1000 ps). It 

was followed by an unconstrained MD simulation for another 1000 ps in the equilibrium 

thermodynamic state (recording system coordinates every 0.5 ps). Radial distribution 

functions and running coordination numbers were calculated for different pairs of atoms 

present in the system (calcium cations, gluconate oxygens, atoms of the uranyl cation, H2O 

and OH
-
).  
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The properties of hydrated Ca
2+

 ions have already been studied using experimental and 

computational techniques (Probst et al., 1985; Ohtaki and Radnai, 1993; Jalilehvand et al., 

2001; Tommaso et al., 2014). Ca
2+

 is typically coordinated by 7-8 oxygens in the first 

solvation shell: carboxyl oxygens of gluconate at r ≈ 2.6 Å,  water oxygens at r ≈ 2.5 Å, and 

aqueous hydroxyl oxygens at r ≈ 2.4 Å. 

 

Figure 61. Simulation snapshots of the Ca
2+

 hydration shell and the complex with gluconate 

ions.   

 

Oxygen atoms of the first shell are coordinated with other solution molecules through 

hydrogen bonding to the second solvation shell at distances around 3.5 - 4.5 Å, but in the 

current work, these less important details will not be considered. Ca
2+

 can form monodentate 

and bidentate complexes with gluconate depending on the concentration of both ions in 

solution (Fig. 61).  

 

Figure 62. Local structural properties of calcium gluconate solution: (a) - radial distribution 

functions for Ca-O pairs; (b) – running coordination numbers. 
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There is a low probability of binding of Ca
2+

 with hydroxyl group of gluconate in the first 

solvation shell: no peak can be seen for the interval of distances 2.2 Å < r < 2.7 Å (Fig. 62-b). 

On all RCN plots in this chapter the data for the water oxygen is presented on separate scale 

(left) for clarity. 

Predominant formation of multinuclear complexes of Ca
2+

 and polyhydroxy carboxylates like 

gluconate in hyperalkaline solution has been proposed by Pallagi et al. (2014) with a high 

probability of Ca
2+

 coordination by oxygens of the second and third carbon of the organic 

molecule (binuclear [Ca2Gluc(OH)3]
0
 and trinuclear [Ca3Gluc2(OH)4]

0
 complexes). 

According to previously presented distribution diagram (Fig. 45 in Chapter 3) in the pH range 

of 10.5-12.5 for solutions with excess of gluconate ions ([Gluconate]:[Ca
2+

] = 3:1) the 

following complexes coexist in an approximate proportion: ~30% of mononuclear 

[CaGlucOH]
0
, ~20% of binuclear and ~20% of trinuclear, ~30% of unreacted Ca

2+
. In the 

current work, the simulation models consisted of ions at lower concentrations with the ligand-

to-cation proportion of 1:1, only carboxyl groups were considered deprotonated, and possible 

effects of polarisability of the gluconate hydroxyl groups could not be included. Under these 

assumptions, only mononuclear complexes were observed. 

UO2
2+ 

is coordinated by 5 oxygens of the solution species (H2O molecules and OH
-
 ions, 

Fig. 63) at average distances of about 2.4 Å, which is close to the experimental and theoretical 

estimates (Aaberg et al., 1983; Druchok et al., 2005; Hagberg et al., 2005; Gutowski and 

Dixon, 2006).  

 

Figure 63. Simulation snapshots of the UO2
2+

 hydration shell: (a) – with waters only; (b) – 

with one water molecule substituted by aqueous hydroxyl. 
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Aqueous hydroxyls, if present in solution, can easily replace H2O molecules in the first 

hydration shell of both Ca
2+

 and UO2
2+

 cations. As it can be seen from the time averaged 

radial distribution functions (Fig. 64 (c) and (d)), there is a low probability of binding between 

UO2
2+

  and gluconate (both hydroxyl and carboxyl functional groups) in the first solvation 

shell.   

 

 

Figure 64. Local structural properties of calcium gluconate/uranyl solution: (a) – radial 

distribution functions for Ca-O pairs; (b) – running coordination numbers; (c) - 

radial distribution functions for U-O pairs; (d) – running coordination numbers. 
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For carbonated systems, a formation of calcium uranate carbonate complexes can be expected 

(Morse et al., 1984; Fox et al., 2006; Maher et al., 2013; Richter et al., 2016), but in the 

absence of CO2 a formation of hydroxo complexes can be suggested where cations are bound 

with a hydroxyl “bridge”.  

4.2. Hydrated C-S-H surface 

4.2.1. Local structural properties 

Three models of substrate-water interfaces were built for each C-S-H surface of interest 

(Table 7). 

Table 7. Atomic composition of hydrated C-S-H surface models. 

Name Ca/Si 
Ntotal, 

atoms 
Solid composition Solution composition 

CSH-0.83 0.83 15598 416 Si, 288 Ca, 48 deptonated 

and 168 protonated silanols, 

1012 bridging oxygens 

4486 H2O, 8 aqueous 

hydroxyls, 24 Ca
2+

 

CSH-1.0 1.0 15510 392 Si, 288 Ca, 96 deptonated 

and 120 protonated silanols,  

964 bridging oxygens 

4490 H2O, 8 aqueous 

hydroxyls, 44 Ca
2+

 

CSH-1.4 1.4 15524 360 Si, 288 Ca, 144 deptonated 

and 72 protonated silanols,  

900 bridging oxygens 

4536 H2O, 8 aqueous 

hydroxyls, 64 Ca
2+

 

 

A comparison between them gives better insight into the possible mechanisms of interaction 

involved. The density profiles and other reported interfacial properties presented in this work 

are the averages over the time of the equilibrium production MD run for two statistically 

independent substrate/solution interfaces created after the C-S-H crystal cleavage for each 

simulation box: both surfaces are characterised by the same amount of structural defects and 

are in contact with the solution of the same composition (surface 1 and surface 2 in Fig. 65).  

The thickness of the water layer between the two surfaces was large enough (≈ 70 Å) to 

ensure that the interactions at the one surface would not affect the other, and result in bulk-

like solution behaviour in the middle of the model simulation box. The distance of atoms from 
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the surface, d, was calculated taking as a reference (d = 0) the average z-coordinates of the 

oxygen atoms coordinating the top-most pairing Si tetrahedra at each C-S-H surface (Fig. 65).  

 

Figure 65. The position of defined “zero” coordinate (d = 0) for the calculation of distances 

of atoms from the C-S-H surface. 

 

The interactions between the dissolved cations and the negatibvely charged surface oxygens 

are the key point in the structural characterisation of the adsorbed complexes.  

Radial distribution functions, g(r), and running coordination numbers, n(r), for various pairs 

of atoms provide data for a quantitative description of the coordination sphere of the atom of 

interest and of possible complexes they can form with other ions in the system.  

 

Figure 66. Different types of oxygens present on the C-S-H/solution interface. 

 

ClayFF force field includes parameters for different types of oxygen atoms in hydrated 

mineral phases and by combining them with GAFF it is possible to differentiate between 
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various oxygens in organics. As a result, the interactions between ions and surface oxygens 

are treated separately (Fig. 66). Water oxygens are predominately present in the simulation 

box, so their pair distributions are shown in Fig. 67-b with a different scale for better 

visibility. Local structural properties of C-S-H were analysed, and radial distribution functions 

together with running coordination numbers for Ca-O pairs were calculated. Figure 67 

presents the results for CSH-0.83 (the C-S-H surface that models Ca/Si = 0.83).  

 

Figure 67. (a) – The radial distribution functions for Ca-O pairs (CSH-0.83); (b) – the 

running coordination numbers for Ca-O pairs. 

 

From the results of bulk solution simulations, it is known that calcium cations in aqueous 

solution are typically coordinated with 7-8 oxygen atoms. Most of the solvation shell of 

calcium is composed of water molecules (nCa-Owater(2.4 Å) = 6.5). From the calculated g(r) 

(Fig. 67-a) it can be seen that Ca ions are sorbed on the C-S-H surface by binding to the 

deprotonated sites in the first coordination shell (r ≈ 2.3 Å). The running coordination number 

for this pair is less than 1, and corresponds to the monodentate complexation with the surface, 

where Ca
2+

 coordinates only one deprotonated surface oxygen. It can also be noticed that 

binding to the deprotonated sites is much more preferred to the complexation with protonated 

silanol groups (nCa-Osilanol(2.5 Å) ≈ 0.1) and with the bridging oxygens of the surface. Solution 

hydroxyl groups can replace H2O in the first solvation shell of Ca
2+

 (r ≈ 2.3 Å).  
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The interface of C-S-H with Ca/Si ratio of 1.0 (CSH-1.0) shares many similar features with 

the CSH-0.83 surface, but there are a few differences due to its less protonated character and a 

larger number of missing Si tetrahedra. The modelled surface of C-S-H with the Ca/Si ratio of 

1.4 (CSH-1.4) is fully deprotonated and has the highest number of structural defects (Si-O 

layer consists of dimers only, no bridging Si tetrahedra remain on the surface). This 

negatively charged surface noticeably affects the interfacial solution structure. The differences 

can already be noticed from the calculated RDFs and RCNs for the Ca-O pairs presented in 

Fig. 68, where the number of deprotonated oxygens in the first coordination shell is tripled 

compared to the CSH-0.83 model. Similar to other described surfaces, the complexation with 

protonated silanol groups is seen as less favourable. 

 

Figure 68. (a) – The radial distribution functions for Ca-O pairs (CSH-1.4); (b) – the 

running coordination numbers for Ca-O pairs. 

 

4.2.2. Surface density profiles 

The density profiles of water oxygen atoms (Ow) and water hydrogen atoms (Hw) as 

functions of their distance from the surface for all four C-S-H/solution interfaces with 

different Ca/Si ratios show some similar features. The typical density profiles of water oxygen 

and hydrogen atoms, calcium counter ions, and the oxygen atom of solution hydroxyls at the 

CSH-0.83 surface are presented in Fig. 69. The density profiles for the dissolved ions are 

shown using the secondary scale on the right for better visibility of results.  
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As mentioned above, the reference position (d = 0 Å) was defined via the average z-

coordinate of the deprotonated silanol groups of the ‘pairing’ silicon tetrahedra. This choice 

somewhat simplifies further comparative analysis of the interfacial structures since the C-S-H 

surface with the highest Ca/Si ratio does not contain bridging Si tetrahedra at all.  

 

Figure 69. The atomic density profiles of solution species near the CSH-0.83 surface. 

 

From the atomic density profile, three major peaks of water oxygens can be identified with 

correlated water hydrogen peaks of double intensity. Water forms several structured layers 

near the surface of C-S-H (Fig. 70). The first peak (d < 1 Å) corresponds to H2O molecules 

originally present in the structure; these molecules are strongly bound to the calcium oxide 

layer. The second and the third peaks (1 Å < d < 3 Å and 3 Å < d < 5 Å, respectively) 

represent water molecules attracted to the surface and forming hydrogen bonds with it and 

also the molecules belonging to the hydration shell of the cations (e.g. Ca
2+

 sorbed on C-S-H). 

For the CSH-0.83 model surface, there is one broad split intensity peak at dmax = 3.7 Å that 

can be seen for Ca
2+

. Broad peaks or those split into several separate peaks with a very small 

distance in between (∆d is less that the diameter of one H2O molecule) prove the existence of 

multiple sorption sites and several orientation possibilities for the ions. The CSH-0.83 surface 

is less defected, but as a result, it is more uneven which is causing oscillations on the time-

averaged atom density profiles. The main peak is at the distance of 1.6 Å from the topmost 

deprotonated silanol group of the surface. It represents the cations that form inner-sphere 

complexes with the CSH-0.83 surface. Only monodentate complexes were observed for the 
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CSH-0.83 surface. The intensity of the peak at d = 5.5 Å  in Ca
2+

 distribution corresponds to 

the outer-sphere complexation. 

 

Figure 70. Water molecules near the C-S-H surface (typical trajectory snapshots): (a) – C-S-

H structural water; (b) – water in the hydration shell of Ca
2+

 ion sorbed on the 

surface. Colour scheme: yellow – silicon, red – oxygen, white – hydrogen, green – 

calcium. 

 

Water density profiles near the CSH-1.0 surface are almost identical for all four types of 

interfaces (Fig. 71). Meanwhile, the CSH-1.0 surface has less bridging silicon tetrahedra 

present and oxygens of pairing tetrahedra become more accessible. So, Ca
2+

 distribution is 

different and indicates higher probability of complexation with the deprotonated sites of 

pairing Si tetrahedra (the peak at d = 1 Å). 

 

Figure 71. The atomic density profiles near the CSH-1.0 surface. Distribution of Ow and Hw 

atoms is presented with a separate scale.  
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H2O molecules that are part of the CSH-1.4 structure remain the same as in the previously 

discussed systems. As seen in Figs. 71 and 72, both the Hw and Ow atoms of water in the first 

layer (d < 1 Å) are located at the same distance, parallel to the surface, while the Hw atoms of 

the second layer (1 Å < d < 2.5 Å) are pointed towards the surface oxygens forming hydrogen 

bonds.  

More distinct peaks can be identified for calcium from the density profiles for the CSH-1.0 

and CSH-1.4 interfaces. The results of MD simulations show that approximately half of the 

introduced Ca
2+

 form inner-sphere complexes with the C-S-H surfaces in which surface 

oxygens replace H2O molecules in the first coordination shell of the cation.  

 

Figure 72. The atomic density profiles near the CSH-1.4 surface (a) and the running 

coordination numbers for the pairs of Ca
2+

 with different oxygen atoms in the 

system (b). Data for water atoms are presented on a different scale.  

 

Calcium cations form stronger complexes with the CSH-1.4 surface, and atoms also were 

shown to come much closer to the defected silicate layer (Ca
2+

 peak of the surface distribution 

at zero surface position, Fig. 72-a). The running coordination numbers show averages over all 

calcium present in the system, thus, the RCNs for the pairs (Ca
2+

 - Odeprotonated) and (Ca
2+

 - 

Obridging) don’t indicate directly how many oxygen atoms of the surface are involved in the 

complexation, but give an estimate of ~ 2 (n = 1.24 for the pair Ca
2+

 - Odeprotonated and n = 0.86 
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for the pair Ca
2+

 - Obridging). These are much higher values than the one observed for the CSH-

0.83 interfaces (n (Ca
2+

 - Odeprotonated) = 0.22, no binding to bridging oxygen atoms in the first 

coordination shell). Together with the coordinating water molecules and solution hydroxyl 

groups, the total coordination number is n ≈ 7, which is comparable with a typical 

coordination number for calcium cation in bulk aqueous solution. Considering that some Ca 

ions will form outer-sphere surface complexes, it can be assumed that the inner-sphere surface 

complexation should involve more than 2 oxygens. It is further confirmed by the analysis of 

the solution structure in selected layers parallel to the surface. 

In all simulation boxes, a certain amount of OH
-
 ions is present in solution to compensate the 

total charge of the systems and to mimic the high pH of C-S-H equilibrated solutions. 

Hydroxyl anions have a strong affinity to metal cations; thus, they replace easily the H2O 

molecules in the solvation shell. The binding of hydroxyls is strong and stable over the entire 

simulation time for all model systems as it can be seen from both atomic density profiles and 

the atomic density surface maps, as discussed below. 

4.2.3. Surface maps of atomic density 

Density profiles for water atoms and dissolved ions rapidly reach the value of the bulk 

solution (at d > 6-7 Å from the defined reference zero point), so that within one simulation 

box the mutual influence of one interface on another (separated by ~70 Å of aqueous solution) 

can be expected to be negligible, and they can both be treated as statistically independent.  

The time averaged maps of atomic distribution near the surface provide useful information on 

the preferred sorption sites and relative mobility of the solution species on the C-S-H/solution 

interfaces. The surface maps of water in the first two layers are presented in Fig. 73. Atoms of 

the surface on the maps are presented as a reference background; they do not belong to the 

shown layers. 
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Figure 73. The surface distribution of water oxygen atoms on the CSH-0.83 / water interface 

at different distances from the surface: (a)– (d < 1 Å), (b) – (1 Å < d < 3 Å). 

 

In Fig. 73(a) the water oxygens that are integrated into the C-S-H structure are clearly seen; 

while Fig. 73(b) presents water oxygen atoms coordinated around Ca
2+

 ions and also those 

attached to the surface.    

Since the concentration of calcium is much higher, a stronger ordering of water molecules 

near the surface of CSH-1.0 is created (Fig. 74). Similarly to the CSH-0.83 surface, the first 

water layer (a) belongs to the CSH-1.0 structure, while the second layer (b) is sorbed on the 

surface or coordinated with the cations. 

 

Figure 74. The surface distribution of water oxygen atoms on the CSH-1.0 / water interface 

at different distance from the surface: (a) – (d < 1 Å); (b) – (1 Å < d < 2.5 Å). 
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The CSH-1.4 surface has the highest amount of Ca
2+

 cations among the three modelled 

systems. As might be expected, even more water molecules are affected by the coordination 

with cations (Fig. 75). Water molecules near the surface are forming distinctive layers. 

 

Figure 75. The surface distribution of water oxygen atoms on the CSH-1.4 / water interface 

at different distance from the surface: (a) – (d < 1 Å), (b) – (1 Å < d < 2.5 Å). 

 

Calcium cations form strong complexes with deprotonated terminal silanol groups of C-S-H.  

 

Figure 76. The surface distribution of Ca
2+

 ions on the CSH-0.83 / water interface at 

different distance from the surface: (a) – (d < 1 Å), (b) – (1 Å < d < 3 Å). 

 

The structure of CSH-0.83 model has the least amount of surface defects and is the closest to 

the original mineral structure of tobermorite. Since it has most of the bridging tetrahedra in 

place, there are less available sites closer to the defined zero position of the surface. Two 
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layers of Ca
2+

 near the surface that contribute to inner-sphere complexation are identified by 

the calculation of surface distribution within the xy plane (Fig. 76). Water molecules are not 

shown there for image clarity. Oxygens of solution hydroxyl ions are replacing H2O 

molecules in the first coordination sphere of calcium and can typically be found in the 

bonding proximity to the cations on the surface maps. A similar distribution is observed for 

CSH-1.0 (Fig. 77). 

 

Figure 77. The surface distribution of Ca
2+

 ions on the CSH-1.0 / water interface at different 

distance from the surface: (a) – (d < 2 Å), (b) – (2 Å < d < 3.5 Å). 

 

The distribution of calcium near the surface is similar for all three interfaces studied. The 

deprotonated surface has a higher negative charge and is much more attractive for the cations 

from solution. The Ca
2+

 cations closest to the surface are coordinated with 4 to 5 surface 

oxygens: typically, with 2 deprotonated sites and 2-3 bridging oxygens in the silicate layer. 

This complexation is strong and stable over the entire simulation time (Fig. 78). 

Near the CSH-1.4 surface, the highest probability for Ca
2+

 binding is at the distance between 

0.5 and 2 Å (see Fig. 71), and it represents the most typical sorption site for calcium cations. 

These cations are characterised by forming complexes with 3 oxygens of the surface: 2 

deprotonated sites and 1 bridging oxygen atom. It is the same complexation type as the one 

already described for the CSH-1.0 interfaces.  
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Figure 78. Inner-sphere complex of calcium cation with CSH-1.4 surface: (a) - surface 

distribution of Ca
2+

 on the CSH-1.4 interface (distance from the surface: (-0.5) – 

0.5 Å); (b) – extract from a simulation snapshot (yellow – silicon, green – 

calcium, red – oxygen, white – hydrogen). 

 

4.2.4. Preferential sorption sites and the corresponding free energy profiles  

The variations in structure and surface charge distribution of the C-S-H surface models create 

different opportunities for the cations to bind. However, not all of the binding sites are 

equivalent, some of them offer better geometries for stronger binding and lower energies. A 

combinational analysis of the local structures, density profiles and surface maps for target 

atoms gives an insight of what are the preferential sorption sites on the surface.  

In the case of the CSH-0.83 model, a small amount of Ca
2+

 can form monodentate complexes 

with deprotonated silanol groups of pairing silicon tetrahedra (1 Å < d < 2.5 Å, Fig. 79-a) 

while most of the sorbed cations are coordinated with deprotonated silanol group of bridging 

tetrahedra (3 Å < d < 4.5 Å, Fig. 79-b). The other half of cations form outer-sphere complexes 

(only water oxygens are present in the first coordination shell) and can be found near the 

surface in the layer 4.5 Å < d < 6.5 Å. The presence of calcium cations near the surface leads 

to a strong ordering of water molecules as it was noticed before.  



135 

 

 

Figure 79. Inner-sphere complexation of Ca
2+

 ions on the CSH-0.83 surface: (a) – 

monodentate binding to deprotonated silanol group of pairing silicon tetrahedron, 

(b) – monodentate binding to deprotonated silanol group of bridging silicon 

tetrahedron.  

 

In the CSH-1.0 systems, the quantity of calcium ions is much higher. All of the introduced 

cations were attracted to the surface and formed inner-sphere and outer-sphere complexes 

with the surface oxygen atoms. Calcium not only comes closer to the surface, as it was 

evident from the density profiles above, but also forms stronger bidentate and tridentate 

complexes with combinations of deprotonated sites, protonated silanol groups, and bridging 

oxygen atoms (Fig. 80).  

  

Figure 80. Inner-sphere complexation of Ca
2+

 on the CSH-1.0 surface: (a) – bidentate with 

deprotonated oxygens of pairing and bridging silicon tetrahedra; (b) – tridentate 

with deprotonated, protonated sites of pairing tetrahedra, and bridging oxygen; 

(c) – tridentate with two deprotonated sites and a bridging oxygen.  

 

The CSH-1.4 surface provides much more easily accessible negatively charged sorption sites. 

On average, the strongest binding is expected for Ca
2+ 

that is coordinated by a maximum 
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number of surface oxygens in the solvation shell, but statistically, the expected binding is due 

to the coordination with two deprotonated silanol groups.  

Three most typical sorption sites for Ca
2+

 on the C-S-H surfaces were selected for constrained 

(biased) MD simulations and the calculations of the potential of mean force (PMF) in order to 

obtain quantitative information about the site-specific free energy profiles as functions of 

distance from the surface: 

1. The deprotonated silanol group of the bridging silicon tetrahedron on the CSH-0.83 

surface (Fig. 79-b). 

2. The deprotonated silanol group of the pairing silicon tetrahedron on the CSH-0.83 

surface (Fig. 79-a). 

3. Two deprotonated silanol groups and a bridging oxygen of the pairing silicon 

tetrahedron on the CSH-1.4 surface (Fig. 80-b). 

 

Figure 81. The potential of mean force as a function of distance between Ca
2+

 and two 

chosen deprotonated silanol groups of the CSH-0.83 surface. 

 

The selected sorption sites are also typical for the CSH-1.0 model surface . Figure 81 shows 

the PMFs calculated using the umbrella sampling algorithm for Ca
2+

 above the two selected 

CSH-0.83 binding sites. However, Ca
2+

 is not located strictly above the selected sorption 

sites, so the position of the first minimum does not represent the bond distance, but shows 

only how close the cation is to the surface on average; the z-coordinate of the selected 
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deprotonated oxygen site is taken as a reference zero distance. The depth of the potential 

minimum is the same for both sorption sites sampled. The first potential well (at d ≈ 1.6 Å) 

corresponds to the inner-sphere coordination to the deprotonated surface oxygen, while the 

second minimum (at d ≈ 3.5 Å) to the outer-sphere coordination. The energy barrier between 

the inner- and outer-sphere complexes is 7.5 kcal/mol for the bridging Si site and 6.5 kcal/mol 

for the pairing Si site.   

 

Figure 82. The potential of mean force as a function of distance between Ca
2+

 and two 

deprotonated silanol groups of the CSH-1.4 surface. Dotted lines represent the 

results for the CSH-0.83 surface for comparison. 

 

Figure 82 shows the PMF calculated for Ca
2+ 

coordinated with two deprotonated silanol 

groups and one bridging oxygen of the CSH-1.4 surface. The PMF oscillations can be 

associated with the local structural properties of the interface for the selected cation and 

sorption site (the influence of other neighbouring ions, the high negative charge of the surface 

and water ordering through hydrogen bonding). The complexation of Ca
2+

 with the CSH-1.4 

surface sorption site is much stronger than for the other surfaces studied with the deepest free 

energy well of ~-10 kcal/mol and the first energy barrier of approximately 9 kcal/mol between 

the inner-sphere and outer-sphere coordinations. 
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4.3. Uranium on the C-S-H surface 

4.3.1. Local structural properties 

The sorption of U(VI) on C-S-H surfaces had been studied as the next step. Three interfaces 

were modelled (Table 8). Although the number of uranyl ions introduced to the system is 

limited to 8, some aqua complexes are adsorbed on the C-S-H surface. All uranyl ions 

adsorbed on the surface stay in a five-fold coordination with oxygens in the equatorial plane. 

Table 8. The atomic composition of the simulated C-S-H/uranyl solution interfaces. 

Name Ca/Si Ntotal, atoms Solution composition 

CSH-0.83U 0.83 15561 4463 H2O, 16 aqueous hydroxyls, 22 

Ca
2+

, 6 UO2
2+

 

CSH-1.0U 1.0 15506 4478 H2O, 16 aqueous hydroxyls, 42 

Ca
2+

, 6 UO2
2+

 

CSH-1.4U 1.4 15532 4533 H2O, 16 aqueous hydroxyls, 62 

Ca
2+

, 6 UO2
2+

 

 

The radial distribution functions for U(VI) – oxygen pairs and corresponding coordination 

numbers for C-S-H with Ca/Si = 0.83 are reported in Figure 83. Water oxygens are 

statistically dominating and are shown there with a different scale for clarity. The uranyl 

cation forms a monodentate surface complex with deprotonated sites (single peak at 2.4 Å 

with n (2.4 Å) ≈ 0.19) and also strongly attracts the solution hydroxyl ions (n (2.4 Å) ≈ 1). It 

can be seen that the binding to the protonated silanol groups of the CSH-0.83 surface in the 

first coordination shell is not favoured.  

Previous studies have shown that the linear [O=U=O]
2+

 structure is preserved upon sorption 

onto C-S-H or incorporation in the C-S-H structure (Harfouche et al., 2006; Tits et al., 2011; 

Macé et al., 2013). Furthermore, the inner-sphere coordination of UO2
2+

 is assumed to be the 

predominant type of interaction with the surface.  
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Figure 83. (a) – The radial distribution functions for U-O pairs (CSH-0.83 interface); (b) – 

the running coordination numbers for U-O pairs. 

 

It can be noticed that uranyl complexation with the surface groups of pairing silicon 

tetrahedra is blocked by the presence of two axial oxygen atoms and a considerable number of 

bridging tetrahedra on the C-S-H surface at the lowest Ca/Si ratio. But differences in 

interaction with the CSH-1.4 surface can be seen for uranyl cations in Figure 84. 

 

Figure 84. (a) – The radial distribution functions for U-O pairs (CSH-1.4 interface); (b) – 

the running coordination numbers for U-O pairs. 
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Since all bridging silicon tetrahedra are missing at this surface, it is much easier for uranyl 

cations to reach the deprotonated sites of the pairing tetrahedra and to form inner-sphere 

complexes. At first glance, it can be confirmed by the comparison of results on running 

coordination numbers in Figs. 83(b) and 84(b) that more deprotonated silanol groups are 

coordinated with UO2
2+

 in the CSH-1.4 case. 

4.3.2. Surface density profiles 

The calculated atomic density profiles reveal clear differences in the uranyl/C-S-H 

coordination at two Ca/Si ratios. Two types of complexes can be seen forming at the CSH-

0.83 surface (Fig. 85-a) with UO2
2+

 peaks located, respectively, around 3-4 Å (inner-sphere 

surface complex) and at 5-6 Å (outer-sphere surface complex). Due to the low concentration 

of uranyl, its effect on the water structuring is less noticeable here than in the case of Ca
2+

. 

 

Figure 85. The atomic density profiles of UO2
2+

 solutions near C-S-H surfaces: (a) – CSH- 

0.83; (b) – CSH-1.4. The profiles of U are shown with an enlarged auxiliary scale 

for clarity. Abbreviations: Ow and Hw – O and H of water; Ohyd – O of the 

solution hydroxyl group; Odep – deprotonated silanol group of the surface. 

 

When the surface contains only Si dimers (as in CSH-1.4) a new sorption site can be 

identified. In this case, the atomic density profile of uranium distribution near the surface 

(Fig. 85-b) reveals three distinct peaks instead of two. The peak positions are shifted closer to 

the surface since all bridging Si tetrahedra are absent in this C-S-H model.  
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The first peak (at ~1-2 Å) corresponds to the uranyl cations complexing with two 

deprotonated silanol groups of the surface in their coordination sphere (bidentate 

coordination). A monodentate inner-sphere complexation of uranyl with the surface is 

evidenced by the second peak of uranyl distribution (at ~ 2-3 Å from the surface). Among 

them, hydroxyl bridging complexes are observed but they are not studied in detail here. 

Similar to other interfaces, the uranyl cations located more than 3 Å from the surface are 

assumed to be forming outer-sphere complexes and preserve their hydration shell almost 

unperturbed.  

4.3.3. Surface maps of atomic density  

The observed outer-sphere complexes of UO2
2+

 with C-S-H surfaces are mostly coordinated 

by two deprotonated hydroxyls of the bridging Si tetrahedra. The positions of UO2
2+ 

complexes can be easily identified looking at the calculated atomic distributions within 

specific layers of the solution at specific distances from the surface (see Fig. 86). A bidentate 

complexation becomes possible for the more defected surface (Fig. 87). 

 
Figure 86. The time-averaged distribution of UO2

2+
 ions at the CSH-0.83 interface within 2.5 

– 4.5 Å from the surface (the first molecular layer). (a) – the inner-sphere UO2
2+

 

surface complex; (b) – the outer-sphere UO2
2+

 surface complex. The colour 

scheme: yellow – Si, red – O, white – H, blue – U. 
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Figure 87. The time-averaged distribution of UO2

2+
 ions at the CSH-1.4 interface within 1.0 

– 2.0 Å from the surface: (a) - the first molecular layer; (b) – the inner-sphere 

UO2
2+

 surface. The colour scheme is the same as in Fig. 86. 

 

4.3.4. Preferential sorption sites and the corresponding free energy profiles 

In general, UO2
2+

 cations are bound to the same surface sites as Ca
2+

 cations and a 

competition between them can be expected (Fig. 88). There is also a preferential UO2
2+

 

sorption on deprotonated sorption sites (more negatively charged). When all of the surface 

silanol groups are deprotonated under high pH conditions, the bidentate adsorption 

configuration is strongly preferred over the monodentate configuration. 

 

Figure 88. The inner-sphere complexation of UO2
2+

 ions on the CSH-0.83 surface: (a) – the 

monodentate binding to the deprotonated silanol group of the bridging silicon 

tetrahedron; (b) – the outer-sphere surface complexation. The colour scheme: 

yellow – silicon, red – oxygen, white – hydrogen, blue – uranium.  
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In addition, hydroxyl ions in solution may form ion bridges between metal cations as it is seen 

in Fig. 89. The outer-sphere complexation like this can be assumed to be one of the possible 

binding mechanisms of UO2
2+

 on calcium silicate hydrate surfaces. 

 

Figure 89. The outer-sphere bridging complexation of UO2
2+

 on the C-S-H surface.  

 

The free energy profile of an uranyl cation (Fig. 88-a) as a function of distance from the 

binding site was calculated and compared to the corresponding profile of Ca
2+

 above the same 

site. The results are presented in Figure 90.  

 

Figure 90. The potential of mean force as a function of distance between UO2
2+

, Ca
2+

 and 

deprotonated silanol group of a bridging Si tetrahedra on the CSH-0.83 surface. 

 

There are two main energy minima at ~2.5 and ~4.5 Å from the surface which correspond to 

the formation of the inner- and outer-sphere complexes, respectively. As the comparison 

shows, UO2
2+

 binds further from the surface than Ca
2+

 and the energy barrier for the transition 
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between two surface complexes is about 5.5 kcal/mol, which is 2 kcal/mol smaller than for 

Ca
2+

. 

 

 
Figure 91. The potential of mean force as a function of distance between UO2

2+
 and 

deprotonated silanol groups of the CSH-1.4 surface. 

 

The free energy of adsorption was also evaluated for a typical sorption site on the CSH-1.4 

surface (Fig. 91). In this case, the coordination of UO2
2+

 with surface oxygens differs from the 

typical coordination for Ca
2+

 and does not involve bridging oxygens. Similar to the profile 

near the oxygen of bridging Si, the PMF profile in Fig. 91 shows two minima: around 1.5 Å 

and 4.0 Å from the surface. The binding to the CSH-1.4 surface is much stronger than to the 

CSH-0.83 surface, and the energy barrier between the inner-sphere and outer-sphere 

complexation is very high: approximately 18 kcal/mol. The transition from the outer-sphere 

surface complex to the aqueous bulk species also requires twice as much energy (4.5 kcal/mol 

for the CSH-1.4 surface and 2 kcal/mol for the CSH-0.83 surface). 

4.4. Gluconate on the C-S-H surface 

4.4.1. Local structural properties 

The adsorption behaviour of the organic anion (gluconate) was also evaluated using the same 

C-S-H – solution models (Table 9) both for the systems with and without uranyl cations, thus 

modelling binary as well as ternary systems. 
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Table 9. Atomic composition of the simulated C-S-H/gluconate solution interfaces 

Name Ca/Si Ntotal, atoms Solution composition 

CSH-0.83G 0.83 15685 4466 H2O, 8 aqueous hydroxyls, 27 

Ca
2+

, 6 gluconate molecules 

CSH-1.0G 1.0 15633 4282 H2O, 8 aqueous hydroxyls, 47 

Ca
2+

, 6 gluconate molecules 

CSH-1.4G 1.4 15662 4533 H2O, 8 aqueous hydroxyls, 67 

Ca
2+

, 6 gluconate molecules 

CSH-0.83GU 0.83 15649 4445 H2O, 14 aqueous hydroxyls, 24 

Ca
2+

, 6 gluconate molecules, 6 UO2
2+

 

CSH-1.0GU 1.0 15623 4468 H2O, 16 aqueous hydroxyls, 45 

Ca
2+

, 6 gluconate molecules, 6 UO2
2+

 

CSH-1.4GU 1.4 15652 4519 H2O, 16 aqueous hydroxyls, 65 

Ca
2+

, 6 gluconate molecules, 6 UO2
2+

 

 

Figure 92 shows the time-averaged radial distribution functions and running coordination 

numbers for Ca-O pairs in the CSH-0.83/Gluconate system. Gluconate forms stable 

complexes with Ca cations. Calcium coordinates carboxylic functional groups of gluconate, 

and the distance between Ca and oxygen atoms of the carboxyl group is comparable to the 

distance between Ca and Ow: ~2.5 Å.  

 

Figure 92. (a) – The radial distribution functions for Ca-O pairs (CSH-0.83/gluconate 

solution) and (b) – the running coordination numbers for Ca-O pairs. 
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Figure 93. The running coordination numbers for pairs of Ca

2+
 (a) and UO2

2+
 (b) and 

different oxygen atoms in the CSH-1.4 interfaces (left scale for Ow). 

 

No major differences in the gluconate behaviour at the CSH-1.4 interface were found (Fig. 

93). The organic anion forms complexes with Ca
2+

 and UO2
2+

 cations. For both cations the 

carboxyl group of gluconate replaces H2O molecules in the forst coordination shell of the 

cation with the bond lengths comparable to Ca-Ow (2.4 Å) and U-Ow (2.5 Å) distances in 

water. Gluconate anions showed stronger affinity to calcium cations than to uranyl cations; no 

binding to uranyl ions was observed in the unconstrained MD run for the CSH-0.83 system.   

4.4.2. Surface density profiles 

The molecular structure of the adsorption layers at the solution-solid interface was 

investigated and the results are shown in Fig. 94.  

Negatively charged gluconate anions cannot form inner-sphere complexes directly with the C-

S-H surface, which is also nominally negatively charged. However, as the analysis of C-S-

H/gluconate interface shows, it can create complexes with Ca
2+

 ions present on the surface 

(cation bridging complexation). This cation bridging can be clearly identified from the 

calculated atomic density profiles of various species at the interface (Fig. 94): Ca
2+

 at 

distances of ~0.5-1.5 Å forms inner-sphere complexes with the deprotonated surface sites 
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(defined as d = 0 Å) and is further coordinated by carboxyl groups of gluconate (the peak of 

Ocarb at 2.5-3.5 Å). 

 

Figure 94. Atomic density profiles near the CSH-0.83 surface for the solution containing 

gluconate anions. 

 

Like the binary surface complexes discussed above for uranyl cations, the complexation with 

gluconate in ternary solutions can be classified as inner-sphere and outer-sphere. The inner-

sphere complexes are formed when the carboxyl group of gluconate is bound directly to the 

adsorbed cation (cation bridge), the weaker outer-sphere complex is formed when solvent 

molecules (H2O or OH
-
) are present between the carboxyl group and the surface. Both types 

of complexes were observed in our simulations. 

4.4.3. Surface maps of atomic density 

In the aqueous environment the adsorption mechanism of organic molecules changes 

significantly in comparison with dry surfaces. Water molecules can displace the introduced 

organics from the surface sites due to their interactions with the polar functional group (e.g. 

with gluconate hydroxyl groups). When the concentration of gluconate ions in solution is 

relatively low, the molecules will mostly attach to the surface through the most active 

functional group – deprotonated carboxyl group (a so called single-group adsorption). As it 

has already been seen from the RDF and RCN results, the hydroxyl groups of gluconate do 

not contribute to complexation.  
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Figure 95. The time-averaged distribution of Ca
2+

 ions and carboxyl oxygens of gluconate at 

the CSH-1.4 surface (a), and a snapshot illustrating cation bridging surface 

complexation (b). Ocarb – oxygen of the gluconate carboxylic group, other 

notations as in previous figures.  

 

In addition, two more types of cation bridging complexation for gluconate were detected on 

the CSH-1.4 surface: an outer-sphere UO2
2+

 bridging complex (Fig. 96) and an inner-sphere 

Ca
2+

 bridging complex (Fig. 95). The hydroxyl groups of gluconate do not participate in 

complexation. To sum up, metal cations introduced to the system facilitate the sorption of 

organic anions from solution, and both inner-sphere and outer-sphere bridging complexation 

is possible. Yet the coordination with cations that are bound with 4-5 surface oxygens is less 

probable – no complexes of this kind were detected in the current simulations.  

 

Figure 96. The time-averaged distribution of UO2
2+

 ions and carboxyl oxygens of gluconate 

at the CSH-1.4 surface (a), and a snapshot illustrating the cation bridging surface 

complexation (b). Ocarb – oxygen of the gluconate carboxylic group, other 

notations as in previous figures.  
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4.4.4. Preferential sorption sites and the corresponding free energy profiles 

Water molecules in the first solvation shell of Ca
2+

 are bound stronger to the cation than in the 

case of UO2
2+

 since uranyl cation has a larger ionic radius with the same charge. Thus, it is 

more favourable for carboxyl oxygens to replace H2O molecules and to form stable long-lived 

complexes (on the MD simulation timescales) with Ca
2+

 than with UO2
2+

. These results are 

consistent with the time-averaged structural properties of the solutions and interfaces 

discussed earlier.  

Figure 97 shows the PMF calculated for Ca
2+

 that is bound to the deprotonated silanol of a 

bridging Si tetrahedron and a gluconate carboxyl group in the first coordination shell. 

Constrains in the simulation were applied only to the Ca
2+

 ion. The first minimum at d = 1.5 

Å is due to the same inner-sphere complexation as for the organic-free system, but the energy 

necessary to replace surface oxygen by a water molecule is lower by half in the presence of 

gluconate: 3 kcal/mol. Also, the second minimum that corresponds to the outer-sphere 

complexation disappears here. So, the binding of Ca
2+

 becomes less strong and potentially 

may create higher possibility of substitution for a competing cation (UO2
2+

) from solution.  

 

Figure 97. The selected sorption site (a) and the potential of mean force as a function of 

distance between Ca
2+

 and a deprotonated silanol group of bridging Si tetrahedra 

on the CSH-0.83 surface with and without gluconate ion (b). 
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These results are in good agreement with observations of Nalet and Nonat (2016) that 

gluconate has strong calcium complexing properties and, when in contact with C-S-H phase, 

can cause an increase in Ca
2+

 concentration in the equilibrated solution.  

4.5. Chapter conclusions 

In this chapter the MD simulation results was analysed for bulk aqueous gluconate solutions, 

three hydrated C-S-H models that correspond to three Ca/Si ratios, and their interfaces with 

different solutions.  

A detailed comparison of the hydrated C-S-H interfaces and the same interfaces in contact 

with U(VI)-containing solutions allowed us to identify and describe structurally different 

potential sorption sites of C-S-H as a function of the modelled Ca/Si ratio. There are several 

adsorption sites for uranyl cations on C-S-H surfaces. They can form monodentate and 

bidentate complexes with deprotonated oxygens of the surface. The same sites also adsorb 

Ca
2+

, and a competition for these sites between the cations can be expected. Free energies of 

adsorptions were evaluated and compared for the most typical surface binding scenarios. It 

was found that C-S-H with Ca/Si = 0.83 has two energetically equivalent sorption sites for 

Ca
2+

, and only one accessible for UO2
2+

. A more structurally defective C-S-H model with 

higher negative charge provides sites that adsorb cations much stronger, according to the 

calculated PMF profiles.  

In aqueous solution gluconate forms complexes with Ca
2+

 and UO2
2+ 

cations, and the 

complexation with calcium was found to be more favourable than the complexation with 

uranyl cations. The resulting local structural environments for cations were shown to be in 

agreement with available literature data. Gluconate sorbs on the C-S-H phase via carboxyl 

functional group forming cation bridging inner-sphere and outer-sphere complexes with the 

surface. When present in the first coordination shell, gluconate affects Ca
2+

 sorption on C-S-H 

by lowering the bonding energy between the cation and the deprotonated silanol group of the 

surface.  

 

 

  



151 

 

 

 

Conclusions and Outlook 
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The main objective of this work was to identify the most probable molecular mechanisms of 

the interaction in three-component systems (C-S-H/organic additive/U(VI)) that models 

cement in the context of a radioactive waste repository and to characterise and describe these 

mechanisms quantitatively. To achieve this objective two complementary approaches were 

used: wet chemistry experiments and computational molecular modelling. The behaviour of 

the model components of binary and ternary systems were studied on different time scales to 

provide a better understanding of the processes involved. Gluconate (a simple well-

characterized molecule) was selected as a good starting model of organic additives in cement 

in order to probe the interaction mechanisms on the fundamental molecular scale. Uranium 

(VI) was selected as a representative  radionuclide because it is one of the most studied 

radioelements with large amounts of data on its interaction with cement already available in 

the literature. The real-life materials (polymer superplasticiser as an organic additive, and 

hydrated cement paste as cement representative) were also experimentally tested in the 

current work. 

To answer the question of how gluconate sorbs on C-S-H surfaces and how much it is 

different from the sorption on hydrated cement paste, experiments on sorption and desorption 

of gluconate on C-S-H phases with various Ca/Si ratios were performed. The results, 

compared to those obtained for hydrated cement paste, showed that there is no principal 

difference in the gluconate adsorptive behaviour. It was confirmed that the C-S-H phase is 

primarily responsible for the gluconate uptake in cement. It was also shown that the gluconate 

sorption is a rapid process that is affected by the Ca/Si ratio of C-S-H: the sorption increases 

for higher Ca/Si ratios showing trends similar to the ones that could be found in the literature. 

This may indicate that with time, when cement degrades and when it is characterised by 

higher Ca/Si ratios, more organic can be released from the cement surface to the pore water 

and the environment.  

The next question addressed was:  to what extent the presence of gluconate on the surface 

affects the adsorption of radioelements (U(VI)) on the C-S-H phases. It was shown that the 

addition of gluconate ions increases significantly the sorption of U(VI). To interpret such 

behaviour of the studied three-component system, computational molecular modelling of 

these systems was additionally performed, since wet chemistry experiments typically provide 

only the global (macroscale) view on the possible molecular mechanisms. The structural 

properties of the C-S-H/solution interfaces were investigated and local adsorption 
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environments were identified for a range of Ca/Si ratios from 0.83 to 1.4. Several sorption 

sites for uranyl cations on C-S-H surfaces are identified and quantitatively characterized: 

monodentate and bidentate complexes with deprotonated oxygens of the surface. Moreover, a 

competition for these sites between the cations can be expected.  

The systems including gluconate were also investigated with detailed trajectory analysis of 

unconstrained and several constrained MD simulations. In bulk aqueous solutions, gluconate 

preferably forms complexes with Ca
2+

 and, when present close to C-S-H interfaces, it sorbs 

via the formation of cation bridging inner-sphere and outer-sphere surface complexes with 

cations. In addition, the presence of gluconate in the first solvation shell of Ca
2+

 was shown to 

lower the cation binding energy to the surface sorption site, thus potentially facilitating its 

desorption and replacement with UO2
2+

 cations.  

Summarizing all the experimental (EXP) and molecular modelling (MM) results of the 

present work, a hypothesis can be formulated to describe the molecular mechanisms of 

interactions in the modelled ternary system (C-S-H/organic additive/U(VI)), as presented in 

Fig. 98:  

 

 

Figure 98. The schematic representation of the hypothetical mechanism of U(VI) interaction 

with C-S-H surfaces in the presence of gluconate. 
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1 – Specific C-S-H sorption sites were identified and described by molecular modelling 

(MM); deprotonation is defined by the pH of contact solution measured experimentally 

(EXP). 

2 – Both MM and EXP confirmed the mediating role of Ca
2+

 in the sorption of gluconate. 

According to MM, there is potentially a competition for sorption sites between Ca
2+

 and 

UO2
2+

, the adsorption free energies for both cations are similar. Moreover, the addition of 

gluconate weakens the binding of Ca
2+

 to the surface sorption sites (MM). 

3 – The decreased free energy of adsorption of calcium gluconate complex may facilitate the 

exchange with UO2
2+

 on the same sorption site (MM). The EXP results confirm that the 

presence of gluconate enhances sorption of U(VI) on C-S-H. 

4 – The EXP results showed that the concentration of gluconate in equilibrated solution does 

not change significantly after the addition of U(VI). Also, no release of Ca
2+

 had been 

observed. It can be suggested that calcium gluconate complex remains bound to the surface: 

4a – it can form multinuclear hydroxo complexes with sorbed uranyl cations (MM); 4b – it 

sorbs on another unoccupied sorption site that is less favourable for UO2
2+

 binding (MM). 

To further investigate and characterise the proposed molecular mechanisms, additional studies 

need to be performed to understand the role of hydroxyl ions in the solvation shell of the 

cations and their effect on the adsorption of organics and the formation of multinuclear 

surface complexes that include organic ligands. Also, thermodynamical modelling can be 

performed to serve as an additional link between the molecular scale theoretical results and 

the macroscopic scale experimental observations.  

Gluconate is a small molecule and a good starting model for the investigation of C-S-

H/organic interaction mechanisms on the molecular scale. However, it can be questioned if 

the same mechanisms work for more complex organic molecules. Therefore, a system 

involving polycarboxylate superplasticiser (PCE), representative of a typical industrial cement 

admixture, was tested here for comparison. It was confirmed experimentally that the 

interaction of PCE and C-S-H is also mostly electrostatic and driven by the attraction to Ca
2+

 

cation present on the surface. In contrast to gluconate, PCE does not affect the sorption of 

U(VI) on C-S-H. A separate study might be necessary to investigate the influence of 

molecular mass and structure of the organic additives on the U(VI) sorption mechanisms. 

Moreover, PCE isotopically labelled with 
14

C can be potentially synthesised to perform 

experiments at particularly low polymer concentrations in order to exclude interactions of 

organic molecules with each other. 
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The proposed model and approach certainly have natural limitations. First of all, gluconate 

ion is quite a simple and small proxi molecule that cannot fully represent all the diversity of 

organic-cement interactions. At the same time, studying the interactions only with larger 

polymeric molecules brings multiple complications both for wet chemistry experiments 

(instrumental limitations) and for molecular modelling (e.g., determination of the exact 

molecular structure and atomic composition).  

Moreover, the residual concentrations of organics in the cement pore water can be very low 

and the surface will be unsaturated with respect to the adsorbed organic additives (Glaus et 

al., 2006). Thus, there may be sorption sites available for adsorption of other molecules. In 

addition, classical molecular dynamics simulations can only be used to study the 

physisorption behaviour of ions at the interface but the modelling of the chemisorption 

behaviour, i.e., the incorporation of organic molecules or metal cations into the C-S-H 

structure, is a much more difficult problem, requiring quantum chemical methods rather than 

the force-field based approaches.  

And finally, C-S-H definitely plays the key role in cement chemistry, but in any real-life 

scenario the presence of other cement mineral phases may have additional important effects 

on the processes. Moreover, there are many other factors to consider, such as redox 

conditions, the presence of other dissolved ions (carbonate ions, particularly), the presence of 

bacteria, elevated temperatures, radiation damage to materials, organic degradation, etc. 

Therefore, even though this work has successfully addressed several important questions 

concerning the effects of organic additives in cement on the adsorption and mobility of 

radionuclides in cementitious systems, and has qualitatively and even semi-quantitatively 

clarified several important issues related to these process, it should be kept in mind that only 

simplified model systems were considered here and the conclusions of this work should be 

extrapolated for the prediction of real field-scale processes with a proper caution. 
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Annexe 1 Liquid scintillation counting 

The Tri-Carb® 3170TR/SL is a computer-controlled benchtop liquid scintillation analyzer, 

specially configured for detection of extremely low level alpha and beta radioactivity. 

Counting time of 1 hour has been used. The sensitive LSC detection method requires specific 

cocktails to absorb the energy into detectable light pulses. In general, the detection method 

can be described by the scheme shown in Fig. 99. 

 

Figure 99. The scheme of the main principle of liquid scintillation detection. 

 

Ultima Gold LLT is a multipurpose liquid scintillation cocktail for a wide range of aqueous 

samples. It is characterised by quench resistance, high flash point (150 ºC), the absence of 

permeation through plastic, and low toxicity (LD50 > 3000 mg/kg). The cocktail contains an 

organic aromatic solvent (2,6-di-isopropylnaphtaline), scintillator and emulsifier for aqueous 

samples since aqueous samples are completely insoluble in the pure organic solvents and 

scintillators. 

Because of the broad spectrum of 𝛽-particle energies emitted by a given radionuclide sample, 

beta decays can be easily recognised by the distinct broad spectral pattern (Fig. 100). The 

efficiency of counting in the sample depends on how the decay events are producing light 

flashes in the media that are further detected and quantified by the instrument. 
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Figure 100. Typical spectra of liquid scintillation counting analysis of 
14

C-gluconate: A – 

background signal; B - standard solution, spike of labelled gluconate in C-S-H 

equilibrated solution; C and D – gluconate sorption on C-S-H (Ca/Si = 1.0) for 

[Gluconate]initial = 7.00·10
-9

 mol/l and [Gluconate]initial = 1.73·10
-8

 mol/l 

respectively. 
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Annexe 2 Ion exchange chromatography (IC) 

Ion exchange chromatography is an analytical technique in which molecules are separated and 

determined based on their affinity to the charged solid chromatographic support. The 

separation is controlled by electrostatic interactions when charged molecules form an ionic 

complex with functional groups of opposite charge on the support. In this work, the cation and 

anion exchange chromatography analysis have been performed to identify and quantify ionic 

species in the studied system: Ca, Na and gluconate.  The general scheme is presented in Fig. 

101. 

 

Figure 101. The general instumental set-up of ion chromatography procedure. 

 

A sample is injected into the system with an autosampler into a sample loop of known volume 

(in this work: 100 μl for anion-exchange and 25 μl for cation-exchange analysis). A buffered 

aqueous solution (or eluent, mobile phase) brings the sample into a separation column that 

contains ion-exchange stationary phase material where the target analytes are retained. 

Further, the eluted ions are detected by conductivity. 

In cation exchange chromatography stationary phase contains negatively charged functional 

group that retain positively charged cations of the mobile phase:  

-R
–
X

+
 + Ct

+
An

–
 ↔ -R

–
 Ct

+
 + X

+
 + An

–
, 

where, -R
–
 is a negatively charged groups of stationary chromatographic phase, X

+
 is an 

exchanged cation (e.g. Na
+
, H

+
, K

+
), Ct

+
  is a cation of interest, An

–
 is a counterion.  

https://en.wikipedia.org/wiki/Autosampler
https://en.wikipedia.org/wiki/Buffer_solution
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In anion exchange chromatography stationary phase contains positively charged functional 

group that retain negatively charged cations:  

-R
+
X

–
 + Ct

+
An

–
 ↔ -R

+
 An

–
+ X

–
 + Ct

+
, 

where, -R
+ 

is a positively charged groups of stationary chromatographic phase (e.g. 

hydroxide-selective anion-exchange phase of IonPac AS18 column used in this work, Fig. 

102), X
– 

is an exchanged cation (e.g. OH
–
, ), An

– 
is an anion of interest, Ct

+
  is a counterion.  

 

Figure 102. Packing particle of IonPac AS18 hydroxide-selective anion-exchange column. 

 

The typical chromatogram for gluconate detection can be seen in Fig. 103. 

 

 

Figure 103. Typical chromatogram for gluconate identification by anion-exchange 

chromatography in the C-S-H equilibrated solution. 
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Annexe 3 Inductively coupled plasma mass spectrometry 

Inductively coupled plasma mass spectrometry (abbreviated as ICP-MS) is an analytical 

technique used to determine elements and their concentrations in samples. The inductively 

coupled plasma source transform metals of interest into ions that further separated, identified 

and quantified by the mass spectrometer.  

The general scheme of ICP-MS analysis is presented in Fig. 104. First, a sample is injected 

into nebuliser where it is transformed into the fine aerosol. The aerosol is further transmitted 

to the plasma torch. The solution is dehydrated and the solid sublimates into gas phase before 

entering ICP. In the plasma, the analytes are ionised and directed towards the quadrupole 

mass analyser, where only ions of the selected m/z ratio pass through to the detector. 

 

Figure 104. The general scheme of ICP-MS analysis. 
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Annexe 4 Total organic carbon (TOC) analysis 

Total organic carbon (abbreviated as TOC) is the content of organic carbon in measured 

media. 

The general scheme of TOC analysis is shown in Fig. 105 (TOC-VCSH, Shimadzu). Carrier 

gas (flow rate of 150 mL/min) is passing through an oxidation combustion tube (T = 680°C). 

When the sample is injected into the combustion tube, the total carbon (TC) is oxidised or 

decomposes to producing CO2. The combustion products in the gas are further cooled and 

dehumidified in before passing via the halogen scrubber into the sample cell of the non-

dispersive infrared detector (NDIR), where CO2 is detected. The NDIR analogue signal forms 

a peak, and the data processor calculates the peak area. To measure the TC concentration of 

the sample, the relationship between the TC concentration and peak area (calibration curve) is 

predetermined using a TC standard solution, to express the peak area as a ratio of the TC 

concentration;  

TC (Total Carbon) = TOC (Total Organic Carbon) + IC (Inorganic Carbon) 

  

  

Figure 105.  Measurement flow line diagram (TOC-VCSH, Shimadzu).  

 

To quantify the amount of inorganic carbon (IC), the acidified sample is sparged with the 

carrier gas to convert only the IC in the sample to CO2 (detected by the NDIR). The IC is a 

combination of carbonate and bicarbonate. Thus, it is possible to calculate the content of total 

organic carbon (TOC) in the sample: TOC = TC – IC 
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Annexe 5 Tabulated experimental data (Chapter 3) 

Table A-1. Kinetics of gluconate adsorption on C-S-H phases (0.83, 1.0, 1.4), S/L = 20 g/l. 

 Ca/Si = 0.83 Ca/Si = 1.0 Ca/Si = 1.4 

Time, 

days 

[Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]eq, 

mmol/l 

σ, mmol/l 

0 1.03E+00 5.15E-02 1.03E+00 5.15E-02 1.03E+00 5.15E-02 

0.5 9.92E-01 4.96E-02 7.98E-01 3.99E-02 2.82E-01 1.41E-02 

1 9.74E-01 4.87E-02 7.60E-01 3.80E-02 2.34E-01 1.17E-02 

3 9.82E-01 4.91E-02 7.81E-01 3.91E-02 2.22E-01 1.11E-02 

7 9.89E-01 4.95E-02 7.61E-01 3.81E-02 2.19E-01 1.10E-02 

15 9.69E-01 4.85E-02 7.48E-01 3.74E-02 2.41E-01 1.21E-02 

30 9.80E-01 4.90E-02 7.65E-01 3.83E-02 2.17E-01 1.09E-02 

 

Table A-2. Isotherms of gluconate adsorption on C-S-H phases (0.83, 1.0, 1.4), S/L = 20 g/l. 

Ca/Si = 0.83  

 [Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]sorbed, 

mmol/mol of Si 

σ, mmol/mol of 

Si 

Rd, l/kg 

(σ = 20%) 

14
C-labelled 

gluconate 

6.45E-06 3.22E-07 6.08E-08 6.68E-09 4.29 

1.61E-05 8.05E-07 1.34E-07 1.47E-08 3.78 

3.49E-05 1.75E-06 3.36E-07 3.70E-08 4.38 

7.39E-05 3.69E-06 5.90E-07 6.49E-08 3.63 

1.02E-04 5.10E-06 9.03E-07 9.93E-08 4.03 

2.89E-04 1.44E-05 3.04E-06 3.34E-07 4.79 

6.85E-04 3.42E-05 4.94E-06 5.44E-07 3.29 

9.69E-04 4.85E-05 7.69E-06 8.46E-07 3.61 

2.86E-03 1.43E-04 2.64E-05 2.90E-06 4.19 

6.86E-03 3.43E-04 4.09E-05 4.50E-06 2.71 

2.85E-02 1.42E-03 2.72E-04 2.99E-05 4.34 

6.45E-06 3.22E-07 6.08E-08 6.68E-09 4.34 

Inactive 

gluconate 

9.49E-03 4.74E-04 8.95E-05 9.84E-06 4.40 

2.74E-02 1.37E-03 3.88E-04 4.27E-05 6.43 

6.79E-02 3.40E-03 4.79E-04 5.27E-05 3.19 

2.81E-01 1.40E-02 3.22E-03 3.54E-04 5.20 

6.37E-01 3.18E-02 9.58E-03 1.05E-03 6.73 

9.78E-01 4.89E-02 5.99E-03 6.58E-04 2.76 

2.86E+00 1.43E-01 2.76E-02 3.04E-03 4.20 

6.42E+00 3.21E-01 9.96E-02 1.10E-02 6.27 

9.10E+00 4.55E-01 1.52E-01 1.67E-02 6.73 

 

 

 

 

 

Ca/Si = 1.0  
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 [Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]sorbed, 

mmol/mol of Si 

σ, mmol/mol of 

Si 

Rd, l/kg 

(σ = 20%) 

14C-labelled 

gluconate 

1.33E-05 6.65E-07 3.71E-07 1.85E-08 15.96 

2.08E-05 1.04E-06 1.58E-06 7.89E-08 15.14 

4.09E-05 2.05E-06 3.53E-06 1.76E-07 41.18 

6.67E-05 3.33E-06 4.00E-06 2.00E-07 46.82 

1.97E-04 9.86E-06 1.10E-05 5.50E-07 32.63 

4.42E-04 2.21E-05 2.64E-05 1.32E-06 30.30 

6.10E-04 6.10E-06 3.95E-05 1.97E-06 32.43 

1.81E-03 1.81E-05 1.19E-04 5.96E-06 35.19 

2.24E-02 1.12E-03 7.96E-04 3.98E-05 35.87 

7.82E-02 3.91E-03 2.31E-03 1.15E-04 29.06 

4.57E-03 2.29E-04 2.45E-04 1.22E-05 19.00 

Inactive 

gluconate 

1.82E-02 4.55E-03 1.19E-03 1.19E-04  

5.03E-02 5.03E-03 2.03E-03 2.03E-04  

6.82E-02 6.82E-03 3.23E-03 3.23E-04  

2.04E-01 2.04E-02 9.85E-03 9.85E-04  

4.96E-01 4.96E-02 2.11E-02 2.11E-03  

7.63E-01 7.63E-02 2.51E-02 6.26E-03  

2.18E+00 2.18E-01 8.62E-02 8.62E-03  

5.41E+00 5.41E-01 1.76E-01 1.76E-02  

7.47E+00 7.47E-01 2.77E-01 2.77E-02  

Ca/Si = 1.4  

 [Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]sorbed, 

mmol/mol of Si 

σ, mmol/mol of 

Si 

Rd, l/kg 

(σ = 20%) 

14
C-labelled 

gluconate 

1.05E-06 5.25E-08 6.43E-07 3.21E-08 283.54 

2.84E-06 1.42E-07 1.56E-06 7.82E-08 254.47 

5.89E-06 2.94E-07 3.46E-06 1.73E-07 272.33 

1.18E-05 5.90E-07 7.28E-06 3.64E-07 285.97 

2.79E-05 1.40E-06 8.89E-06 4.44E-07 147.33 

5.27E-05 2.64E-06 2.85E-05 1.43E-06 250.17 

1.15E-04 5.77E-06 6.63E-05 3.32E-06 266.30 

1.64E-04 8.22E-06 9.45E-05 4.72E-06 266.11 

5.06E-04 2.53E-05 2.81E-04 1.40E-05 256.62 

1.18E-03 5.91E-05 6.53E-04 3.27E-05 255.98 

5.53E-03 2.77E-04 2.75E-03 1.37E-04 283.54 

2.10E-02 1.05E-03 8.88E-03 4.44E-04 230.02 

Inactive 

gluconate
 

7.18E-03 3.59E-04 2.57E-03 1.28E-04 165.66 

1.47E-02 7.36E-04 6.21E-03 3.11E-04 195.46 

1.33E-02 6.67E-04 9.71E-03 4.85E-04 337.07 

4.41E-02 2.21E-03 2.87E-02 1.43E-03 301.07 

1.45E-01 7.23E-03 6.24E-02 3.12E-03 199.81 

2.19E-01 1.10E-02 8.79E-02 4.39E-03 185.41 

6.92E-01 3.46E-02 2.60E-01 1.30E-02 173.64 

2.38E+00 1.19E-01 5.24E-01 2.62E-02 101.50 

3.55E+00 1.77E-01 7.33E-01 3.67E-02 95.43 



184 

 

Table A-3. Evolution of Ca and Si concentrations in C-S-H eq. solution as a function of 

gluconate concentration at permanent state. 

Ca/Si = 0.83 

[Glu]eq, mmol/l σ, mmol/l Ca, mmol/l σ, mmol/l Si, mmol/l σ, mmol/l 

9.49E-03 4.75E-04 1.17 0.11 2.74 0.27 

6.79E-02 3.40E-03 1.17 0.11 2.98 0.29 

1.02E-01 5.10E-03 1.15 0.11 3.02 0.30 

2.81E-01 1.41E-02 1.22 0.12 3.11 0.31 

9.78E-01 4.89E-02 1.30 0.18 3.12 0.43 

2.86E+00 1.43E-01 1.49 0.14 3.05 0.30 

6.42E+00 3.21E-01 1.84 0.18 3.37 0.33 

2.65E+01 1.33E+00 3.21 0.32 4.06 0.40 

Ca/Si = 1.0   

[Glu]eq, mmol/l σ, mmol/l Ca, mmol/l σ, mmol/l Si, mmol/l σ, mmol/l 

1.08E-02 5.40E-04 2.06 0.20 0.35 0.03 

5.03E-02 2.52E-03 1.85 0.18 0.24 0.02 

6.82E-02 3.41E-03 2.00 0.20 0.24 0.02 

2.04E-01 1.02E-02 1.81 0.18 0.34 0.03 

7.63E-01 3.82E-02 1.93 0.19 0.31 0.03 

2.18E+00 1.09E-01 2.03 0.20 0.43 0.04 

5.41E+00 2.71E-01 1.70 0.20 0.68 0.08 

2.29E+01 1.15E+00 2.78 0.27 0.80 0.08 

1.08E-02 5.40E-04 2.06 0.20 0.35 0.03 

Ca/Si = 1.4   

[Glu]eq, mmol/l σ, mmol/l Ca, mmol/l σ, mmol/l Si, mmol/l σ, mmol/l 

1.36E-02 1.36E-03 11.2 0.56 0.028 0.003 

1.47E-02 1.47E-03 12.75 0.63 0.034 0.004 

1.33E-02 1.33E-03 11.22 0.56 0.034 0.004 

4.41E-02 4.41E-03 12.67 0.63 0.031 0.003 

2.19E-01 2.19E-02 11.47 0.80 0.035 0.004 

6.92E-01 6.92E-02 11.35 0.56 0.038 0.004 

2.38E+00 2.38E-01 9.02 0.72 0.053 0.006 

1.54E+01 1.54E+00 9.70 0.58 0.070 0.008 

 

Table A-4. Sorption of Na
+
 on C-S-H with different Ca/Si ratios 

Ca/Si = 0.83 

[Na]eq, mol/l σ, mol/l [Na]s, mol/kg σ, mol/kg 

4.19E-05 6.29E-06 6.81E-04 1.02E-04 

8.47E-05 1.27E-05 1.32E-03 1.98E-04 

4.22E-04 6.32E-05 6.70E-03 1.01E-03 

8.69E-04 1.30E-04 1.21E-02 1.82E-03 

4.20E-03 6.30E-04 6.78E-02 1.02E-02 

8.55E-03 1.28E-03 1.28E-01 1.92E-02 

Ca/Si = 1.0 
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[Na]eq, mol/l σ, mol/l [Na]s, mol/kg σ, mol/kg 

4.59E-05 6.89E-06 4.81E-04 7.21E-05 

8.97E-05 1.35E-05 1.07E-03 1.61E-04 

4.70E-04 7.06E-05 4.26E-03 6.38E-04 

9.70E-04 1.46E-04 7.06E-03 1.06E-03 

4.34E-03 6.52E-04 6.06E-02 9.09E-03 

9.07E-03 1.36E-03 1.02E-01 1.53E-02 

Ca/Si = 1.4 

[Na]eq, mol/l σ, mol/l [Na]s, mol/kg σ, mol/kg 

5.47E-05 8.20E-06 4.37E-05 6.55E-06 

1.08E-04 1.63E-05 1.34E-04 2.01E-05 

5.45E-04 8.17E-05 5.28E-04 7.92E-05 

5.33E-03 8.00E-04 1.10E-02 1.66E-03 

1.05E-02 1.57E-03 3.23E-02 4.84E-03 

 

Table A-5. Ca concentration and pH values in the C-S-H eq. solution as a function of the Na
+
 

addition 

Ca/Si = 0.83 

[Na], mol/l σ, mol/l pH (σ = 0.01) Ca, mmol/l σ, mmol/l 

8.28E-05 4.14E-06 10.31 1.17E+00 5.86E-02 

1.13E-04 5.64E-06 10.25 1.22E+00 6.12E-02 

1.45E-04 7.27E-06 10.32 1.23E+00 6.16E-02 

4.22E-04 2.11E-05 10.29 1.27E+00 6.33E-02 

8.17E-04 4.08E-05 10.41 1.34E+00 6.69E-02 

3.89E-03 1.95E-04 10.26 1.75E+00 8.77E-02 

8.03E-03 4.01E-04 10.31 2.10E+00 1.05E-01 

Ca/Si = 1.0 

[Na], mol/l σ, mol/l pH (σ = 0.01) Ca, mmol/l σ, mmol/l 

1.12E-04 5.60E-06 11.49 1.56E+00 7.82E-02 

1.39E-04 6.95E-06 11.52 1.50E+00 7.51E-02 

1.79E-04 8.97E-06 11.52 1.44E+00 7.19E-02 

4.70E-04 2.35E-05 11.56 1.55E+00 7.74E-02 

9.26E-04 4.63E-05 11.60 1.42E+00 7.10E-02 

4.02E-03 2.01E-04 11.55 1.38E+00 6.88E-02 

8.33E-03 4.17E-04 11.65 1.55E+00 7.76E-02 

Ca/Si = 1.4 

[Na], mol/l σ, mol/l pH (σ = 0.01) Ca, mmol/l σ, mmol/l 

1.52E-04 7.61E-06 12.35 9.90E+00 4.95E-01 

1.86E-04 9.31E-06 12.25 1.12E+01 5.62E-01 

2.34E-04 1.17E-05 12.46 1.07E+01 5.35E-01 

6.38E-04 3.19E-05 12.31 1.06E+01 5.30E-01 

1.17E-03 5.83E-05 12.33 1.09E+01 5.45E-01 

5.23E-03 2.62E-04 12.46 1.09E+01 5.45E-01 

1.03E-02 5.14E-04 12.45 1.06E+01 5.30E-01 
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Table A-6. The kinetics of gluconate desorption from C-S-H phases with three Ca/Si ratio 

(0.83, 1.0, 1.4), S/L = 20 g/l 

 Ca/Si = 0.83 Ca/Si = 1.0 Ca/Si = 1.4 
Time, days [Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]eq, 

mmol/l 

σ, mmol/l [Gluconate]eq, 

mmol/l 

σ, mmol/l 

0.5 1.63E-02 5.72E-03 8.35E-02 1.25E-02 7.48E-02 1.12E-02 

1 2.41E-02 8.43E-03 8.10E-02 1.22E-02 7.96E-02 1.19E-02 

3 2.06E-02 7.22E-03 8.96E-02 1.34E-02 8.08E-02 1.21E-02 

7 1.76E-02 6.17E-03 9.68E-02 1.45E-02 1.05E-01 1.58E-02 

15 2.62E-02 9.18E-03 8.46E-02 1.27E-02 9.86E-02 1.48E-02 

30 2.15E-02 7.53E-03 9.01E-02 1.35E-02 9.67E-02 1.45E-02 

 

Table A-7. Isotherms of gluconate desorption from C-S-H phases with three Ca/Si ratio (0.83, 

1.0, 1.4), S/L = 20 g/l 

Ca/Si = 0.83 

[Gluconate]des.eq., 

mmol/l 

 

σ, mmol/l [Glu]desorption,  

mmol/mol of Si 

σ, mmol/mol of Si 

2.09E-07 3.14E-08 6.05E-08 2.12E-08 

6.80E-07 1.02E-07 1.33E-07 4.66E-08 

1.07E-06 1.61E-07 3.35E-07 1.17E-07 

2.32E-06 3.49E-07 5.88E-07 2.06E-07 

2.92E-06 4.38E-07 9.00E-07 3.15E-07 

9.68E-06 1.45E-06 3.03E-06 1.06E-06 

2.05E-05 3.07E-06 4.92E-06 1.72E-06 

3.08E-05 4.62E-06 7.66E-06 2.68E-06 

9.54E-05 1.43E-05 2.63E-05 9.20E-06 

1.61E-04 2.42E-05 4.07E-05 1.43E-05 

8.37E-04 1.26E-04 2.71E-04 9.50E-05 

Ca/Si = 1.0 

[Gluconate]des.eq., 

mmol/l 
 

σ, mmol/l [Glu]desorption,  

mmol/mol of Si 

σ, mmol/mol of Si 

1.71E-06 2.57E-07 3.69E-07 1.29E-07 

5.84E-06 8.76E-07 1.57E-06 5.50E-07 

1.18E-05 1.78E-06 3.51E-06 1.23E-06 

1.51E-05 2.27E-06 3.99E-06 1.40E-06 

4.35E-05 6.53E-06 1.10E-05 3.83E-06 

9.83E-05 1.47E-05 2.63E-05 9.21E-06 

1.53E-04 2.29E-05 3.93E-05 1.38E-05 

4.57E-04 6.86E-05 1.19E-04 4.16E-05 

3.57E-03 5.36E-04 7.92E-04 2.77E-04 

1.30E-02 1.95E-03 2.29E-03 8.03E-04 

9.58E-04 1.44E-04 2.44E-04 8.53E-05 

Ca/Si = 1.4 

[Gluconate]des.eq., 

mmol/l 
 

σ, mmol/l [Glu]desorption,  

mmol/mol of Si 

σ, mmol/mol of Si 

5.48E-07 8.23E-08 6.42E-07 2.25E-07 
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1.40E-06 2.11E-07 1.56E-06 5.47E-07 

2.95E-06 4.43E-07 3.46E-06 1.21E-06 

6.27E-06 9.41E-07 7.28E-06 2.55E-06 

9.59E-06 1.44E-06 8.88E-06 3.11E-06 

2.55E-05 3.83E-06 2.85E-05 9.97E-06 

5.69E-05 8.53E-06 6.63E-05 2.32E-05 

8.31E-05 1.25E-05 9.44E-05 3.30E-05 

2.57E-04 3.85E-05 2.80E-04 9.81E-05 

5.41E-04 8.11E-05 6.53E-04 2.29E-04 

3.18E-03 4.77E-04 2.74E-03 9.61E-04 

1.08E-02 1.62E-03 8.87E-03 3.10E-03 

 

Table A-8. The isotherm of gluconate adsorption on hydrated cement paste (CEM I, S/L=20 

g/l) 

[Gluconate]eq, mol/l σ, mol/l [Gluconate]sorbed, mol/kg σ, mol/kg 
4.99E-10 2.50E-11 2.73E-06 4.10E-07 

2.47E-09 1.24E-10 1.35E-05 2.03E-06 

5.90E-09 2.95E-10 3.16E-05 4.74E-06 

2.61E-08 1.31E-09 1.38E-04 2.07E-05 

5.98E-08 2.99E-09 3.19E-04 4.78E-05 

2.47E-07 1.23E-08 1.21E-03 1.82E-04 

5.80E-07 2.90E-08 2.82E-03 4.24E-04 

3.19E-06 1.59E-07 1.21E-02 1.81E-03 

1.17E-05 5.86E-07 2.80E-02 4.20E-03 

4.03E-03 2.02E-04 1.59E-01 2.38E-02 

9.27E-02 4.64E-03 1.10E+00 1.64E-01 

2.20E-04 1.10E-05 1.16E-01 1.74E-02 

 

Table A-9. The isotherm of 
14

C-labelled gluconate desorption from the hydrated cement paste 

(S/L = 20 g/l) 

[Gluconate]des.eq, mol/l σ, mol/l [Gluconate]desorption, 

mol/kg 

σ, mol/kg 

2.53E-10 3.79E-11 2.73E-06 5.47E-07 

2.52E-09 3.78E-10 1.35E-05 2.71E-06 

3.80E-09 5.71E-10 3.16E-05 6.32E-06 

1.67E-08 2.50E-09 1.38E-04 2.76E-05 

9.01E-07 1.35E-07 3.18E-04 6.36E-05 

1.46E-07 2.19E-08 1.21E-03 2.42E-04 

5.12E-07 7.68E-08 2.82E-03 5.65E-04 

2.25E-06 3.37E-07 1.21E-02 2.42E-03 

7.83E-06 1.17E-06 2.80E-02 5.60E-03 

4.50E-05 6.74E-06 1.59E-01 3.17E-02 

1.63E-03 2.44E-04 1.09E+00 2.19E-01 

1.77E-04 2.66E-05 1.16E-01 2.32E-02 
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Table A-10. The kinetics of PCE adsorption on C-S-H 

 Ca/Si = 1.0 Ca/Si = 1.4 
Time, days [PCE]s, g/kg σ, g/kg [PCE]s, g/kg σ, g/kg 
1 1.55E+01 7.73E-01 1.65E+01 8.25E-01 

3 1.55E+01 7.74E-01 1.83E+01 9.17E-01 

7 1.55E+01 7.74E-01 1.91E+01 9.57E-01 

14 1.75E+01 8.77E-01 1.89E+01 9.47E-01 

28 1.51E+01 7.54E-01 1.85E+01 9.25E-01 

 

Table A-11. Adsorption of PCE on C-S-H. 

Ca/Si 

ratio 

PCEsolution, g/l σ, g/l PCEsorbed, g/kg σ, kg/l 

1.0 3.44E-03 1.16E-04 5.78E-01 1.16E-01 

2.27E-02 2.73E-04 1.37E+00 2.73E-01 

1.25E-02 5.75E-04 2.88E+00 5.75E-01 

7.61E-03 1.42E-03 7.12E+00 1.42E+00 

4.06E-01 2.94E-03 1.47E+01 2.94E+00 

7.34E-01 7.66E-03 3.83E+01 7.66E+00 

1.37E+00 1.63E-02 8.16E+01 1.63E+01 

1.4 4.64E-03 5.36E-05 2.68E-01 5.36E-02 

7.03E-03 2.30E-04 1.15E+00 2.30E-01 

3.03E-03 6.70E-04 3.35E+00 6.70E-01 

3.36E-02 6.64E-04 3.32E+00 6.64E-01 

2.63E-02 2.74E-03 1.37E+01 2.74E+00 

3.28E-01 3.72E-03 1.86E+01 3.72E+00 

3.75E-01 6.25E-03 3.13E+01 6.25E+00 

1.23E+00 1.77E-02 8.84E+01 1.77E+01 

 

Table A-12. pH values of the C-S-H equilibrated solution as a function of the PCE 

concentration in stable state 

Ca/Si = 1.0 Ca/Si = 1.4 

PCEsolution, 

g/l 

σ, g/l pH PCEsolution, g/l σ, g/l pH 

3.44E-03 1.16E-04 11.2 4.64E-03 5.36E-05 12.1 

2.27E-02 2.73E-04 11.5 7.03E-03 2.30E-04 12.2 

1.25E-02 5.75E-04 11.6 3.03E-03 6.70E-04 12.1 

7.61E-03 1.42E-03 11.5 3.36E-02 6.64E-04 12.1 

6.92E-03 2.93E-03 11.5 2.63E-02 2.74E-03 12.1 

4.06E-01 2.94E-03 11.4 3.28E-01 3.72E-03 12.3 

7.34E-01 7.66E-03 11.3 3.75E-01 6.25E-03 12.0 

1.37E+00 1.63E-02 11.5 1.23E+00 1.77E-02 12.3 

5.63E+00 1.38E-02 11.5 6.72E+00 2.81E-03 12.2 

9.22E+00 7.81E-03 11.3 7.53E+00 2.47E-02 12.1 
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Table A-13. The isotherm of U(VI) adsorption on C-S-H with Ca/Si = 1.4, S/L = 20 g/l.  

[U]eq, mol/l σ, mol/l [U]sorbed, mmol/mol of Si σ, mmol/mol of Si 
2.10E-10 1.05E-11 8.96E-05 7.17E-06 

2.77E-10 1.38E-11 1.51E-04 1.21E-05 

1.65E-09 8.27E-11 6.05E-04 4.84E-05 

3.94E-09 1.97E-10 1.19E-03 9.50E-05 

1.89E-08 9.45E-10 3.02E-03 2.42E-04 

4.15E-08 2.07E-09 8.96E-03 7.17E-04 

4.89E-08 2.44E-09 1.19E-02 9.50E-04 

 

Table A-14. pH, Si and Ca concentrations in the C-S-H equilibrated solution as a function of 

U(VI) concentration in equilibrium (C-S-H with Ca/Si = 1.4) 

[U] in equilibrium, 

mmol/l 
pH values 

[Ca] in equilibrium, 

mmol/l 

[Si] in equilibrium, 

mmol/l 

(2.10±0.11)×10-7 12.35±0.05 8.93±0.45 0.028±0.0.002 

(2.71±0.14)×10-7 12.29±0.05 7.72±0.39 0.030±0.0.002 

(1.63±0.08)×10-6 12.25±0.05 8.09±0.40 0.029±0.0.002 

(3.90±0.19)×10-6 12.36±0.05 8.48±0.42 0.029±0.0.002 

(1.92±0.09)×10-5 12.23±0.05 11.03±0.55 0.028±0.0.002 

(4.21±0.20)×10-5 12.31±0.05 11.15±0.56 0.031±0.0.002 

(4.91±0.25)×10-5 12.35±0.05 12.07±0.60 0.030±0.0.002 

 

Table A-15. pH, Si and Ca concentrations in the C-S-H equilibrated solution as a function of 

U(VI) concentration in equilibrium in the presence of gluconate (C-S-H with Ca/Si = 1.4) 

[U] in equilibrium, 

mmol/l 
pH values 

[Ca] in equilibrium, 

mmol/l 

[Si] in equilibrium, 

mmol/l 

(8.40±0.81)x10-9 12.35±0.05 8.89±0.47 0.026±0.0.002 

(1.68±0.45)x10-8 12.23±0.05 8.70±0.42 0.030±0.0.002 

(1.68±0.42)x10-8 12.25±0.05 9.08±0.41 0.029±0.0.002 

(2.52±0.19)x10-8 12.36±0.05 8.93±0.46 0.028±0.0.002 

(3.36±0.35)x10-8 12.23±0.05 8.71±0.55 0.028±0.0.002 

(6.72±0.55)x10-8 12.22±0.05 8.36±0.56 0.031±0.0.002 

(5.88±0.61)x10-8 12.35±0.05 8.52±0.61 0.030±0.0.002 

(8.40±0.79)x10-8 12.14±0.05 8.84±0.60 0.028±0.0.002 

(1.93±0.09)x10-7 12.23±0.05 7.93±0.68 0.030±0.0.002 

(4.62±0.46)x10-7 12.37±0.05 8.75±0.60 0.029±0.0.002 

(6.30±0.46)x10-7 12.35±0.05 10.90±0.72 0.031±0.0.002 

(8.40±0.87)x10-7 12.27±0.05 12.92±0.75 0.027±0.0.002 
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Table A-16. The isotherm of U(VI) adsorption on C-S-H with Ca/Si = 1.4 (S/L = 20 g/l) in the 

presence of gluconate and PCE (ternary systems). 

Gluconate PCE 

[U]eq, 

mmol/l 
σ, mmol/l 

[U]sorbed, 

mmol/mol 

of Si 

σ, mmol/mol 

of Si 

[U]eq, 

mmol/l 
σ, mmol/l 

[U]sorbed, 

mmol/mol of 

Si 

σ, mmol/ 

mol of Si 

8.40E-09 8.40E-10 8.96E-05 4.48E-06 4.14E-07 4.14E-08 8.96E-05 4.48E-06 

1.68E-08 1.68E-09 1.19E-04 5.94E-06 4.50E-07 4.50E-08 1.19E-04 5.94E-06 

1.68E-08 1.68E-09 1.51E-04 7.56E-06 8.37E-07 8.37E-08 1.51E-04 7.55E-06 

2.52E-08 2.52E-09 3.02E-04 1.51E-05 9.32E-07 9.32E-08 3.02E-04 1.51E-05 

3.36E-08 3.36E-09 6.05E-04 3.02E-05 1.19E-06 1.19E-07 6.05E-04 3.02E-05 

6.72E-08 6.72E-09 8.96E-04 4.48E-05 3.40E-06 3.40E-07 8.96E-04 4.48E-05 

5.88E-08 5.88E-09 1.19E-03 5.94E-05 4.54E-06 4.54E-07 1.19E-03 5.94E-05 

8.40E-08 8.40E-09 1.51E-03 7.56E-05 6.44E-06 6.44E-07 1.51E-03 7.56E-05 

1.93E-07 1.93E-08 3.02E-03 1.51E-04 1.27E-05 1.27E-06 3.02E-03 1.51E-04 

4.62E-07 4.62E-08 6.05E-03 3.02E-04 2.84E-05 2.84E-06 6.04E-03 3.02E-04 

6.30E-07 6.30E-08 8.96E-03 4.48E-04 3.82E-05 3.82E-06 8.96E-03 4.48E-04 

8.40E-07 8.40E-08 1.19E-02 5.94E-04 4.61E-05 4.61E-06 1.19E-02 5.94E-04 

 

Table A-17. The concentration of gluconate in the C-S-H equilibrated solution as a function 

of U(VI) addition ([Gluconate]initial=0.35 mmol/l.  

[U]eq, 

mol/l 
σ, mol/l 

[Gluconate]sorbed, 

mmol/mol of Si 

σ, mmol/mol 

of Si 

8.40E-12 4.20E-13 2.82E-02 1.41E-03 

1.68E-11 8.40E-13 2.49E-02 1.24E-03 

1.68E-11 8.40E-13 2.82E-02 1.41E-03 

2.52E-11 1.26E-12 2.90E-02 1.45E-03 

3.36E-11 1.68E-12 2.82E-02 1.41E-03 

6.72E-11 3.36E-12 2.82E-02 1.41E-03 

5.88E-11 2.94E-12 2.78E-02 1.39E-03 

8.40E-11 4.20E-12 2.84E-02 1.42E-03 

1.93E-10 9.66E-12 2.84E-02 1.42E-03 

4.62E-10 2.31E-11 2.84E-02 1.42E-03 

6.30E-10 3.15E-11 2.99E-02 1.50E-03 

8.40E-10 4.20E-11 3.19E-02 1.59E-03 
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Résumé 

 

Les matériaux cimentaires sont largement utilisés dans 
la conception et la construction des sites de stockage 
de déchets radioactifs. Une des manières d’améliorer 
leur performance est d’introduire des adjuvants 
organiques dans la structure. La présence de matière 
organique dans l’eau porale peut affecter la mobilité des 
radionucléides: les molécules organiques forment des 
complexes solubles et peuvent être en compétition avec 
les radionucléides au niveau des sites de sorption. Ce 
travail avait pour but de comprendre les mécanismes de 
telles interactions au niveau moléculaire. Le système 
modèle a trois composantes. D’abord, des phases C-S-
H ont été choisies en tant que modèles du ciment. 
Ensuite, le gluconate est sélectionné en tant que 
modèle d’additif organique pour sonder les mécanismes 
d’interaction à l’échelle moléculaire. Un système plus 
complexe impliquant un superplastifiant (PCE) a été 
testé. La troisième espèce, U(VI), est représentative 
d’un radionucléide de la série des actinides. Le 
développement de la description des effets de 
postproduction des espèces organiques pour les 
applications de stockage des déchets radioactifs était 
l’objectif principal de ce travail. L’étude des systèmes 
binaires fournit des données de référence pour 
l’investigation de systèmes ternaires C-S-H/matière 
organique/U(VI) plus complexes. Des cinétiques et des 
isothermes de sorption/désorption pour les espèces sur 
les C-S-H sont mesurés. En parallèle, des modèles 
atomiques ont été développés pour les interfaces 
d’intérêt. Les aspects structuraux, énergétiques et 
dynamiques des processus de sorption sur les surfaces 
de ciment sont modélisés par la technique de la 
dynamique moléculaire. 
 
Mots clés 

Silicate de calcium hydraté (C-S-H), Uranium (VI); 
gluconate; adsorption; dynamique moléculaire  

Abstract 

 

Cementitious materials are extensively used in the 
design and construction of radioactive waste 
repositories. One of the ways to enhance their 
performance is to introduce organic admixtures into the 
cement structure. However, the presence of organics in 
the pore water may affect the radionuclide mobility: 
organic molecules can form water-soluble complexes 
and compete for sorption sites. This work was designed 
to get detailed understanding of the mechanisms of 
such interactions on the molecular level. The model 
system has three components. First, pure C-S-H phases 
with different Ca/Si ratios were chosen as a cement 
model. Secondly, gluconate (a simple well-described 
molecule) is selected as a good starting organic additive 
model to probe the interaction mechanisms on the 
molecular scale. A more complex system involving 
polycarboxylate superplasticizer (PCE) was also tested. 
The third, U (VI), is a representative of the actinide 
radionuclide series. The development of description of 
the effects of organics for radioactive waste disposal 
applications was the primary objective of this work. The 
study of binary systems provides reference data for the 
investigation of more complex ternary (C-S-H/organic/U 
(VI)). The interactions are studied by means of both 
experimental and computational molecular modelling 
techniques. Data on sorption and desorption kinetics 
and isotherms for additives and for U (VI) on C-S-H are 
acquired in this work. In parallel, atomistic models are 
developed for the interfaces of interest. Structural, 
energetic, and dynamic aspects of the sorption 
processes on surface of cement are quantitatively 
modeled by molecular dynamics technique. 
 
 
Key Words 

Calcium silicate hydrate (C-S-H); Uranium (VI); 
gluconate; adsorption; molecular dynamics 
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