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Abstract 

For the safety assessment of a potential deep geological repository for heat producing high-level radi-
oactive waste, a detailed understanding of the near field processes in the radionuclide-cement interac-
tion is required. 
The understanding of sorption and retention mechanisms of actinides on cement phases under the 
prevailing conditions in the near-field of a repository, such as highly alkaline pH values, medium to 
higher ionic strengths (relevant for German clay rocks and salt domes), higher temperatures and the 
influence of organic compounds is a major focus of the joint research project “Geochemical retention 
of radionuclides on cement alteration phases " (GRaZ).  
This report focusses on the retention of trivalent actinides (An(III)) and lanthanides (Ln(III)) on cal-
cium silicate hydrate phases (CSH phases) in the presence of malate (salt of -hydroxysuccinic acid).  
Malate is a typical representative of cement additives based on hydroxycarboxylates which act as re-
tarders, besides tartrate, citrate and gluconate. CSH phases are the main components of hardened ce-
ment paste and they are mainly responsible for the actinide retention. 
The experimental studies in the binary systems An(III)/Ln(III)-Ligand, An(III)/Ln(III)-CSH and lig-
and-CSH phase as well as in the ternary system An(III)/Ln(III)-Ligand-CSH phase aim at an improved 
and extended process understanding of the influence of cement additives on the An(III)/Ln(III)-reten-
tion at cement phases. 

The present investigations show: ) Hydroxycarboxylates with medium complexation strengths 
(example malate, 𝛽  ~ ) have no influence on the quantitative An(III)/Ln(III) retention on CSH 
phases. The presence of such ligands does not result in an increased mobilization of An(III)/Ln(III). ) 
Malate shows a Ca+ mediated weak outer sphere sorption, while the An(III)/Ln(III) show a nearly 
quantitative sorption (inner sphere sorption) and an incorporation into the CSH phases. ) The sorption 
and incorporation processes of the An(III)/Ln(III) and the ligand on/in the CSH phases occur inde-
pendently of each other. The structure and crystallinity of the CSH phases are clearly influenced by the 
presence of the ligand. ) Polycarboxylate-ethers form medium strength : complexes with 
An(III)/Ln(III) (𝐾  ~ . bis ., I = . m). Their complex strength is comparable with similar 
An(III)/Ln(III) complexes with naturally occurring polycarboxylates like humic substances .) The 
complexation reactions of An(III)/Ln(III) with (hydroxy)carboxylates and polycarboxylate- ethers are 
mainly endothermic and entropy driven. The enthalpy decreases with increasing ionic strength. It 
seems that at higher ionic strengths the complex formation reactions are less favored by higher tem-
peratures.  

This project was part of the BMWi joint research project GRaZ between the Karlsruher Institut 
für Technologie (Institut für Nukleare Entsorgung), Johannes Gutenberg-Universität Mainz (Institut 
für Kernchemie), Helmholtz-Zentrum Dresden-Rossendorf (Institut für Ressourcenökologie), Univer-
sität des Saarlandes (Institut für Anorganische Festkörperchemie), Technische Universität Dresden 
(Professur für Radioökologie und Radiochemie, Sachgebiet Strahlenschutz), Technische Universität 



  

München (Fachgebiet Theoretische Chemie), Universität Potsdam (Institut für Chemie-Physikalische 
Chemie) and Ruprecht-Karls-Universität Heidelberg (Physikalisch-chemisches Institut). 



 

  

Zusammenfassung 

Für die Beurteilung der Sicherheit eines potentiellen Tiefenlagers für wärmeproduzierende hochradi-
oaktive Abfälle ist ein detailliertes Prozessverständnis der im Nahfeld auftretenden Radionuklid-Ze-
mentwechselwirkungen erforderlich. Die Aufklärung von Sorptions- und Retentionsmechanismen von 
Actiniden an Zementphasen unter den im Nahfeld eines Endlagers vorherrschenden Bedingungen, wie 
hochalkalische pH-Werte, mittlere bis hohe Ionenstärken (besonders relevant für deutsche Tongesteine 
und Salzstöcke), höhere Temperaturen sowie bedeutende Gehalte von im Wirtsgestein vorliegenden 
organischen Verbindungen ist eine wesentliche Zielstellung des Verbundprojektes „Geochemische Ra-
dionuklidrückhaltung an Zementalterationsphasen“ (GRaZ).  
Im Fokus dieses Berichtes stehen Untersuchungen zur Retention von dreiwertigen Actiniden (An(III)) 
und Lanthaniden (Ln(III)) an Calcium-Silikat-Hydratphasen (CSH-Phasen) in Gegenwart von Malat 
(Salz der -Hydroxybernsteinsäure).  Malat ist (neben Tartrat, Citrat und Gluconat) ein typischer Ver-
treter von Zementadditiven auf Basis von Hydroxycarboxylaten, die als Erstarrungsverzöger wirken. 
CSH-Phasen sind die Hauptkomponenten von erhärtetem Zementstein und im Wesentlichen verant-
wortlich für die Actinidenretention. 
Die experimentellen Studien in den binären Systemen An(III)/Ln(III)-Ligand, An(III)/Ln(III)-CSH 
und Ligand-CSH-Phase sowie im ternären System An(III)/Ln(III)-Ligand- CSH-Phase zielen auf ein 
verbessertes und erweitertes Prozessverständnis zum Einfluss von Zementadditiven auf die 
An(III)/Ln(III)-Rückhaltung an Zementphasen ab.  
Die vorliegenden Untersuchungen zeigen: ) Hydroxycarboxylate mit mittleren Komplexierungsstär-
ken (Beispiel Malat, 𝛽  ~ ) haben keinen Einfluss auf die quantitative An(III)/Ln(III)-Rückhaltung 
an CSH-Phasen. Die Anwesenheit von solchen Liganden führt nicht zu einer erhöhten Mobilisierung 
der An(III)/Ln(III). ) Malat zeigt eine Ca+ vermittelte schwache, outer-sphere Sorption, während 
An(III)/Ln(III) eine nahezu quantitative Sorption (inner-sphere Sorption) aufweisen und dabei struk-
turell in die CSH-Phasen eingebaut werden. ) Die Sorption und Inkorporation der An(III)/ Ln(III) 
und des Liganden an/in die CSH-Phasen erfolgen unabhängig voneinander. Die Struktur und Kristal-
linität der CSH-Phasen werden durch die Anwesenheit des Liganden deutlich beeinflusst. ) Polycar-
boxylatether bilden mittelstarke : Komplexe mit An(III)/Ln(III) (𝐾  ~ . bis ., I = . m). Deren 
Komplexstärke ist vergleichbar mit An(III)/Ln(III)-Komplexen mit natürlich vorkommenden Polycar-
boxylaten, z.B. Huminstoffen. ) Die Komplexierungsreaktionen von An(III)/Ln(III) mit (Hydroxy)car-
boxylaten und Polycarboxylatethern verlaufen überwiegend endotherm und entropiegetrieben. Die 
Enthalpie nimmt mit zunehmender Ionenstärke ab. Es scheint, dass bei höheren Ionenstärken die 
Komplexbildungsreaktionen durch höhere Temperaturen weniger begünstigt werden. 
Dieses Projekt war Teil des BMWi-Verbundprojektes GRaZ zwischen den folgenden Institutionen: 
Karlsruher Institut für Technologie (Institut für Nukleare Entsorgung), Johannes Gutenberg-Universi-
tät Mainz (Institut für Kernchemie), Helmholtz-Zentrum Dresden-Rossendorf (Institut für Ressour-
cenökologie), Universität des Saarlandes (Institut für Anorganische Festkörperchemie), Technische 
Universität Dresden (Professur für Radioökologie und Radiochemie, Sachgebiet Strahlenschutz), Tech-



  

nische Universität München (Fachgebiet Theoretische Chemie), Universität Potsdam (Institut für Che-
mie-Physikalische Chemie) und Ruprecht-Karls-Universität Heidelberg (Physikalisch-chemisches 
Institut). 

 
  



 

  Introduction and objective  

1 Introduction and objective 

Since passing the german law „Gesetz zur Suche und Auswahl eines Standortes für ein Endlager für 
hochradioaktive Abfälle (Standortauswahlgesetz - StandAG) “ in , the search for a safe repository 
site for heat-generating high-level radioactive waste has been regulated by law.1 The safe storage of the 
nuclear waste produced by nuclear power reactors, which will contain about , tonnes of heavy 
metal in the form of irradiated fuel elements until , has to be guaranteed for  million years in 
deep geological formations.2,3  The safety assessment of a deep geological repository for radioactive 
waste requires sciences-based data on both the retention of radionuclides in the near-field of the re-
pository and a mechanistic understanding of the relevant processes.  

The NORD site model for a possible repository in Northern Germany with clay as host rock devel-
oped within the project AnSichT4 includes the use of concrete and bentonite in the geotechnical barrier 
around the storage containers. Cement is the binding agent of concrete. The Portland cement com-
monly used today consists of limestone, clay, sand and iron ore, which are burned to cement clinker 
and then harden by hydration into cement stone. Calcium silicate hydrates (CSH, mCaO·SiO·nHO) 
form the main phase of the hardened cement paste with up to  weight and are responsible for the 
hardness and compressive strength of the concrete.5,6,7 The structure of CSH phases can be described 
as a layer structure of CaO-polyhedra and SiO-tetrahedra (see Dreierkette-Modell 8, chapter ..). Ce-
ment also contains aluminum oxide, iron oxide and sulphate as essential additional constituents. This 
results in the formation of calcium aluminate hydrate phases (CAH, mCaO·AlO·nHO), whereby the 
CaO-rich compound, the stable tetracalcium aluminum hydrate CAH is usually formed in most sili-
cate cements.9 In presence of various ions like OH- , Cl-, CO

- , metal ions or organic molecules CAH 
phases form so-called layered double hydroxides (LDH, like [M+

-xM+x(OH)]x+ [(Xn−)x/n·yHO]x-) 
which are positively charged metal oxides/hydroxides layers compensated by anions in the inter-
layer.10,11,12 Due to their layered structure both cement phases, CSH and CAH (LDH), show similarities 
with clay minerals. 

In case of water ingress (the hypothetical "worst case scenario") into a repository, the concrete will 
slowly dissolve over a long time period. The technical containers may also corrode. Therefore, a release 
of actinides (An) and fission product (Ln) in the geo- and biosphere has to be considered. During the 
concrete degradation a highly alkaline and highly saline chemical milieu will prevail in the repository 
due to the leaching of sodium hydroxide and potassium hydroxide solution (and later leaching of port-
landite and CSH phases) from the cement.  

Due to the prevailing reducing conditions in the repository, the lower oxidation states +III and 
+IV are expected to be predominant for the relevant actinides U, Np, Am, Cm, and Pu (which will de-
termine the middle and long-term radiotoxicity of a waste repository due to their long half-lives, e.g. 
Np- .  a, Pu- .· a, Am- .· a). It is generally accepted that sorption and precip-
itation reactions of the actinides will dominate under these chemical conditions (Figure .).13,14  

CSH phases show a high absorption capacity for positively charged ions and are therefore im-
portant for the immobilization process of cationic radionuclides (RN).15,16 Not only sorption but also 
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incorporation processes are responsible for the immobilization (Figure .). On the other hand, dis-
solved complexes and colloidal species can enhance the migration of the RN. Therefore, complexation 
reactions with inorganic and organic ligands are essential mobilization processes for RN. Various or-
ganic ligands, like humic substances, clay organics, cellulose as well as cement additives and their deg-
radation products can be present in a repository. Thus, the organic ligands contain the whole spectrum 
of low to macromolecular compounds. 

 
 

 
Figure .: Illustration of important interactions of metals with the geosphere, adapted from Manceau et al.17 

In difference to humic substances and clay organic matter, the role of cement additives for a possible 
RN mobilization has not been sufficiently investigated so far. Organic cement admixtures are added to 
cement to optimize its properties. They are mixtures ranging from various low-molecular hydroxycar-
boxylates (citrate, gluconate, malate, tartrate) up to modified polymers (polycarboxylate ether).18,19 
They are released by cement degradation and can increase the RN solubility by the formation of soluble 
RN-ligand complexes. Thus, they may influence RN retention in the near-field of a nuclear repository. 
So far, the influence of cement admixtures on RN retention in cement phases has been scarcely consid-
ered in the literature.20,21,22 

The aim of this work is to study the interactions of trivalent Ln/An with selected α-hydroxy- 
carboxylate containing ligands in the presence and absence of CSH phases, supplemented by CAH 
phases to describe them on a thermodynamic and molecular level. 

The main focus is on detailed investigations with the α-hydroxydicarboxylic acid malic acid (Mal: 
HMal, COOH-CH-CH(OH)-COOH) as a typical representative of the hydroxycarboxylate-containing 
cement admixtures. Lactic acid (HLac, COOH-CH(OH)-CH) and oxalic acid (HOxa, COOH-COOH), 



 

  Introduction and objective  

which are considered here in addition to Mal to a lesser extent, are also typical representatives of 
(hydroxy-)carboxylates (both are widely used in nature and in technical processes, chapter .). 

Due to their similar ion radii, Nd(III) and Am(III)23, and due to their excellent luminescence 
properties, Eu(III) and Cm(III) were selected as representatives of the f and f elements, respectively. 

The report is divided into two parts. The first part deals with the complexation reactions of 
Ln(III)/An(III) with Mal, Lac, Oxa and polycarboxylate-ethers using titration calorimetry and 
spectroscopic methods. In addition to the stability constants, the enthalpies of the complexation 
reactions, which are rarely given in the literature, are determined and extrapolated to the standard state 
(Im = , T = , K, p =  bar) using the specific ion interaction Theory (SIT). The knowledge of the 
structure of the complexes is important in order to obtain a detailed understanding of the binding 
mechanisms and to interpret thermodynamic data. 

The second part of the report deals with the ternary Ln(III)/An(III)-Mal-CSH system based on 
the analysis of the binary systems. The competitive reaction between complexation and incorporation 
processes of Ln(III)/An(III) at CSH (and CAH) phases under the influence of Mal is investigated by 
structure-sensitive methods and characterized by thermodynamic constants and Kd-values. The project 
is summarized schematically in Figure .. 

 
Figure .: Scheme for the scope of this project, adapted from Keith-Roach24 and Taube25 

This work contributes to the fundamental understanding of the processes in An(III)-organic ligand-
cement phase systems. This understanding is important for the modelling and description of possible 
mobilisation and immobilization processes of RN in a nuclear repository and, thus, for reliable risk 
assessment. 
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2 State of knowledge 

2.1 Cement phases for radionuclide retention  

2.1.1 Cement composition and structural model 

 

Ordinary Portland cement consists of various clinker materials that react by hydration to form hard-
ened cement paste. Concrete is produced by mixing cement with water, sand and gravel. 

Hardened cement paste (HCP) is a heterogeneous mixture, which mineralogical consists of cal-
cium (aluminium) silicate hydrates (C(A)SH), portlandite (calcium hydroxide), calcium aluminates 
such as AFm (aluminate ferrite monosulphate) and AFt (aluminate ferrite trisulphate, ettringite) and a 
small percentage of other phases such as hydrotalcite (MgAlCO) or iron ore. HCP consists of the CSH 
phases (mCaO·SiO·nHO) up to  weight. These phases determine the strength and hardness of the 
hardened cement paste and are thus the most important cement phases. They are often described as 
CSH gel due to their amorphous character. The exact chemical composition is given by the molar ratio 
m(CaO)/m(SiO), the so-called C/S ratio. CSH phases in commercially available fresh Portland cement 
have a C/S ratio of .. In aged cement, the C/S ratio is between . and ..16,26  If a cement additive 
such as fly ash or fine-powdered silica is used, the C/S ratio can also decrease below .7 

Through the ingress of ground water or leachate, hardened cement paste (concrete) is slowly de-
graded by leaching out the cement phases over long time periods. Degradation begins within a few 
weeks and stretches over more than , years.27,28 These degradation processes and the associated 
lifetime of concrete/cement are strongly dependent on its properties and on the chemical environment, 
i.e. on the components of the leaching water and its flow rate. For example, the addition of chlorides 
and sulphates, carbonation, decalcification, irradiation or heating can lead to enhanced degradation.29,30  

Cement degradation includes several degradation stages. Figure . shows a schematic illustration 
of the different stages of cement degradation, which is associated with the decrease of the pH value as 
a function of time or the number of pore water exchange cycles. 
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Figure .: Figure .: Changes of pH in cement pore water during cement degradation with time (cycles of pore water ex-
change); adapted from28,31 

In the first stage of the degradation of fresh cement paste, mainly Na+ and K+ ions dissolve from the 
cement matrix. The formation of sodium hydroxide and potassium hydroxide solution results in highly 
alkaline cement pore water (pH ~ ). The second stage is characterized by a stable pH of ., which 
is controlled by the solubility of portlandite. In the third stage, the pH decreases further to ~ , accom-
panied by the release of the remaining cement phases such as CSH, ettringite and calcium aluminates, 
with the CSH phase being the most important phase. If the CSH phases age, the C/S ratio decreases 
from ~ . to ~ . (decalcification). In stage IV of the cement degradation, all cement phases are com-
pletely dissolved and the pH drops below . The composition of the pore water is determined by the 
remaining aggregates and the leaching water. Calcite, silica gel (silicic acid) and other mixtures of min-
erals can be formed.15,28,29,30,31, 32,33 

An accurate description of the CSH structure on both microscopic and macroscopic scales is a 
major challenge due to its (partially) amorphous character. Many publications deal with this question, 
using a variety of methods (XRD with Rietveld analysis, NMR, Raman, IR spectroscopy, TEM, 
SANS).34,35,36,37,38,39,40 At a C/S ratio of . CSH phases have a tobermorite-like structure. The mineral to-
bermorite is a crystalline calcium silicate hydrate, with a structure consisting of linear silicate chains 
in the form of Dreierketten, also called wollastonite-like chains.41 Bernal et al. 8 postulated the so-called 
Dreierketten model for CSH phases for the first time in a pioneering work (Figure .). Here CaO layers 
are present in which the Ca ions are -fold coordinated by oxygen atoms. These CaO layers are sur-
rounded by silicate chains, which are present in the form of Dreierketten. These chains consist of Si-
dimers (paired Si-tetrahedra, Q

p), which are connected by one bridging Si-tetrahedra (Q
b). Si-tetra-

hedra, each of which has two further siloxane bonds, are called Q- tetrahedra (Figure .). At low C/S 
ratios (< .) both types of Si-tetrahedra (Q

p und Q
b) are present. The Q

p-tetrahedra share one O,O 



 
   State of knowledge 

edge each with an adjacent CaO- polyhedra and the remaining oxygen atoms with further Si-tetrahe-
dra. The Q

b-tetrahedra share only one oxygen atom with the pyramidal tip of a CaO- polyhedra. There 
is one free oxygen atom in the Q

b-tetrahedra, which is neutralized by a proton; so-called silanols (≡Si-
(OH)n). The silicate end groups, called Q-tetrahedra, also have free silane (di)ol groups. Water mole-
cules and Ca-ions are present in the intermediate layer. 6,42,43,44,45  

 
Figure .: Schematic  Å-tobermorite-based CSH structure with C/S = . and with denotation of the Si-tetrahedra; ex-
planation see text; adapted from Richardson7 and Taube25 

Some literature describes CSH phases as jennite-like structures.26,46 Jennite, similar to wollastonite, is a 
crystalline calcium silicate which has a higher C/S ratio than tobermorite (C/S (J) .) Figure . shows 
schematically the development of the CSH phases with increasing C/S ratio. At a C/S ratio > ., i.e. 
with increasing pH, the Q

b-tetrahedra are gradually eliminated and the silan(di)ol groups dissociate in 
the intermediate layer or at the end groups. This results in potential binding sites for Ca+- and other 
cations. Grangeon et al. 35 and Matsuyama et al.47 showed by XRD and Si-NMR measurements a short-
ening or depolymerization of the Si-chains (mean number of Si-tetrahedra in the wollastonite-like 
structure) with increasing C/S ratio. Due to the reduced bonding of the eliminated Si-tetrahedra the 
layer-to-layer distance is increased. A further increasing C/S ratio reduces the layer-to-layer distance 
again, because the incorporated Ca+ ions hold the layers together. The final distance of the interlayer 
is determined by incorporated portlandite (Ca(OH)). 
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Figure .: Scheme of evolution of the CSH structure as a function of the C/S ratio from Grangeon et al.35  

Cement also contains several calciumaluminate, like tricalciumaluminate (CA), as essential additional 
constituents. This leads to the formation of multiple calcium aluminate hydrate (CAH) phases. The 
stable tetracalcium aluminium hydrate CAH, the CaO-richest compound, is formed in most silicate 
cements.9 The most dominant and well-known CAH phase at ambient conditions is katoite, CAH. In 
contrast to the CSH phases, CAH phases (e.g. katoite) form crystalline structures with defined diffrac-
tion patterns, provided that no anions are present. The presence of anions like OH-, Cl-, NO

-, CO
-, SO

- 

induces the formation of layered double hydroxides (LDH).48 LDH phases have a typical layered struc-
ture with a repeating pattern that can be represented by the general formula [M+

-x M+
x(OH)]x+ (An-

)x/n∙HO. There is a multitude of layer metal ions (M+, M+) and interlayer anions (An-) possible. In the 
case of CAH-LDH the metal ions are Ca+ and Al+ in different ratios. The layer metal ions (Al, Ca) are 
octahedral coordinated by OH-, leaving a positive charge that is compensated by the interlayer anion. 
49 

2.1.2 Cement admixtures 

Additives are added to the cement to improve the handling of the cement-based materials and to in-
fluence physical properties such as compressive strength, resistance or hardening time. There are many 
different types of additives: superplasticizer, retarder, accelerator, air-entraining agent, anti-corrosion 
agent etc. They consist of a multitude of different substance classes, from simple carbohydrates to com-
plex mixtures of macromolecules. The exact composition of the admixtures is many cases not known 
for reasons of business confidentiality.5,19,50  

Superplasticizers prolong the phase in which the cement paste is liquid and can be brought into 
form. They usually also reduce the amount of water required for mixing the concrete (water-reducing 
additives). This results in a reduction in porosity. Sulfonated naphthalene or melamine-formaldehyde 
poly-condensates and lignin sulfonates are traditional superplasticizers (Figure .). The most com-
monly used retarders, which operate similar to superplasticizers are hydroxycarboxylates (gluconic 
acid, calcium citrate), sugars such as sucrose and glucose, and phosphates (Figure .). Their retarding 
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effect is attributed to the precipitation of poorly soluble Ca-complexes on the CSH grain surfaces.21, 

51,52,53,54  
Polycarboxylate and polycarboxylate-ether based macromolecules (PCE, e.g. Glenium, BASF 

AG, Switzerland) are the most important SP groups (Figure .) since the s due to their high effi-
ciency. They are highly variable due to the large number of possible monomers, monomer combination 
options and the flexible degree of polymerization of the corresponding main and side chains. The neg-
atively charged carboxylate groups of the so-called comb polymers adsorb on the positively charged 
cement grain surface. By steric hindrance of the long side chains in combination with electrostatic re-
pulsion a dispersion of the cement particles takes place. Thus, SP retards the binding of the hydration 
products and the crystallization. This improves the fluidity of the cement paste. After the delayed hy-
dration, the SP are absorbed into the cement phase by adsorption or incorporation.19,20,36,55,56,57,58 

Although cement additives are only present in small quantities in the final concrete (- related 
to the dry mass of the concrete), their total mass in the repository will not be negligible.59 Due to the 
high number of carboxylic functional groups especially PCEs are highly predestined for the complex-
ation of RN. 
 

 
Figure .: Structural formulas of selected cement additives 
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2.1.3 Interaction of radionuclides with cement 

The use of cement-based materials (concrete, mortar) as backfill or construction material in a potential 
repository requires a detailed understanding of the RN uptake in cement and clarification of the influ-
ence of additives. According to the HSAB principle, An(III) and Ln(III) are hard Lewis acids and thus 
bind strongly to hard Lewis bases such as OH groups. Since CSH phases contain many oxygen atoms 
as electron donors, a strong Ln(III)/An(III) sorption on CSH phases is to be expected. Thus, the CSH 
phases play a crucial role in the immobilization process of RN due to the high number of reactive 
binding sites on the surface (reactive surface of  m·g-).60 

In a large number of publications, the sorption of Ln/An in HCP and CSH phases has already been 
investigated and corresponding Kd-values were determined (selection for Ln(III)/An(III) in Table 
.).15,16,61,62,63 Some studies show also that Ln/An are present structurally in the same chemical environ-
ment in HCP and CSH phases, consequently making the CSH phases the main binding partner in 
HCP.64,65,66  

The Ln(III)/An(III) sorption at CSH phases is generally very high and is not influenced by the C/S 
ratio. For Am(III) and Eu(III) an equally strong sorption behavior was observed from Tits and Wie-
land.16 In contrast, Ochs et al.15 found a higher affinity of Eu(III) to CSH phases compared to Am(III). 
These differences are attributed to the higher Eu(III) hydrolysis constant for the : complex (main 
species under highly alkaline conditions), i.e. to the stronger hydrolysis of Eu(III) (see Ref.16,67). Never-
theless, all specific Kd-values are in similar regions ( L·kg− < Kd <  L·kg−,Table .) and the 
small discrepancies may be caused by different experimental parameters.  

Tits et al.68 and Häußler et al.62 explain the high affinity of Ln(III)/An(III) to CSH phases by means 
of the using the concept of inter-ligand electrostatic repulsion between hydroxyl groups in the Am(III) 
coordination sphere. This concept was originally used by Neck and colleagues69 to predict stability con-
stants for An-complexes with inorganic ligands. It suggests that for each oxidation state only a limited 
number of ligands can bind in the first coordination sphere of the corresponding An. For trivalent and 
hexavalent An, a maximum number of four OH groups or ligands is allowed. Thus, the hydrolysis spe-
cies An(III)(OH), which is present from pH > , can bind to a surface, and An(VI)O(OH)−, for ex-
ample, cannot form any further surface complexes.  

While older publications assume a surface complex of Ln/An at the silanol groups in the interme-
diate layers or at the end groups of the CSH phases, in recent years there has been increasing evidence 
of an incorporation of Ln/An into the CSH phases. A two-step process has been identified: a fast surface 
complexation/absorption (inner sphere) or surface precipitation followed by a slow incorporation into 
the CSH phases. For trivalent An, an incorporation into the CaO and an adsorption in the CSH inter-
mediate layer was found. A substitution of Ca+ by the trivalent Ln/An is assumed.64,65,66,76,77,70,71,72,73,74,75  
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Table .: Distribution coefficients of trivalent Ln/An at CSH phases and HCP from the literature 

Metal ion C/S-ratio pH and medium S/L 

kg·L−1 

[Metal]ini 

mol·L−1 

Kd  

L·kg−1 

log Kd Reference

Eu(III) .  –  1.25 HO ·- ·−4  2.7·10  4.43 76 

 .  –  1.25 HO ·- .·−10  1.8·10  5.26 76 

 ./ . .; ACW .·-. 
.·- 

·−9 ( ± )· . ± . 77 

 . .; ACW ·- −10  –  ·−8 ( ± )· . ± . 16 

 HTS cement .; ACW - - - −10 ( ± )· . ± . 78 

Am(III) . –  1.70 HO ·- ·−11 ( ± )· . ± . 79 

 .  –  1.46 HO . - ·- ·−8 · . 62 

 .  –  1.3 . - .; HO ·- ·−6 ( - )· . - . 15 

 CEM I . - .; HO ·- ·−6 ( - )· . - . 15 

HTS − Haute Teneur en Silice, sulphate-resistant Portland cement; CEM I − commercially available Portland cement; ACW − 
artificial cement pore water 

 
During cement degradation additives decompose in the highly alkaline medium to small organic com-
pounds (acetate, oxalate, phthalate, phenol, various hydroxycarboxylates).21,58,80 Conversely, these or-
ganic substances can also accelerate cement degradation, since they cause decalcification of cement by 
Ca complexation.81,82  The Ln/An uptake in cement or CSH phases could consequently be increased by 
the formation of ternary or quaternary surface complexes (Ln/An-ligand-CSH or Ln/An-OH-ligand-
CSH).21,83,84 Furthermore, soluble mixed species (like Ca-Ln/An-OH-ligand)85 could be also formed 
which do not sorb on the CSH surface or which compete with Ln/An for sorption sites on the cement 
surface.  

For instance, α-hydroxycarboxylates can form strong complexes in the alkaline pH range, thus, 
having the ability to influence Ln/An speciation even in the presence of cement pore water condi-
tions.21,83,86,87,88 One important substance in this respect is isosaccharinic acid (ISA), which is a strong 
complexing agent for Ln/An. It is the main degradation product of cellulose under alkaline condi-
tions.24,89 Numerous studies have shown that ISA can increase the solubility of Ln/An under alkaline 
conditions by forming stable Ln/An-ISA complexes depending on the ISA concentration.80,85,89,90,91,92  

Sorption experiments (e.g. with Eu(III)) do not show a significant influence of polycarboxylate-
ether based SPs, sulfonated naphthalene-formaldehyde condensates, lignin sulfonates and their degra-
dation products on the RN sorption on HCP and on the structural properties of the CSH phases (Q 
and Q fractions). Furthermore, very low distribution coefficients (Kd = , -  L·kg-  cf. Table .) of 
the SPs or the low-molecular organic compounds on cement phases were found, which indicates a 
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lower affinity of SP compared to Ln(III)/An(III).20,21,93 Kitamura et. al. showed that polycarboxylate-
ether based superplasticizers did not have a significant effect on the solubility of Th(IV) and Am(III)94. 
Previous work on the influence of cement additives on Ln/An mobilization show that the interactions 
vary according to the respective composition and the chemical properties of the cement additives. Pos-
sible binding mechanisms have hardly been investigated so far.20,21,22 Therefore, additive-specific inves-
tigations are necessary to obtain an understanding of the interactions of Ln/An with the cement addi-
tives (in cement phases). Due to the complexity of cement additives, simplified structural models or 
individual components of the additive mixture must be investigated in order to determine stability 
constants and stoichiometry of the RN (ligand) complexes. 

2.2 Model ligands 

The model ligands used in this work are malic acid (HMal, COOH-CH-CH(OH)-COOH), lactic 
acid (HLac, COOH-CH(OH)-CH), oxalic acid (HOxa, COOH-COOH) and tartaric acid (HTar, COOH-
CH(OH)-CH(OH)-COOH). The focus lies to the investigations with the dicarboxylate malate (Mal, an-
ionic form of malic acid), since almost no thermodynamic and structural data on the Ln(III)/An(III) 
complexation are available. Lac was considered as a small structural unit of Mal (and Tar with one 
hydroxy group more than Mal), and Oxa as a further chelating ligand.  

They are part of the clay organics and part of the cement additives (those in particularly malic and 
tartaric acid) or their degradation products.19,84,95,96,97,98,99,100 These four ligands may also be released into 
a repository by natural pore or surface waters as degradation products of high-molecular organic sub-
stances (like humic substances). Figure . shows the molecular structures and possible entering paths 
of the ligands used. 

For the extrapolation of stability constants to higher temperatures, as expected in a repository, 
enthalpy values of the complexation reactions are required.101 The Specific Ion Interaction Theory (SIT) 
is used for the extrapolation of conditional thermodynamic data into the standard state. The NEA-TDB 
reveals that enthalpy values are not available for a large number of complexing reactions.102 Therefore, 
in this project these enthalpy values the investigated ligands were determined and extrapolated to 
standard conditions. Ionic-strength dependent investigations have been carried out very rarely. How-
ever, due to the varying salinities in the host rocks, such investigations are indispensable to provide 
reliable thermodynamic data for modelling at given salinities. 
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Figure .: Schematic illustration of possible paths of organic substances in a repository. In this work, the degradation 
products, low-molecular compounds, are used as model substances to determine thermodynamic and structural complex-
ation data, taken with permission from25  

Malate as well as tartrate have been used since the s (in addition to gluconate and citrate) as 
a water-reducing cement additive.19,54 Neither thermodynamic nor structural data are known for 
An(III)-Mal complexes. For some Ln(III), stability constants of Mal complexes have been published, 
but they show large discrepancies within one element (Table .). No thermodynamic data are available 
in the standard state at infinite dilution. In only a few articles the molecular structure of mononuclear 
Ln(III)-Mal complexes in the acidic pH range has been investigated and the formation of a chelate ring 
has been proposed.103, 104,105,106,107,108 The exact structure of this chelate ring (,  or -membered) was not 
considered.  

Lactate is used in the Talspeak actinide lanthanide separation process, which may be part of the 
reprocessing of spent fuel.109 An(III)/An(III)-Lac complexes have been already investigated in many 
studies and corresponding stability constants, reaction enthalpies and entropies have been published 
(Table .).110,111,112,113,114,115,116,117 However, only conditional thermodynamic data have been determined, 
mostly with NaClO as the background electrolyte at only one ionic strength. Although NaCl is the main 
constituent of pore waters of clay formations and salt rock with concentrations of  to  mol·L-, only 
few data in this medium are available in the literature.118 Structural investigations of the 
Ln(III)/An(III)-Lac coordination show the binding of the metal ions in a -membered chelate ring via 
the carboxylate and the (protonated) hydroxy group.110,119  

Oxalate is used as Ln and An decontamination, precipitation and separation reagent in several 
technical processes and therefore can be present in a future repository.102,120 Therefore, Oxa is present in 
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large quantities in some repositories (for instance in the Waste Isolation Pilot Plant, New Mexico, Ne-
vada ~ tons121). The side-on coordination over both carboxylate groups of Oxa in Ln/An complexes 
resulting in a -membered chelate ring has already been confirmed by TRLFS spectroscopy and mo-
lecular dynamic calculations.122,123 But similar to Lac, no or only few thermodynamic standard data - 
especially enthalpy values in the standard state - are available. 

Until recently, very little was known about the interactions of An with SPs. In some very recent 
studies, carried out in this GRaZ joint project, thermodynamic and structural data of complexes of 
lanthanides (which are used as surrogates for An(III)) with polycarboxylat-ether based SPs were 
determined for the first time. The authors found a slightly endothermic and entropy driven  to  
complexation with a non-chelate coordination of the lanthanide ions through three carboxylic groups 
(at I = .).124,125,126 Systematic ionic strength dependent thermodynamic data, however, are still missing. 
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3 Methods and materials 

3.1 Chemicals and preparation of aqueous solutions 

The samples for UV-Vis, laser fluorescence and ITC measurements were prepared on a molal scale 
(mol·kg-, "m") to avoid concentration changes due to density changes at different ionic strengths. If 
necessary, the conversion to the molar concentration scale was performed using the conversion factors 
given in NEA-TDB.102 

Stock solutions of Nd(III), Eu(III) and the ligands. Ultrapure water (. μS·cm-, TKA Micro Pure, 
JWT, Jena, Germany) was used for the preparation for all samples. All chemicals were used without 
further purification. The Nd(III), Eu(III), malate, lactate, oxalate and PCE stock solutions were prepared 
by weighing the respective compound (Table .) and dissolving in ultrapure water. The concentration 
of the ligand stock solution was checked by determining the total organic carbon content (multiN/C 
, Analytik Jena, Germany). The concentrations of Nd(III) and Eu(III) were determined by using 
inductively coupled plasma-mass spectrometry (ICP-MS, NexION X, Perkin Elmer, Waltham, USA). 

Am(III)-stock solution. Am was received from Oak Ridge National Laboratory as AmO. The 
oxide was dissolved in  M HCl. The obtained stock solution contains .·- mol·L- Am und 
.·- mol·L- Am. The purity of the isotopes was checked by α - and -spectrometry, whereby 
only the daughter nuclide Np was determined in equilibrium (~ . ). Aliquots of this solution 
were used for ITC, UV-Vis and EXAFS experiments. Due to radiation protection requirements the 
handling of Am was carried out only in a glove box. Therefore, weighing of the substances was not 
possible and all Am(III) solutions were prepared on the molar scale. 

Cm(III)-stock solution. For investigations with Cm a .·- mol·L- stock solution of the long-
lived Cm-isotope Cm in . mol·L- HClO was used. The solution is composed as follows: .  
Cm, .  Cm, .  Cm, .  Cm and .  Cm. 

pH measurements. The pH values of the solutions were measured at low ionic strength (Im < .) 
using an InoLab pH  pH meter (WTW, Weilheim, Germany) and a pH glass electrode (SI Analytics, 
BlueLine  pH, Weilheim, Germany). Two-point calibrations of the pH-electrode were performed with 
buffer solutions (Certipur, Darmstadt, Germany). By adding HCl and NaOH solutions at different con-
centrations (standard solution between . to  M, Carl Roth, Karlsruhe, Germany) the required pH 
value was adjusted. Solid sodium chloride was finally added as background electrolyte. The ionic 
strength was typically . m NaCl except for the ionic strength dependent measurements. At high ionic 
strengths the measured pHexp does not correspond to the thermodynamic pHc due to the ionic strength 
dependence of the H+ activity coefficient  (Equation .).  

pH𝒄= - log [H+] =  - log
aH+

γH+
 . 

The thermodynamic pHc is calculated from the experimental pH value (pHexp) and a correction 
function A (Equation .). The correction function A is determined experimentally by calibrating the 
electrode using calibration solutions with defined NaCl and H+ concentrations (Equation .). Thus, 
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the pHexp value of each salt solution can be corrected.127,128 For Im ≤ . pHexp is equivalent to pHc within 
the uncertainties of .. It should be noted that the correction function A (Equation .) is only valid 
for the used electrode. 

pHc = pHexp + log γH+ =  pHexp + A . 

A = - . mNaCl
 2 + 0.2285 mNaCl - 0.1075 . 

 

3.2 Batch experiments with CSH and CAH phases 

All sorption experiments with CSH/CAH phases were performed in a glove box (MBraun, Labmaster, 
Garching, Germany) under a nitrogen atmosphere (pO, pHO <  ppm). Ultrapure water was boiled and 
then rinsed with nitrogen in the glove box. 

For the preparation of the CSH phases, ultrapure water (for alkali-free CSH phases) or artificial 
cement pore water (ACW) was added to mixtures of AEROSIL  (SiO) (Evonik, Essen, Germany) 
and CaO (Sigma-Aldrich, reagent grade, Darmstadt, German, calcinated at  °C) in PFA tubes or 
Grainer tubes. The weighed amounts of the used solids and the solvent depended on the C/S ratio (. 
to .) and the solid-to-liquid ratio (s/l ratio from ·- to .·- kg·L-), respectively. The composi-
tion of the ACW of [NaOH] = . mol·L- and [KOH] = . mol·L- is based on an estimation of the 
cement pore water composition in hardened cement paste before cement degradation.16 To prepare the 
alkaline stock solutions, NaOH or KOH pellets were rinsed with boiled ultrapure water and a supersat-
urated solution was then prepared. Their concentrations were determined by ICP-MS.  

For the preparation of the CAH phase (mainly katoite) a solution of . M NaOH was prepared 
from NaOH pellets in ultrapure water. The NaOH pellets were rinsed with ultrapure water in a glovebox 
to remove the carbonate layer. To this solution or pure water a precursor, CaAlO (CA, calcinated at 
 °C and checked via thermogravimetry for residual carbonate), was added. The C/A ratio was given 
by the precursor. 

Following these preparations, aliquots of metal (Eu, Nd), ligand or metal-ligand stock solution (see 
above) or weighed amounts of these substances were added to the CSH and CAH suspensions. 

The CSH/CAH suspensions of inactive samples were homogenized in an overhead shaker for at 
least  weeks, then filtered via a Büchner funnel with filter paper (Sartorius, grade , Göttingen, Ger-
many) using a peristaltic pump, the filter cake was briefly washed with ultrapure water, and the solids 
were lyophilized. Random samples of the supernatant were analyzed by ICP-MS for Ca, Si, Al, Eu/Nd 
(Na and K). The C/S ratio was determined from the initial amounts of ni (Ca/Si) (weighed amounts of 
CaO and SiO) minus the Ca and Si concentration in the equilibrium solution of the CSH phases csol 
(Ca/Si) measured by ICP-MS (Equation .). The solids were also analyzed by ICP-MS (HF digestion) 
and used to check the C/S ratio determined by weighing. 
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C:S =  
ni Ca - csol(Ca) ∙ V
ni Si - csol(Si) ∙ V

 
. 

For the batch experiments with radiotracers, aliquots (in μL) of a Am-(· Bq/μL), Cm-
( Bq/μL), Eu- (.· Bq/μL) or C-labelled Mal stock solution (. Bq/μL) were added to the 
freshly prepared CSH suspension in water or ACW in addition to their inactive analogues (exception: 
Am, Cm). The doped CSH suspensions were shaken in an overhead shaker for at least  weeks and then 
centrifuged (Sigma Laboratory Centrifuges KoH, Osterode, Germany; Cm: , g,  min; Am: 
, g, x  min). The Cm-doped CSH phases were shaken for  days. Aliquots of the supernatant 
of the Cm(III)- and C--doped samples were analyzed by LSC (Tricarb , Perkin Elmer, USA) 
and aliquots of the supernatant and suspension of the Eu and Am doped samples by -counting 
(Hidex AMG, Finland).  
 

3.3 Analysis of the batch experiments and general experimental uncertainties 

The sorption of radionuclides (RN) on solid phases is quantified by using the distribution ratio Kd, 
which describes the distribution of RN between liquid and solid phase and is defined as follows: 

 

Kd =  
MS

[M]
 =

[MS]

[M]
 ∙ 

V

m
 = 

MT - M

M
 ∙

V

m
      

L·kg- . 

MS is the concentration of RN on the solid phase in mol·kg-, [M] und [MS] are the RN concentrations in 
the liquid or solid phase in mol·kg-. [MT] is the total concentration of RNs in the suspension in mol·kg-. V 
is the volume of the liquid phase in liter and m is the mass of the solid phase in kg. 

In this work, the Kd values were determined by means of batch experiments with radiotracers, i.e. 
they are calculated by the ratio of the activity of the RN in the solid phase and in the supernatant 
solution (liquid phase) (Equation .). 

Kd =  
AS

Al
 = 

(Asusp-Al )

Al
  ∙ 

V

m
      

L·kg- . 

As is the activity of the RN in the solid phase in cpm·kg-, Asusp is the activity in the suspension in cpm·L- 
and Al is the activity in the state of equilibrium (supernatant solution) in cpm·L-.  

Normally, the statistical error is negligible for activity measurements with a sufficiently high count 
rate in contrast to other systematic and random errors. However, because the sorption of trivalent 
Ln/An on CSH phases is very high, very low activities are present in the supernatant solution, which 
are not significantly higher than the background activity even if the counting times are reasonably long. 
Therefore, the statistical error of the counting rates can increase significantly, so that the detection limit 
of the measuring method is reached.  
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Tits et al.129 introduced the maximum sorption value, Kd,max (Equation .). The Kd,max  value is the 
largest distribution ratio that can be measured with sufficient accuracy. It is based on the total activity, 
the background activity and the s/l ratio 

Kd,  max =  
(Asusp- Al, min)

Al,min
 ∙ 

V

m
      

L·kg- . 

Asusp is the total initial activity in the suspension in cpm·ml-, Al,min the minimum measurable activity in 
the supernatant in  cpm·mL-, m is the solid mass in kg und V is the volume of the solution in L 

Al,min  represents the minimum measurable activity that can be determined for the selected meas-
uring time t. It is described by the minimum measurable net count rate in the supernatant Cl,min (Equa-
tion .). This count rate Cl,min (Equation .) is necessary to obtain results with a relative uncertainty 
<  . 

Al, min =  
Cl,  min

t
  cpm·mL- . 

Cl,  min =  ∙ (  +  + . ∙ B )    counts·mL- . 

Al,min is the minimum measurable activity, Cl,min is the minimum measurable net count rate and B the 
background count rate in counts·mL- for the measuring time t. 

 

The Kd,max values determined in this project are listed in Table ..  
The determination of Kd values is influenced by several error sources, which may be of random or 

systematic origin. The systematic errors can be caused by incorrectly calibrated instruments or incor-
rect measurement conditions. Random errors can result from a heterogeneous distribution in the solid 
samples (e.g. in sorption experiments), from sample preparation (e.g. weighing, dilution etc.) or from 
the measurement of activity or concentrations. The largest uncertainty of the Kd values results from 
errors of the s/l ratio (thus from the preparation of the CSH suspension) and the activity measurements 
of the suspension (Asusp) and the supernatant (Al). Uncertainties of the activity of the blank solution 
and the uncertainty of the volume can be neglected. Insufficient phase separation and the resulting 
transfer of solid phase into the supernatant can lead to a considerable overestimation of the activities 
(Al) in the supernatant solution. Furthermore, aliquots of the CSH suspension were taken by means of 
a pipette to prepare samples with the same s/l ratio (and different additive additions). The preparation 
of diluted CSH suspensions depends strongly on the homogeneity of the concentrated suspension. In-
homogeneities can result in large uncertainties of the s/l ratio. These uncertainties are difficult to quan-
tify. For this reason, randomly chosen experiments were repeated to estimate the error of Kd. The errors 
are within  . In the case of several independent measurements, a mean value with a standard devi-
ation σ is given. For σ error specifications,   of all measurement points are within the confidence 
interval. In this report all error data were calculated according to the recommendations of NEA-TDB.102   
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Table .: Kd,max values  

experiment s/l 

 
kg·L- 

measure-
ment time t 

 
min 

backgound 
count rate B 

counts·mL- 

Cl,min 

 
counts·mL- 

Al,min 

 
cpm·mL- 

Asusp 

 
cpm·mL- 

log Kd, max 

 
 

C- ·-    .  . 

Eu- ·-    .  . 

Cm- .·-    .  . 

 

3.4 Extended X-ray absorption fine structure spectroscopy 

Extended X-ray absorption fine structure (EXAFS) spectroscopy has been widely used for the element-
specific structural analysis of actinide complexes, because it allows the investigation of local environ-
ments of atoms in liquids and amorphous solids. 130,131,132,133,134,135,136,137138  

 

Sample preparation 

For the EXAFS experiments, aliquots of the Am(III) stock solution described above were used. For the 
investigation of the Am(III)-Mal complexation, a number of samples with varying pH values were pre-
pared (detailed sample composition in Table .). From each sample  μL were filled into a PE sample 
holder, sealed with a cap and placed in a sample tube.  

 



 

  Methods and materials  

Table .: Experimental details on the aqueous EXAFS samples IM = .-. (NaCl) 

Sample number pH -value [Am(III)] / mol·L−1 [Mal]* / mol·L−1 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 .·−2 

 . .·−3 - 

 . .·−3 .·−2 

* – [Mal]total is the concentration of malic acid or sodium salt independent of the protonation state.  
 – EXAFS- spectrum of a solid and the supernatant solution were measured. 

For the investigation of the Am(III) and  the Am(III)-Mal sorption on CSH phases, a series of samples 
with different C/S ratios and/or Mal concentrations in ultrapure water was prepared (Table .). The 
CSH phases were transported under liquid nitrogen and measured as wet pastes. Analog CSH pastes 
were prepared with Eu(III) und measured by PXRD to confirm the presence of CSH phases.  
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Table .: Experimental details of the sorption samples for EXAFS measurements, s/l = ·- kg·L- 

Sample number pH-value C/S  [Am(III)] / mol·L−1 [Am(III)] / ppm [Mal]* / mol·L−1 

a . . .·−4  - 

b . . .·−4  - 

c . . .·−4  - 

d . . .·−4  .·−3 

e . . .·−4  .·−3 

f . . .·−4  .·−3 

g . . .·−4  .·−5 

h . . .·−4  .·−5 

 – The Am(III)- concentrations were measured by α-spectrometry and are related to the wet mass of the CSH phases. * – 
[Mal]total is the concentration of malic acid or sodium salt used regardless of the protonation state.  

Measurement conditions 

The EXAFS measurements at the Am LIII edge (, eV) were performed at the Rossendorf Beamline 
(ROBL, BM) of the European Synchrotron Radiation Facility (ESRF) at electron energies of  GeV 
and a beam current of  mA. The polychromatic synchrotron radiation is focused by two Rh-coated 
mirrors and directed onto a water-cooled Si() double-crystal monochromator, which generates 
monochromatic light of different wavelengths by changing the angle of the crystals and thus allowing 
the acquisition of spectra. A gas-filled ionization chamber measures the incident photon flux I, fol-
lowed by the sample in a cryostat (placed in a glove box). In the second ionization chamber I the 
intensity of the beam behind the sample is measured. A third ionization chamber I measures simulta-
neously the absorption of a reference sample. In this case the Zr K edge (, eV) of a Zr metal foil 
is used for energy calibration. For each sample,  -  energy scans were performed and averaged to 
obtain a sufficiently high signal-to-noise ratio. The acquisition of the Lα, signal was performed in 
fluorescence mode using a -element Ge detector, since measurements in transmission mode would 
lead to a higher experimental error at the used Am(III) concentration 

Data analysis186,139 

The data processing of the measured EXAFS spectra was performed using the EXAFSPAK140 program, 
which contains standard procedures for energy calibration, statistical weighting of the  fluorescence 
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channels, their dead time correction, averaging of several scans, the extraction of the EXAFS signal and 
and the adjustment. In order to extract the EXAFS signal, first a background correction and normali-
zation was performed. For this purpose, a spline function with a fixed number of individual polynomi-
als and degrees is used. In addition, the energy of the incident X-ray photon is converted into the ab-
solute value of the wave vector of the photoelectron k. To calculate the kinetic energy of the photoelec-
trons, the ionization potential (E) of the Am LIII edge was set to , eV and defined as a free pa-
rameter according to ΔE = E - Et (ΔE- energy shift, Et - theoretical ionization potential) in the shell 
fit. Theoretical backscatter phases and amplitudes were calculated ab-initio with the program FEFF 
.141. 

The radial EXAFS resolution of the Am(III) samples is . Å, which is given by the used k-interval 
of . - . Å- (ΔR = π/2Δk).  For the FEFF calculations of the aqueous samples a modified XRD 
structure of a Nd(III)-Mal/Fumarate solid108 and AIMD structures of the Nd-(HO)(HO)n, Nd-
Mal(HO)(HO)n and Nd-Mal(HO)(HO)n complexes186 were used. In all structures Nd(III) was re-
placed by Am(III) and multiple scattering paths up to the third order were considered. In addition, H 
atoms were neglected and only scattering paths up to a radial distance of  Å were considered. A de-
tailed description of the FEFF calculations, the scattering phase and amplitude functions used for the 
shell fits is given in Taube et al.186 For the FEFF calculations of the solid samples the  Å-tobermorite 
structure from Merlino et al. 142 was used, where one Ca was replaced by Am(III). 

Furthermore, the iterative transformation factor analysis (ITFA)212 was applied for the decomposi-
tion of series of EXAFS spectra into linear independent spectra and for the determination of the cor-
responding fractions of the spectral components (see also139,186) 

 
 

3.5 Time-resolved laser-induced fluorescence spectroscopy 

Fluorescence spectroscopy is an excellent method to study the coordination chemistry of Ln/An. 
Eu(III) is very often used as inactive fluorescence probe due to its excellent luminescence properties 
(with a detection limit of Eu ~·- mol·L-). Among the fluorescent An(III), especially Cm(III) is used 
for investigations in the ultra-trace range due to its very sensitive fluorescence (with detection limit of 
~·- mol·L-). Am(III) fluoresces only very weakly with a very short fluorescence lifetime in the ns 
range. 

 

Sample preparation 

The TRLFS experiments of the Eu(III)-Mal-speciation were performed with ·- m Eu(III) and ali-
quots of ., . and . m Mal solutions at different pH values. The total Mal concentration was 
·- to ·- m at the end of the titrations. For the pH series [Eu] = ·- m and [Mal] = . m were 
used. The Cm(III) titration with Mal was carried out in a glove box under nitrogen atmosphere. For 
TRLFS measurements of the Eu(III)- and Cm(III)-CSH sorbent samples, the freeze-dried (not done for 
Cm(III)) CSH phases were slurried with very little ultrapure water, dropped onto the sample holder and 
air-dried. The sample holder was then sealed and cooled in a cryostat to <  K. The s/l ratio of the CSH 
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samples was .·- or .·- kg·L- respectively (for experimental details on all titrations see Table 
.). 

Table .: Experimental details of the TRLFS titrations with Eu(III) and Cm(III) in aqueous solution (concentrations were con-
verted from molal to molar) and on the sorption samples 

Sample/series Im / medium bzw. C/S pH-value [M(III)] / mol·L−1 [Mal]* / mol·L−1 

Eu(III)-S . m NaCl . .·−6 – .·−6  – .·−1 

Eu(III)-S . m NaCl . .·−6 – .·−6  – .·−2 

Eu(III)-S . m NaCl . – . .·−6 – .·−6 .·−3 – .·−3 

Cm(III)-S . m NaCl . .·−7 – .·−7  – .·−2 

Eu(III)-CSH C/S . . .·−4 ≙ 1278 ppm  

Eu(III)-CSH C/S . . .·−4 ≙ 1285 ppm .·−4 

Eu(III)-CSH C/S . . .·−4 ≙ 1530 ppm - 

Eu(III)-CSH C/S . . .·−4 ≙ 1530 ppm .·−3 

Eu(III)-CSH C/S .§ . .·−4 ≙ 1530 ppm - 

Eu(III)-CSH C/S .§ . .·−4 ≙ 1530 ppm .·−3 

Cm(III)-CSH C/S . . .·−6 ≙ 28 ppm .·−2 

Cm(III)-CSH C/S .§ . .·−6 ≙ 28 ppm .·−2 

* – [Mal]total is the concentration of malic acid or sodium salt independent of the protonation state;  – The Eu(III)- concen-
trations were measured by ICP-MS and are related to the dry mass of the CSH phases;  – in . M NaOH; § – Portlandite 
content included.  

The TRLFS experiments of the solid Eu(III)-CAH phases were performed with (-)·- m Eu(III) 
and (-)·- m NaCl at <  K 
 

 

Devices and measurement 

For aqueous speciation studies of Eu(III) a pulsed Nd : YAG-OPO laser system (Green PANTHER EX 
OPO, Powerlite Precision II  Laser, Continuum, USA) was used, which generates an excitation 
wavelength of  nm. The laser pulse energy was ~ mJ. The sample was placed in a standard  mm 
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cuvette temperature controlled (T = °C) sample holder equipped with a stirring magnet. The lumi-
nescence from the sample was collected by a glass fiber at ° and detected by a multi-channel analyzer 
which consists of an Oriel MS  monochromator, a spectrograph with different optical grids and an 
Andor iStar ICCD‐camera (Lot‐Oriel Group). The gate width of the camera was set to  ms. A grating 
of  lines per mm was used. The resulting spectral range was  −  nm with a resolution of . 
nm. The time interval between two recorded spectra was set dynamically in the range between  −  
μs. A series of time-resolved spectra usually contained up to  single spectra. 

For the titration of Cm(III) with Mal the same laser system was used and an excitation wavelength 
of . nm was set. The time-resolved measurements ( spectra) were recorded with dynamic step 
widths or delay times (delay time [ps]= · + · x) in the range  -  μs. 

The TRLFS measurements at direct excitation (site-selective) were performed on a pulsed Nd : 
YAG (Surelite SL I-, Continuum, USA) dye laser system (Radiant Dyes NarrowScanK, Wermels-
kirchen, Germany). The luminescence of the samples was guided to the spectrograph (Andor Shamrock 
i) with different optical gratings by means of fiber optic cables and detected by an ICCD camera 
(Andor iStar DHT-H-). The laser pulse energy and wavelength were measured using an optical 
power meter (Newport -R, Irvine, USA) and a wavelength meter (High Finesse WS-, Tübingen, 
Germany). Excitation spectra for Eu(III) were recorded between  and  nm in . - . nm steps 
(intensity integrated over the F peak) and for Cm(III) between  and  nm in . - . nm steps, 
a gate width of  -  ms and a slit width of  -  μm with a  lines per mm grating. Additionally, 
time-resolved spectra with dynamic delay times of  -  μs and  -  μs were recorded at selected 
wavelengths. 

For the Cm(III) measurements, a dye change from sulphorhodamine B to rhodamine B and rho-
damine  was performed at  nm.  

For Am(III)-TRLFS measurements a Nd : YAG-MOPO laser system (Spectra Physics, Mountain 
View, USA) was used with an excitation wavelength of  nm and laser pulse energy of  mJ. The 
luminescence of the sample was recorded by spectrograph (M) and an ICCD camera (Spectrum 
One, Horiba-Jobin Yvon, Japan). The measuring interval (gate width) was  μs. The time-resolved spec-
tra were recorded with delay times of  -  μs. 
 

Data analysis 

To calculate the fluorescence decay lifetimes, Equation . was fitted to the spectral decays of the in-
tegrated luminescence signal. 

  I t =  I,i  exp(-t/ τi)

    n

i = 

 . 

I(t) − total luminescence intensity at the time t; I,i − Luminescence intensity of species i at time t = ; τi − 
Fluorescence lifetime of the species i 
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The lifetime τ is related to the number of water or hydroxide molecules in the first coordination sphere 
of the metal ion assuming that the coordinating ligand is not a quencher and does not contribute to 
the relaxation of the excited state (Equation .-.)143,144,145 

nH2O ± . = . ∙ τH2O
-1 (ms) - .   für Eu(III) . 

nH2O ± . = . ∙ τH2O
-1 (ms) - .  für Cm(III) . 

nH2O ± . = . ∙10-4 ∙ τH2O
-1 (ms) - .  für Am(III) . 

 
For the Eu(III)-aquo ion a fluorescence lifetime of  ±  μs was determined in water with nine coor-
dinating water molecules.143,205 The fluorescence lifetime of the Cm(III)-aquo ion is  ±  μs 
(nHO = . ± .)144 and that of the Am(III)-aquo ion is  ±  ns (nHO  = . ± .)205. If the water 
molecules are replaced by other ligands, the fluorescence lifetime increases. An inner sphere complex 
is present. If the fluorescence lifetime remains constant, an outer sphere complex exists, since the num-
ber of water molecules does not change. 

 

Analysis using parallel factor analysis (PARAFAC) 

Parallel factor analysis (PARAFAC, implemented as an N-way toolbox in MATLAB software146) was 
used to determine stability constants for TRLFS and UV-Vis measurements. Detailed information on 
the algorithm can be found in147. In the case of TRLFS data, the decomposed matrices contain infor-
mation about the species distribution, luminescence spectra and luminescence lifetimes. PARAFAC has 
recently been successfully applied to several RN (in)organic systems using three-dimensional TRLFS 
data.148,149,150,151,152,186 The deconvolution of two-dimensional data such as UV-Vis spectra gives the distri-
bution of the species and corresponding single component UV-Vis spectra. The great advantage of 
PARAFAC - finding a unique solution - does not apply for D data. In order to compensate for this 
disadvantage of the rotational invariance of D PARAFAC, these data were decomposed using a global 
analysis approach. For this case, UV-Vis data of several series (concentration and pH series) were ana-
lyzed simultaneously. The resulting uniqueness is further optimized by limiting the distribution of the 
species to their chemical distribution, as already shown in Drobot et al.149 Multiple PARAFAC runs with 
randomly selected start vectors result in variations in the obtained minima, which reflect the realistic 
uncertainties of the values to be determined. 

3.6 Isothermal titration micro-calorimetry 

Isothermal titration (micro-)calorimetry (ITC) is used for the simultaneous determination of complex 
stability constants and complexation enthalpies as shown for example in153,154,178.  The Equation . is 
the basis for titration calorimtry. The net reaction heat Qr,p is a function of the enthalpy of the reaction 
ΔrHp,j and the number of moles Δnp,j, of the jth reaction product at point p (Equation .) Δnp,j, again 
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is a function of the cell volume V, of the concentrations of the components p and of the equilibrium 
constants of the reactions taking place in the reaction vessel (Equation ., .). If the stability con-
stant(s) of the reaction(s) is (are) known, Equation . is linear and the complexation enthalpy is 
obtained by fitting the experimental to calculated heat curve using the least square method.  

 

Qr,j = ΔrHp,j ∙ np,j

p

 . 

Qr,j = V ∙ ΔrHp ∙ [LB,p]
p

 . 

[LB,p] = [M] ∙ 
np Kp [L]

1 + Kp [L]
 

. 

U Kp,ΔrHp  =  Qr,p -  Δnp,j  ∙ΔrHp
p

  2
m

j=

 

. 

Qr,j – heat of reaction at the titration step j , np,j – number of moles of the p-th species for the titration step  
j, ΔRHp – molar enthalpy of reaction of p-th species, LB,p – concentration of the bound ligand of the spe-
cies p, V reaction volume, [M] – total concentration of the metal, Kp– binding constant of the species p, U – 
sum of least squares, should be minimized 

Devices and measurements 

Calorimetric titrations were performed with the isothermal titration micro-calorimeter iTC (GE 
Healthcare). The volumes of both the sample and the reference cell are  μL. n aliquots (nmin = , 
Vmax =  μL) of the titrant were titrated into the sample cell in . -  μL steps under continuous 
stirring with a rate of  rpm. The temperature for all experiments was constant at  °C. The time 
intervals between two injection steps were  -  s.  In a typical titration experiment (except the 
experiments with PCEs and PA) the sample cell contains the metal ion solution ([M] =  -  ·− m, 
pHC ~ .) and the syringe is filled with the ligand solution ([Mal] = ·− m bis ·− m, pHC ~ .) 
at the same background electrolyte concentration and pH value.  

Experiments with PCEs were carried out with PCE in the sample cell ([PCE] =  -  mg/g) and 
Eu(III) in the syringe ([Eu+] = ·− -  ·− m) also at the same background electrolyte concentra-
tion (NaCl or CaCl) and pH value (pHC between . and .). The pHC was controlled before and after 
the calorimetric titration to exclude changes of the protonation state of the PCEs and PA ligands. 

The ionic strength dependent measurements were performed in a range from . to . m NaCl 
and in the case of PCEs also in . to . m CaCl. With regard to complexation, the protonation en-
thalpies of Mal, Lac and Oxa were determined in separate experiments. For this purpose, ligand con-
centrations of ·− m to ·−2 m (pHp H(o „² ~ 7) and HCl concentrations of 0.1 m to 0.2 m were used. 
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n additions of the titrant produce n heat peaks, which give ΔQex,j at each step j (with   j  n) after 
integration. The stepwise heats ΔQex were corrected for the dilution heat of the titrant and the heat of 
stirring. The latter two ones were determined in separate experiments using blank solutions containing 
corresponding concentrations of sodium chloride or calcium chloride. The resulting net heat of reac-
tion is ΔQr,j.  

The calorimeter was validated by measuring the enthalpy of the reaction of CaCl with EDTA (in 
MES buffer at  °C and pH ., Test Kit from GE Healthcare), which is well documented in the litera-
ture. The obtained value (-. ± . kJ·mol-) is in excellent agreement with the literature data (-
. ± . kJ·mol-).  

Data analysis 

The integration of the Qex,j heats was done using Origin 155 and NITPIC156, 157 software. The CHASM158, 
SEDPHAT159 and HypDH153 software were used to determine the complexing and protonation constants 
and the corresponding enthalpies.  

The conditional molar rHm and log βm values of the complexation reactions were obtained by 
fitting the experimental heat with fixed conditional log βm and rHm of the respective protonation re-
action. For the Nd(III)-Mal complexation two complex species with : and : stoichiometry and for 
the Eu(III)-Lac, Nd(III)-Oxa and Eu(III)-PCE complexation only one complex species were considered. 
The values of the ion product and the enthalpy of formation of water were taken from NIST database 
./175. Each ITC experiment was performed at least twice and the values obtained were averaged. 

 

3.7 Supplementary spectroscopic and analytical methods 

3.7.1 UV-Vis spectroscopy 

 
The UV-Vis studies with Nd(III) were carried out by using a Cary Variant  (Agilent Technologies 
Inc., USA). Aliquots of a ., . or . m Mal solution were titrated into a ~ ·- m Nd(III) solution 
at constant pHc and measured in a  mm quartz cuvette (see Table . for experimental details of the 
UV-Vis series). At the end of the titration Mal concentrations of . m to . m were present. The pH 

series was performed in a  cm flow-through cuvette with [Mal] = . m. All spectra were recorded 
between  -  nm. The spectral resolution was . nm. 
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Table .: Experimental details of the UV-Vis titrations. Concentrations were converted from molal to molar. 

sampe/ serie Im / medium pH-value [M(III)] / mol·L−1 [Mal]total / mol·L−1  a 

Nd(III)-S . m NaCl . .·−4 – .·−3   – .·−2 

Nd(III)-S . m NaCl . .·−4 – .·−4  – .·−2 

Nd(III)-S . m NaCl . .·−4 – .·−4  – .·−1 

Nd(III)-S . m NaCl . – . .·−4 – .·−4 .·−2 – .·−2 

Nd(III)-S . m NaCl . .·−4 – .·−4  – .·−2 

Am(III) . m NaCl . – . .·−3 –.·−3 .·−2 – .·−2 

a – [Mal]total is the concentration of malic acid or sodium salt independent of the protonation state 

Am(III) absorption spectra (experimental details in Table .) were recorded between  and  nm 
with  accumulations using a multi-channel analyzer (Carl Zeiss MCS, Jena, Germany) with a 
resolution of . nm/pixel. The deuterium halogen light source DH- (Avantes, Eerbeek, Nether-
lands) was connected to the cuvette holder and the spectrograph by a fiber optic cable.  
The Am(III)- and Nd(III)-absorption spectra were baseline corrected, normalized and analyzed using 
PARAFAC to determine stability constants (see chapter .) 
 

3.7.2 Infrared spectroscopy 

Infrared spectroscopic experiments were performed with a Vertex /V vacuum FT-IR spectrometer 
(Bruker Optics Inc., USA) equipped with a mercury cadmium telluride detector. All experiments were 
performed under normal atmosphere at  ±  °C.  

An attenuated total reflection unit (DURA SamplIR II, Smiths Inc.) with a horizontal diamond 
with nine internal reflections on top and an incidence angle of ° was used for the measurements of 
the aqueous samples (as well as the Nd(III)-Mal solid). A flow cell with a volume of  μL was mounted 
to minimize interference with the background signal. The spectra were recorded with a spectral reso-
lution of  cm-. First, the spectra of the pure Mal ligand at pH  to  were recorded as reference spectra. 
Complexation with Nd(III) was investigated at a fixed metal-ligand ratio of  :  (- M) at IM = . in 
the pH range from  to . All absorption spectra were obtained using a background spectrum of a pure 
electrolyte solution. To calculate the difference spectra, the single-channel spectra of the dissolved lig-
and measured at the same pH value were subtracted from the single-channel spectra of the solutions 
with metal ion and ligand (according to Lambert-Beer's law). Thus the positive and negative bands in 
the difference spectra represent oscillation modes of the Mal ligand in the presence and absence of Nd, 
respectively. 
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The CSH solid samples were prepared as KBr pellets and the spectra were recorded as transmission 
spectra with a spectral resolution of  cm-. A carbonation of the samples over the period of the meas-
urement could be excluded. The CSH phases were mixed with . mol·L- of the respective additive 
having the same pH value, which was adjusted by adding . mol·L- NaOH to the CSH suspensions (see 
chapter .). 

 

3.7.3 NMR spectroscopy 

The NMR measurements were performed at room temperature using a Bruker Ascend  MHz NMR 
spectrometer with a H/X MAS BL . sample head. The MAS rotation frequency is  kHz. 

The Si-MAS NMR spectra were recorded at a resonance frequency of . MHz with the fol-
lowing parameters:  kHz rotation speed;  scans; . μs pulse length;  s pulse recovery time. 
The observed Si-resonances were analyzed using the Qn classification, where one Si trahedra is bound 
to n further Si tetrahedra (n =  to ). 

The chemical shift in the Si-NMR spectra was calibrated using DSS (,-dimethyl--silapentane-
-sulfonic acid, sodium salt) as the external standard (. ppm). Adamantane was used for the refer-
encing of C and H (. ppm and . ppm, respectively). 

The data acquisition and processing of the NMR spectra were performed with the software Top-
Spin . (Bruker, Germany) and the data analysis with the dmfit software160. The peak shape of the Si-
NMR spectra was fitted with a Gauss/Lorentz curve, the FWHM was ≤  ppm. Two peaks each, for Q- 
and Q-tetrahedra were fitted. In this work, relatively narrow Si-signals are shown, which allow an in-
tegration with an error of   after peak deconvolution. 

From the intensities of the Si peaks, the mean main chain length (MCL) can be calculated using 
Equation .. Here Q

p represents the paired, QB the bridging and Q
u the tetrahedra, which are con-

nected by a hydrogen bridge to another bridging Si tetrahedra (see Figure .). It is assumed that one 
Q

p-and two Q
b tetrahedra are present (Q

p / (Q
b + Q

u) = ).161,162 

MCL = 
 2 ( Q1+ Qp

2 + Qb
2 + Qu

2)

Q1  
. 

Al-MAS NMR spectra were recorded with a resonance frequency of . MHz with a pulse length 
of  μs, a recycle delay of  s and an accumulation of  scans. The chemical shift was calibrated 
externally to  ppm using Al(NO)(aq). 

3.7.4 Thermal analysis 

Thermogravimetric (TG) and differential scanning calorimetry (DSC) investigations were carried out 
with a STA  F Jupiter (Netzsch, Selb, Germany) instrument. For this purpose  -  mg of the 
sample were weighted and heated using a heating rate of  K/min from  to  °C under an argon 
flow rate of  mL/min. The sample chamber was evacuated immediately after the positioning of the 
sample crucible and flushed with argon to prevent the sample carbonation. The onset temperature, peak 
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areas, the derivation and smoothing of the DSC curves were performed using the Netzsch Proteus TA 
software. 

3.7.5 PXRD measurements 

X-ray diffraction (XRD) measurements of the CSH/CAH powders were performed between ° and ° 
θ with a Bragg-Brentano diffractometer (Rigaku MiniFlex , Tokyo, Japan) using Cu Kα radiation 
and a graphite monochromator. The resolution was . - .° θ with a scanning time of °/min. The 
diffractometer was calibrated before the measurements. An inert gas sample holder was used for the 
measurements. For the solid phase characterization, the ICDD PDF database was used. 

3.8 Ab-initio molecular dynamics (AIMD) simulations 

Ab-initio molecular dynamics (AIMD) simulations were performed using the FROG module imple-
mented TURBOMOLE program.163 A time step of  fs was chosen for the simulations. Initial velocities 
were set randomly according to a temperature of  K. The average temperature was adjusted by cou-
pling the system to a Nosé-Hoover thermostat of  K.164 The Nd(III) ion was described by an 
ECPMWB f-in-core potential and corresponding basis sets in triple zeta quality.165,166  On all other 
atoms, basis sets of double-zeta quality were used as a compromise between accuracy and feasibility. 
Density functional theory (DFT) calculations employing the BP function167,168 were performed on the 
Nd(III)-aquo ion as well as the Nd(III)−MAL : and : complexes including three hydration shells. 
After an equilibration time of . ps and a sampling time of  ps, radial distribution functions of the 
Nd−O and Nd−C distances were computed.  

The combinations of EXAFS experiments with quantum chemical calculations has already been 
successfully demonstrated for several systems 169,170,171,172,214 . The EXAFS spectra and the radial particle 
distribution function (RPDF) were calculated for each complex, while replacing Nd by Am (details in 
Taube et al.186). 

3.9 Specific Ion Interaction Theory (SIT) 

The complex formation of metal ions with a ligand L is described by the mass action law (Equation 
., the charges and the hydrate shells were neglected for better understanding): 

M + nL ⇌  MLn                          βn = K1 ∙ K2 ∙ … ∙ Kn = 
aMLn

aM ∙ aL
n . 

a −activity of the species, Kn − stability constant,  βn − stability constant of the complex MLn 
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The activity ap of the species p is linked to the concentration cp by the following equation 

ap = γp  ∙ c𝒑 . 

ap − activity of the species p; p− activity coefficient of species p; cp – concentration of species p 

Only at infinite dilution the activity coefficient is equal to . Under real conditions, however, it depends 
on the ionic strength, pressure and temperature. Using the Specific Ion Interaction theory (SIT)102 the 
determined conditional data log ’

m,n and ΔrH
’
m,n were extrapolated to zero ionic strength (standard 

state:  Im = ; T = , K; p =  bar) under consideration of the following relations (Equations .-
.) 

 
According to SIT the activity coefficients p are calculated with Equation . 

log γ𝒑 = - z𝒑
2 ∙ D + ε i, k, Im mk

k

 . 

γp − activity coefficient of the species p; z − charge of the ion i; D − Debye-Hückel-Term; ε − interaction 
coefficient between cation i and anion k; Im − ionic strength [mol·kg−]; m − concentration [mol·kg−1] 

with D as Debye-Hückel term 

D = 
A ∙ I m

1/2

 + B ∙ ai ∙ I m
1/2 

. 

A and B are Debye-Hückel-constants, ai is a ion size parameter. A = . kg/·mol−/ and 
B·ai = . kg½·mol−1/2 at T = 25° C 

If log γp is substituted by Equation . in the mass action law (Equation .), the linear SIT Equation 
. results. 

log β 'm,n - Δz2 ∙ D = log β m,n
0 - Δ εn ∙ Im . 

with 

Δ z2 = zProdukte
2  - zEdukte

2  . 

and 

Δ εn = νj · εn(i, k)
j

 . 

log ‘ − conditional stability constant; log 0 −  thermodynamic stability constant; z − charge of the ion i; 
ν − stoichiometric coefficient 

The stability constant log 0
m,n (Im = ; T = , K; p =  bar) can be obtained by linear plotting of 

log  ‘
m,n  - ΔzD vs. Im by extrapolation from the intercept. The slope results in the specific sum interac-

tion coefficient Δεn. 
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Due to the fact that the concentrations of the ions of the background electrolyte (in this work NaCl) 
are usually several orders of magnitude higher than the concentrations of the educts, only the molari-
ties mNa+ and mCl- are considered for the interaction coefficients (in Equation .). Thus, the ion inter-
action coefficients ε describe the specific short-range interactions of the ionic species with the respec-
tive counterion of the background electrolyte. They depend on the charge and the size of the ion. If the 
reactant i has no charge  = 0 

 
Similarly, standard enthalpies can be obtained using Equation . 

ΔrH 'm,n - Δz2 DL = ΔrH m,n
0  - RT 2 Δ εL,n ∙ Im . 

with 

DL = 
3

4
 

AL∙ Im
 1/2

 + B ∙ ai ∙ Im

 12

 
. 

ΔrH‘− conditional enthalpy of reaction; ΔrH − thermodynamic enthalpy of reaction; z − charge of the ion 
i; DL − enthalpic Debye-Hückel-Term; εL − enthalpy coefficient of interaction between cation i and anion k;  
Im – ionic strength, AL − enthalpic Debye-Hückel-constants  with . kJ·kg/mol−/ and 
B·ai = . kg½·mol−1/2 at T = 25° C 

The enthalpic Debye-Hückel term DL (Equation .) is different from D (Equation .). The relation 
between the specific enthalpy interaction coefficient εL,n (i, k) and ΔεL,n (i, k) is analog to Equation .. 
Similar to log 0

m,n, ΔrH


m,n can be obtained by linear plotting ΔrH


m,n - ΔzDL  against Im as an intercept. 
The slope is ΔεL,n (i, k). 

Finally, the standard entropy ΔrS


m,n and the free Gibbs energy ΔrG


m,n can be calculated according 
to Equations . and . (Gibbs-Helmholtz Equation), respectively.  

 

ΔrS m,n
0  = 

ΔrH m,n
0

T
 + R ∙ lnK 0 

J·mol·K- . 

ΔrG m,n 
0  = ΔrH m,n

 0  - T ∙ ΔrS m
0  kJ·mol- . 

R − ideal gas constant  
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4 Complexation reactions of An(III)/Ln(III) with or-
ganic ligands 

4.1 Investigations by isothermal titration microcalorimetry 

4.1.1 Malate, lactate, oxalate 

Protonation reaction 

The enthalpies, entropies and Gibbs energies of the protonation reactions of the ligands malate (Mal), 
lactate (Lac) and oxalate (Oxa) were determined by ITC. This is a requirement for studying the com-
plexation reactions with Ln and An. For Oxa and Lac the ionic strength dependent ITC measurements 
published in173 have been re-evaluated and reported in25 together with the new results for Mal obtained 
in this project. Here, a short summary is given. 

The calorimetric heat curves of the protonation reactions of the Mal and Lac at different ion 
strengths are shown in Figure . as a function of the respective molar ratios. Both ligands show exo-
thermic protonation reactions and similar enthalpy values ΔQr,j at small HCl/ligand ratios at the same 
ionic strength. However, differences can be seen in the characteristics of the heat curves which can be 
explained by the different number of carboxyl groups of the ligands. In the case of Mal, therefore, two 
overlapping exothermic heat effects are observed, whereas one sigmoidal heat curve is shown for Lac 
which corresponds to one protonation reaction. Oxa also has two protonation steps, but the species 
HOxa is only present under very acidic pH conditions (log K

 = . ± .).102 These conditions (pH 
< ) cannot be realized with the used calorimeter (MicroCal iTC< „<. Therefore only the complex en-
thalpy of the first protonation step ΔrH

0
1,HOxa has been re-evaluated.25  
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Figure .: Calorimetric heat curves of the Mal and Lac protonation reaction at different ionic strengths with an example of 
a fitted curve (line), ΔQr,j: integrated stepwise heat at the respective titration step j; [Mal]ini = ·− m, pHC = .; [Lac]ini = 
·− m, pHC = .; [HCl] = . – . m  
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For the determination of the protonation enthalpies, the protonation constants were taken from the 
literature and kept constant for the fit of the heat curves in order to minimize the uncertainties of the 
fit (exception: for Oxa, log  and ΔrHm were determined simultaneously). The ionic strength-dependent 
plot of the determined conditional reaction enthalpies according to Equation . (SIT extrapolation, 
see chapter .) is shown for the three ligands in Figure .. From the negative slopes of the SIT extrap-
olation it can be seen that the enthalpy values of the protonation reactions become more exothermic 
with increasing ionic strength. The calculated extrapolated enthalpies ΔrH


m and the specific sum in-

teraction coefficients ΔεL of the protonation reactions of the three ligands are listed in Table . to-
gether with the calculated entropies ΔrS


m and Gibbs energies ΔrG

0
m. 

For Mal the reaction enthalpy ΔrH


m, of the first protonation step is endothermic, while ΔrH


m is 
exothermic. For the protonation of Lac, no conditional ΔrH‘m and ΔrS‘m values in NaCl are available so 
far; only NaClO

- and NaTf electrolytes were used for investigations.117,174 The ΔrH


m und ΔrS


m values 
of the Lac protonation determined here in NaCl are in good agreement with literature values of the 
NIST database.175 The determined enthalpy of the first Oxa protonation step shows a deviation of   
from the literature value of the NEA-TDB.102 The deviations of the enthalpy values of the ligands (see 
Table .) from the literature data may be caused by the use of the Van't-Hoff approximation (Equation 
.) in the literature.176,177 Here, according to Equation ., log K

n vs. /T is plotted and ΔrH


m,n and 
ΔrS


m,n are determined from the slope or from the intercept, respectively. As result, the ΔrH


m,n values 

are fitted over the examined temperature range and therefore, they are more prone to errors. For reac-
tions, which show only a small temperature dependence, the direct calorimetric determination of en-
thalpies is more accurate.178 

 

log 𝐾 (T)  =  
 ΔrHm,n
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Figure .: SIT extrapolation of the enthalpy values of the protonation reaction of Mal (left), Lac and Oxa (right)  



 
   Complexation reactions of An(III)/Ln(III) with organic ligands 

Table .: Determined standard thermodynamic data from the SIT extrapolation for Mal, Lac and Oxa protonation at T =  
°C and Im =  compared to literature values  

reaction ΔrH0
m / 

kJ·mol−1 

ΔεL·−3 / 

kg·mol−·K−1 

ΔrS0
m / 

J·mol−·K−1 

ΔrG0
m / 

kJ·mol−1 

𝐻 𝑀𝑎𝑙 ⇌ 𝐻𝑀𝑎𝑙  . ± . 
. ± .* 

. ± . . ± . −29.0 ± 0.1 

𝐻 𝐻𝑀𝑎𝑙
⇌ 𝐻 𝑀𝑎𝑙 

−2.33 ± 0.21 

−2.92 ± 0.28* 

. ± . . ± . −19.6 ± 0.1 

𝐻 𝐿𝑎𝑐 ⇌ HLac . ± . 

. 

. ± .  ±  

 

−22 ± 1 

−22# 

𝐻 𝑂𝑥 ⇌ HOxa  . ± . 

. ± . 

. ± . 

. ± . 

 ±  

 ± . 

−24.6 ± 0.6 

−24.0 ± 0.2$ 

* – De Robertis et al.179,  –  NIST-data base175, $ –  NEA-TDB102 in NaClO. All uncertainties were calculated according to 
OECD NEA-TDB recommendations and are shown in σ values102 

The sum of the specific interaction coefficients Δε was determined from the slope of the SIT extrapo-
lation of the protonation constant according to Equation . (see chapter .) using data from De 
Robertis et al.179 For Mal Δε is −. ± . kg·mol− and Δε is −. ± . kg·mol−.  With 
these values and with  (H+, Cl−) = . ± . kg·mol− (from NEA-TDB102) and ε (NaCl, HMal) =  
the ion interaction coefficients  (Na+, HMal−) und  (Na+, Mal−) can now be calculated. They are 
listed in Table . together with values of similar ligands. The ion interaction coefficients of equally 
charged species of the considered ligands decrease in the order Lac > Mal > Oxa. The ion interaction 
coefficient ε (Na+, Lac−) does not correlate with ε(Na+, Ace−) for actetate (Table .), as widely assumed 
in literature. The additional OH group of Lac (compared to acetate) has a significant influence on the 
ion interaction coefficients. This is also indicated by the differences of the  (Na+, Mal−) and 
 (Na+, Suc−)-values as well as of the  (Na+, HMal−)- and  (Na+, HSuc−) values, respectively.  

The specific enthalpic sum interaction coefficients ΔεL of the first protonation step increase in or-
der Lac > Mal > Oxa corresponding to the endothermic nature of the protonation reaction (Table .). 
The specific ion interaction coefficient of enthalpy L cannot be calculated due to the lack of literature 
values.  
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Table .: Specific ion interaction coefficients  (i,k) for cation i and anion k. 

Species   (i,k) / kg·mol−1 Referenz 

 (Na+, HMal−)  −0.02 ± 0.01 d. A. 

 (Na+, Mal−) . ± . d. A. 

 (Na+, Lac−) . ± .  185 

ε(NaClO4, H2Oxa) . ± . 102 

ε(Na+, HOxa-) −0.07 ± 0.01  102 

 (Na+, Oxa-) −0.08 ± 0.01 102 

 (Na+,Lac−)/  (Na+,Ace−) . ± . 180.183 

 (Na+, HCit−)  −0.04 ± 0.02 102 

 (Na+, HSuc−) . ± . 181,182 

 (Na+, Suc−) . ± . 181,182 

 – Calculated with literature data of Ref179  – Acetate (Ace) as analogous to lactate (Lac) as proposed in183 . Suc – Succin-
ate. Cit – Citrate. All uncertainties were calculated according to OECD NEA-TDB recommendations and are shown in σ val-
ues102 

In accordance with literature values of similar small organic molecules102,179,184 the protonation reactions 
are entropy-driven. i.e. the reactions are favored by a positive entropy change (-T·ΔrSm is negative 
and -T·ΔrS


m  > - ΔrG


m >> - ΔrH


m).  With increasing ionic strength, the contribution of entropy de-

creases while the contribution of enthalpy increases (here not shown, see also25,185) i.e. the driving force 
of the reaction changes towards an enthalpy-driven reaction. This is explained by the decreasing energy 
required for the partial dehydration of the reacting species during the protonation or complexation 
reaction at higher ionic strength. These findings are in good agreement to literature and more explana-
tions are given in25,110,178 ,179,184,185,186 and references therein.  

 

Complexation reaction 

As mentioned in the introduction, Mal was considered to be the major ligand, while Lac and Oxa play 
a minor role in these report. The complexation with Lac and Oxa were already investigated in the pre-
vious project173, for Lac here an extended data set was determined. Lac was considered because its struc-
tural motif represents a subunit of Mal, Lac has one COOH group less than Mal. The determined ther-
modynmaic data are published in our reference185. Oxa was considered as a chelate ligand to consider 
the influence of ring size on the stability constant.  
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The Nd(III)-Mal, Eu(III)-Lac and Nd(III)-Oxa complexation were investigated as function of ionic 
strength by ITC to determine stability constants and complexation enthalpies. The determined proto-
nation enthalpies (and protonation constans) of the ligands were used for the analysis of the ITC data. 
The heat curves of the Nd(III)-Mal complexation (Figure ., left) and Am(III)-Mal complexation (Fig-
ure ., right, for Pu(III) see Figure .) show two main characteristics: At low Mal/Me(III) ratios a 
negative slope can be seen. At Mal/Me(III) ratios >  the heat curves show a positive slope which means 
the occurrence of second reaction independent of the first one. The speciation in Figure . (right, gray) 
was obtained by fitting of the heat curve. From this, it can be seen that the first slightly exothermic heat 
effect can be attributed to the : complex, while the second exothermic heat effect corresponds to the 
: complex.   

At Im = . (NaCl) the Nd(III)-Mal complexation begins in the positive ΔQr.j-range i.e. it is initially 
endothermic (Figure ., left).  At higher Im the reaction becomes exothermically.  This transition from 
an endothermic to an exothermic complexation reaction with increasing ionic strength is also found 
in the Eu(III)-Lac185 and the Nd(III)-Oxa173 complexation reactions. Explanations of have already been 
given in25,102,110,178 ,179,184,185. 

For each investigated ionic strength conditional thermodynamic data log βn, Δr Hm,n were obtain, 
which were used for the SIT extrapolation (Figure .). The resulting standard thermodynamic data 
are summarized in Table .. The Am(III)-Mal and Pu(III)-Mal complexation were not investigated as 
a function of ionic strength. Table . shows the conditional values for Am(III)-Mal complexes at Im = 
., which were then converted to standard data using the SIT parameters of the Nd(III)-Mal system. 
The thermodynamic data of the Mal complexes of both metal cations Am(III) and Nd(III) are identical 
within the errors. This match confirms the analogy of the two cations with respect to their coordination 
properties.  
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Figure .: Calorimetric heat curves of Nd(III)-Mal titration at different ionic strengths; [Nd] = ·− m; [Mal] = ·− m; 
pHC = . (left). Fitted (red) calorimetric heat curve (black) and speciation (grey) for Am(III) Mal titration; [Am] = ·− 
mol·L− and [Mal] = ·− mol·L−; pHC = .; IM = . NaCl (right). ΔQr.j − integrated stepwise heat for each titration 
step j 
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Figure .: SIT extrapolation of the stability constants (left) and the enthalpy values (right) of the Nd(III)-Mal complexation 

Since there are no standard data for Ln(III)/An(III)-Mal complexes in the literature so far, standard 
data of similar organic systems are considered to compare the results (see Table .). The Cm(III) suc-
cinate complexation shows smaller complexation constants than the Nd(III)-Mal complexation (log β0

1 
= . ± . und log β

 = . ± . from182) This seems plausible with respect to the similar ligand 
structure, which only differs in the α−hydroxyl group. A contribution of the α−hydroxyl group of Mal 
to the Nd(III) coordination can explain the stronger complexation of Mal (see chapter .., IR studies). 
The even stronger complexation of the Ln(III)/An(III) citrate system is plausible due to the additional 
carboxyl group of citrate.187 Consistently, the complexation of the monocarboxylic acid, propionic acid, 
is weaker than the Mal-complexation.188 Therefore the stability constants of the Nd(III)-Mal complexes 
are a strong indication that Mal forms a chelate ring similar to succinate and citrate. 

Oxa also forms a chelate ring, with both carboxylate groups stabilizing the metal in a -membered 
ring (side-on coordination).123 Lac has also been identified as a chelating ligand which forms a -mem-
bered ring with Eu(III).110 Obviously, the stabilization of a -membered ring by a hydroxyl group, as 
present in Lac, is less efficient than stabilization by the two carboxylate groups of Oxa. This is reflected 
in the much smaller complex formation constant of the : Eu(III)-Lac complex. This compared to the 
: Nd(III)-Mal complex indicates that the Mal complex is stabilized by a -membered chelate ring and 
an additional chelate ring. 

For Mal the overall enthalpies for both complexation steps ΔrH


m  are endothermic and in the same 
range as those of the Cm(III) complexation with acetate188 and dicarboxylic succinate123. The standard 
enthalpy of the first Nd(III)-Mal complex is more endothermic than that of the : Eu(III)-Lac complex 
(Table .).  This can be attributed to the size of Mal and the corresponding larger hydration shell com-
pared to Lac, which means, that more energy must be expended for the dehydration of Mal. The second 
stepwise reaction enthalpy of the Nd(III)-Mal complexation is − ±  kJ·mol−. Consequently, for the 
second complexation step less dehydration energy is needed. The NdOxa+ complex has a slightly neg-
ative reaction enthalpy. This can be caused by a higher binding strength, whereby a lower solvation 
means a less strongly bound solvation shell of the oxa ligand.  

The high entropy values of Nd(III)-Mal complexes (much higher than the values for the monocar-
boxylic acetate189 and propionate188) are consistent with the high values of the Nd(III)-Mal stability con-
stants: Mal forms chelate complexes with Nd(III), similar to succinate, citrate and oxalate. 
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Figure . shows the fractions of ΔrHm and -T·ΔrSm relative to ΔrGm of the first step of Nd(III)-Mal and 
Eu(III)-Lac complexation as a function of Im. It can be seen that both complexation reactions are fa-
vored exclusively by the change of the reaction entropy (entropy driven reaction) at Im = . The fractions 
of ΔrHm and -T·ΔrSm relative to ΔrGm are changing with increasing ionic strength similar to the proto-
nation reactions. The contribution of the enthalpy increases by ~   up to Im =  -  m NaCl due to 
the changes in the dehydration processes already described in25,102,110,178 ,179.184,185. 
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Figure .: Fraction of ΔrHm and -T·ΔrSm in relation to ΔrGm of the : Nd(III)-Mal-complexation (left) and of the : Eu(III)-
Lac-complexation (right) as fuction of Im. 

To calculate the specific ion interaction coefficients ε (NdMal+, Cl−) and ε (NdMal
−, Na+) ε (Nd+, 

Cl−) ≈ ε (Eu+, Cl−) = . ± . was assumed as recommended by NEA-TDB102 and  (Na+, Mal−) 
from Table . and the respective Δε,n-values from Table . were used. The values listed below have 
been calculated to the recommendation of the NEA-TDB102, uncertainties are reported at the  level: 

ε1 NdMal +, Cl-  = . ± .  kg∙mol-1 

ε2 NdMal2
-, Na+ = - . ± . kg∙mol-1 

These specific ion interaction coefficients εn are slightly higher than the values determined for the 
Cm(III) succinate and oxalate system but follow the same trend: They all decrease with increasing com-
plexation degree.182 The specific ion interaction coefficients ε(EuLac+, Cl-) and ε(NdOxa+, Cl-) are 
. ± . kg·mol−K− and . ± . kg·mol−K−1, respectively (for details see25)  

The use of the enthalpic SIT equation yields the enthalpic sum interaction term ΔεL of the com-
plexing reactions (Table .). Since no further ΔεL values are found in the literature, no specific enthalpy 
values εL(X, Na+/Cl-)-values can be calculated. 
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Table .: Thermodynamic standard data from the SIT extrapolation for Nd(III)-Mal-, Am(III)-Mal-, Eu(III)-Lac- und Nd(III)-
Oxa-complexation at T =  °C and Im = . 

n log β0
n ΔrH0

m,n /  
kJ ·mol−1 

ΔrS0
m,n / 

J·mol−·K−1 
ΔrG0

m,n /  
kJ·mol−1 

Δεn / 
kg·mol−1 

ΔεL,n ·10-3/  
kg·mol−K−1 

Nd3++ n Mal 2-⇌ Nd Mal n
-n 

 . ± . . ± .  ±  −34 ± 2 −0.02 ± 0.34 −0.66 ± 0.07 

 . ± . . ± .  ±  −52 ± 4 −0.31 ± 0.24 −0.4 ± 0.5 

Am3++ n Mal 2-⇌ Am Mal n
-n bei Im = , 

 . ± , −0.4± 0,2  ±  −22 ± 1   

 . ± , −6 ± 1  ±  −38 ± 1   

Am3++ n Mal 2-⇌ Am Mal n
-n bei Im = ** 

 . ± . . ± .  ±  - ±    

 . ± .  ±   ±  - ±    

Eu3++ n Lac -⇌ Eu (Lac)n
-n 

 . ± . . ± .  ±  −19.9 ± 0.9 −0.16 ± 0.10 . ± . 

 . ±. . ± . . ±. −19.85 ±2.80# −0.13 ± 0.06# . ± . 

 . ± .* . ± .*  ± * −18.2 ± 6.2*   

Nd3++ n Oxa 2-⇌ Nd (Oxa)n
-n 

 . ± . −6.0 ± 1.8  ±  −36 ± 7 −0.29 ± 0.28 −2.9 ± 0.6 

 . ± .§    −0.33 ± 0.10§  

 . ± . −2.7 ± 1.8$ . ± . −39 ± 2$ −0.206 ± 0.008$  

** − extrapolated using the SIT parameters of the Nd(III)-Mal system;  − from Skerencak et al. 185; * − from Barkleit et al. 110 

in Perchlorate; § − values of the Am(III)-Oxa system from the NEA-TDB102 ;  − values of the Cm(III)-Oxa system from Skeren-
cak-Frech et al. 123 at  °C. All uncertainties were calculated according to OECD NEA-TDB recommendations and are shown 
in σ values102 
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4.1.2 Polycarboxylate-ether (PCE) 

 
For the first time the complexation of Eu(III) by polycarboxylate-ether and sodium polyacrylate (PA) 
as a PCE model compound were studied as function of ionic strength using ITC. The investigated PCEs 
are summarized Table . and Figure .. 
 
 
 

                   
 

Figure .: Used synthetic polycarboxylate-ether (obtained via the group of Prof. Dr. P. Panak , Physikalisch-Chemisches 
Institut, Ruprechts-Karls-Universität Heidelberg, synthesized by group of Prof. Dr. J. Plank, Lehrstuhl für Bauchemie, TU 
München) 

Figure . shows representative thermograms and calorimetric heat curves for Glenium51 and for the 
synthetic PCE 45PC6 binding to Eu(III). All investigated PCEs and PA show a strong endothermic re-
action with Eu(III) indicated by positive peaks in the heating power, which become smaller with addi-
tional injection of Eu(III) due to the increasing saturation of the Eu(III)-PCE complexation. The inte-
grated heat curves are s-shaped, which at the first glance indicate a : complex formation. However, at 
the beginning of the calorimetric titrations deviations from the typical sigmoidal curve shape of a pure 
: complex formation can be observed (see in Figure . fitted heat curves). These deviations are sig-
nificant, not within the uncertainties of the method. Possibly, they are caused by further complexation 
or transformation reactions of the PCEs. The pH values of the samples measured before and after ITC 
experiments remained constant. Thus, significant changes in the protonation state of the ligands can 
be excluded. Furthermore, in all investigated PCEs and PA the ITC signals show no hints to kinetically 
controlled processes or precipitation. 
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Figure .: Thermogram (top) and calorimetric heat curves (bottom) of addition of Eu+ to Glenium51 (left) and 45PC6 
(right), [Eu+] = ·−3 m, [Glenium51] = 3 mg/g, [45PC6] = 3 mg/g, I = 0.1 m NaCl, pHc = 6.0 
Heat curves were corrected for the dilution heat of the titrant Eu+ in . m NaCl and for the injection (stirring) heat of ad-
dition . m NaCl in the PCE solution. Both provide a negligible contribution to the total heat absorbed on each addition of 
Eu+ to the PCE in the sample cell.  

As seen in Figure ., the measured calorimetric heat curves of the PCEs and PA show dependencies 
on the ionic strength. With increasing ionic strength the heat being released with every injection step 
decreases, whereby this effect is more pronounced in the CaCl medium than in NaCl. 
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Figure .: Examples of calorimetric heat curves of the addition of Eu+ to Glenium51 (top a and b), synthetic PCE  45PC6 
(middle c and d) and sodium polyacrylate PA5100 (bottom e and f ) as function of ionic strength of NaCl (left a, c, e) and 
CaCl2 (right, b, d, f ); Glenium51:  [Eu+] = ·− m, [Glenium51] = 3 mg/g, pHc = .; 45PC6: [Eu+] = ·− m, [45PC6] =  
mg/g, pHc  = .; PA5100: for NaCl [Eu+] = ·− m, [PA5100] = . mg/g, pHc = .; for CaCl [Eu+] = ·− m, [PA5100] 
= . mg/g, pHc = . 
Heat curves were corrected for the dilution heat of the titrant Eu+ in the medium with the corresponding ionic strength 
and for the injection (stirring) heat of addition of medium in the ligand solution with the corresponding ionic strength. 
Both provide a negligible contribution to the total heat absorbed on each addition of Eu+ to the ligand in the sample cell. 
The curves are shown on the molar scale, for the analysis the molal scale was used (with conversion factors from102,190). 
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TRLFS and EXAFS studies of the complexation of PCE and PA with Eu(III) and Cm(III) have revealed 
only one complex species at pH < : a : complex with a An+/Ln+-coordination by three carboxylic 
groups in a bidentate end-on-fashion.124,125,126,191 However, it cannot be completely excluded that there is 
more than one binding environment for the Eu(III) ion in the Eu(III)-PCE and Eu(III)-PA complexes. 
The binding of Eu(III) to carboxylate groups with slightly different environment can still result in dif-
ferent binding enthalpies. Various factors, such as pH value, molar ratio and concentrations of the reac-
tants, background electrolyte and its ionic strength influence strongly the formation of the Eu(III)-
PCE/PA complexes. But currently, no reliable (structural) data of Eu(III)-PCE/PA complexes of higher 
order are available. Therefore, the analysis of the ITC curves was carried out under the assumption of 
a : complex with the program SEDPHAT159. Besides the determination of the conditional stability 
constants and enthalpy values, also the effective concentration of the ligand was fitted. The total con-
centration of Eu(III) was kept constant. Global fits of up to three ITC experiments including samples 
with different ligand and/or Eu(III) concentration but with the same pHc and ionic strength were per-
formed. For an improved fitting of the heat curves, the first  to a maximum of  titration points were 
not included in the fits (see also in Figure . fitted heat curves). This has only little impact on the 
values to be fitted. The deviations are less than   and thus significantly smaller than the experimental 
error which can be up to   between multiple measurements.  

The determined conditional stability constants and enthalpy values for Glenium51, 45PC6 and 
PA5100 are summarized in the Table ., Table . and Table ., respectively. The conditional stability 
constants decrease considerably with increasing ionic strength by an average of one order of magnitude 
between the lowest and the highest used ionic strength. There are no significant differences in log K 
between the electrolytes NaCl and CaCl as well as between the ligands. Furthermore, the stability con-
stants decrease with decreasing pHc, shown exemplarily for Glenium51 in Table . for . m NaCl. It 
has been also found that in the pHc range from ~ . to ~ . (here the carboxyl groups are mainly 
deprotonated) the conditional stability constants are almost constant within the errors of about log K 
± . at constant ionic strength.  

The determined conditional stability constants for all investigated PCEs and for the sodium poly-
acrylate are in the same order of magnitude of log K between ~ . and . (at Im = . m). They are 
- orders of magnitude smaller than the constants obtained in 124,125,126 by TRLFS measurements. Pos-
sible reasons for these differences could be, first, the used concentrations of trivalent metal ion (ITC: 
mM; TRLFS: tracer to μM), and second, the different models for the calculations of the constants (ITC: 
: complexation, direct determination of the effective ligand concentration from the fitting of the ITC 
heat curves; TRLFS: calculations of the complexation constant with the charge neutralization model). 
Our constants are comparable with the log 11 values from Hahn et. al.192 (ranging from . to . in 
. NaCl, based on a simple single site model) obtained for different humic substances, which are also 
naturally occurring polycarboxylic macromolecules and known to play an important role for a mobili-
zation of actinides in a disposal of radioactive waste.192  
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Table .: Conditional stability constants and enthalpy values of the complexation of Eu(III) with Glenium51 as function of 
ionic strength of NaCl and CaCl at T =  °C  

Im  /  
mol·kg−1 pHexp  ± . log K ± σ 

ΔrH ± σ / 
kJ·mol−1 

pHexp  ± . log K ± σ 
ΔrH ± σ /  

kJ·mol−1 

 NaCl, pHc = . ± . CaCl , pHc = . ± . 

. . . ± .  ±  . . ± .  ±  

. . . ± .   ±  . . ± .   ±  

. . . ± .   ±  . . ± .  ±  

. . . ± .   ±  . . ± .  ±  

. . . ± .   ±  . . ± .  ±  

. . . ± .   ±  . . ± .  ±  

. . . ± .   ±  . .± .  ±  

.124 a) [H+]total  = ∙- 
mol·kg−1 

. ± . . ± .    

.193 b)  .      

a)  T =  °C, TRLFS, data analyzed with charge neutralization model by Kim and Czerwinski194 
b)  -Eu radiotracer and ultrafiltration, data analyzed with charge neutralization model by Kim and Czerwinski194 

 
The interaction of Eu(III) with PCEs/PA is strongly endothermic and consequently driven by entropy 
(T·ΔrS  exceeds the ΔrH by far) which is primarily due the release of water from the first hydration 
spheres around the Eu(III) ions and also due the exchange of three Na+ ion or . Ca+ ions by one 
Eu(III) ion. The total amount of released water molecules is given by the dehydration of the Eu+ ions 

and COO- groups minus the partial rehydration of the released Na+ or Ca+ ions. Enthalpy and thus 
entropy values tend to be slightly lower in the CaCl solutions than in the NaCl solutions (see Table . 
for the entropy values). This can be related to the different contributions of the (re)hydration of Na+ 
and Ca+:  The hydration number for the sodium is  or  water molecules, whereas the hydration 
number of Ca+ varies between  and . Na+ has a stronger interaction with its first hydration shell 
than Ca+, which has a more flexible structure of the hydration shell.  

In the NaCl solutions and for the PA ligand in both media, changes in enthalpy and entropy are 
not as pronounced with increasing ionic strength. Probably in this case the influence of the ionic 
strength on the hydration spheres of the polymer polycarboxylates and thus on the dehydration energy 
and water release is less strong. For the PCEs in the CaCl solutions, a clear decrease of the enthalpy 
and entropy values at higher ionic strength (at > . m) is observed. 
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In general the determined enthalpy values are much larger compared to those calculated via van’t Hoff 
equation from the spectroscopic data in124,125 (see Table . and Table .).  

The enthalpy via the van't-Hoff equation reflects the enthalpy which is directly associated to the 
complexation that causes the change of the spectroscopic signal. The enthalpy change measured by ITC 
is an overall property of the system. This might include enthalpy contributions from nonspecific effects 
or reactions which are not part of the complexation equilibrium itself (which is observed by spectros-
copy), but are mediated by the Eu(III).  

In general, in polyelectrolyte/multivalent metal ion systems additional metal ion-induced reac-
tions may be possible, e. g.: 

- encapsulation of the metal ion by several carboxylate groups before the final complexation  
- transformation from initial monodentate to bidentate coordination of metal ion (intramolec-

ular complexation) or vice versa 
- phase transformations or structural changes coupled with continued collapse of the metal ion-

PCE-polymer, whereby the remaining binding sites for the metal ion are buried in the inner 
hydrophobic coils of the polymer 

- cross-linking of polymer chains via the interaction of metal ion with the carboxyl groups 
(metal ion can act as cross-linker to form a polymer-network) 
 

The complex formation and additional metal ion-induced reactions can occur simultaneously, so that 
the single peak in the ITC data reflects all effects. In our ITC studies such effects to the measured overall 
enthalpy cannot be excluded. A quantification of these effects via additional, separate ITC experiments 
was not possible. The heat contributions of the non-specific effects such as dilution of Eu(III) in pure 
medium and injection of medium in the pure ligand solution were determined in separate experiments. 
Both provide only a negligible contribution to the total heat released by each addition of Eu(III) to the 
ligand in the sample cell.  
These thermodynamic studies using titration calorimetry show that the interactions of Eu(III) with 
polycarboxylate-ether superplasticizer have a medium strong complexation strength decreasing with 
ionic strength.  This means that the complexation of trivalent actinides with superplasticizers will de-
creases with higher ionic strength. The enthalpy of the interactions is clear endotherm but almost ionic 
strength independent. At present, it is not clear which other heat-releasing/absorbing processes besides 
the complexation reaction are involved in the interaction of Eu(III) with polycarboxylate-ether based 
superplasticizers. 
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4.2 Spectroscopic studies on the Ln(III)/An(III)-Malate complexation 

4.2.1 UV-Vis spectroscopy 

Five UV-Vis titration series of the Nd(III)-Mal complexation were analyzed: four titration series with 
Mal at fixed pHc values (pH ., ., . and .) and one at fixed Mal concentration in a pH range of . 
to . (experimental details of the UV-Vis series in Table .). Using a global factor analysis (PARAFAC) 
of all measured series, spectra of the individual components and their stability constants were deter-
mined. Three pure component spectra were determined (Figure .). The Nd(III)-aquo ion shows a 
characteristic band at . nm with a shoulder at . nm corresponding to the hypersensitive 
I/  G/, G/-transition.195,196 During the complexation with Mal, this band is bathochromic 
shifted. For the : Nd(III)-Mal complex the maximum of the band is . nm (shoulder at . nm), 
whereas the : Nd(III)-Mal shows a maximum at . nm (shoulder at . nm). Similar shifts can 
be observed for the spectral transition around  nm. 

A first PARAFAC analysis was performed with fixed protonation constants (taken from De Rob-
ertis et al.179). The determined complexation constants are log 1 = . ± . and log 2 = . ± . 
(Table . and Figure .). In a second PARAFAC analysis the protonation constants of Mal were opti-
mized as well. Here, the resulting complexation constants and the first protonation constant log βH

 are 
identical to the previous analysis, the second protonation constant log βH

 is significantly smaller. This 
parameter has probaly only a minor influence on the UV-Vis data. However, since the complexation 
constants do not change, the log βH

 value obviously has only a small influence on the spectra and the 
obtained thermodynamic data.  

The determined stability constants agree well with the ITC results (chapter ..). Thus these two 
independent methods, titration calorimetry and photometry, complement each other well.  
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Figure .: Global analysis of Nd(III)-Mal UV-Vis spectra using PARAFAC: normalized single component spectra (left) and the 
corresponding speciation of two titration series (right). The points represent the experimental data and the lines represent 
the corresponding PARAFAC modelling. 

Our conditional stability constants differ significantly from literature values at similar ion strengths 
(Table . and Table .). They show differences of almost one log unit. Depending on the background 
electrolyte and the stoichiometry’s on which the analyses are based, the literature values itself show 
great differences. Sukhno et al.197 and Ali et al.198 included the protonated species Nd(HMal)+ and 
Nd(HMal)

+ (up to pH ) for their calculations. However, the chelate bond in a -ring, which was sup-
ported by IR and EXAFS (see following chapters), makes the existence of these species very unlikely. 
The existence of a : complex is controversially discussed in the literature.107,199 In our PARAFAC anal-
ysis with the inclusion of the : complex, the fitting of the experimental data could not be improved. 
Therefore the formation of a : complex cannot be confirmed here.25 Furthermore, in the majority of 
publications only potentiometric titrations are described. This method is not suitable for buffering sys-
tems such as Mal, because the pH curves usually do not show any characteristic features. 200 This means 
that the uncertainties of the data obtained by potentiometric titrations intrinsically increased for such 
buffering systems. 
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Table .: Protonation and stability constants determined from the UV-Vis spectra using PARAFAC for the Nd(III)/Am(III) 
Mal-complexation at Im = . und T =  °C compared to ITC data  

log βH
1 log βH

2 log β1 log β2 Bemerkungen 

. ± . . ± . . ± . . ± . 
global analysis : Nd(III) protonation con-
stants fixed179 

. ± . 

 

. ± . 

 

. ± . 

. ± . § 

. ± . 

. ± . § 

global analysis : Nd(III) protonation con-
stants non fixed 

  . ± . 

. ± .§ 

 ±  

. ± .§ 

results for Am(III), Im = ., p.w 

  . ± . . ± . mean values from TRLFS studies with   
PARAFAC analysis 

§ − Conditional Nd(III)/Am(III) Mal data from the ITC investigations interpolated to the respective ionic strength. All uncer-
tainties were taken from the literature or calculated according to the recommendations of the OECD NEA-TDB and are 
shown in σ values. 102 

UV-Vis titrations were also carried out with Am(III) (but with a limited number of series). In the pres-
ence of Mal, a continuous bathochromic shift of the hypersensitive transition F → L from  nm 
to  nm with increasing pHc is observed (Figure .). The stability constants from the PARAFAC 
analysis are listed in Table . in comparison with the Nd(III)-Mal data at the same ionic strength. The 
stability constants for Am(III) from UV-Vis and ITC measurements agree within the errors with those 
of Nd(III). 
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Figure .: Normalized UV-Vis spectra of the Am(III) Mal titration of pH  − , [Am]ini = .·− mol·L− und 
[Mal] = ·− mol·L−1, Im = 0.25 
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4.2.2 Time-resolved laser-induced fluorescence spectroscopy 

It is known, that Nd and Eu form isostructural complexes with carboxylic acids201,202, so that comple-
mentary analysis using TRLFS can be performed with Eu(III) which was applied due to its excellent 
fluorescence properties.  

The Eu(III) emission spectra (Figure ., left) show significant changes due to complexation of 
Eu(III) with Mal: The peak of the forbidden D → F-transition appears at ~  nm. The intensity of 
the hypersensitive D → Ftransition increases while the peak of the D → Ftransition is only 
slightly affected. Consequently, the D → F/D → F-ratio increases from ~ . (which is in good 
agreement with literature values for the Eu(III)-aquo ion187,203,204) to ~ .. This is identical to the 
D → F/D → F- ratio of the Eu(HCitrate)

−-complex.187 There are no shifts in the fluorescence 
spectra. 

The PARAFAC analysis shows that a fitting with  complex species is sufficient for a description of 
the experimental data. This is in accordance with the ITC and UV-Vis data (see the respective chapters 
above).  The determined mean stability constants from several TRLFS titrations agree well with those 
of the ITC and UV-Vis measurements (see Table .) assuming of : and : complex stoichiometry 
(Figure ., right). In addition, the PARAFAC analysis gives the fluorescence lifetimes of the pure spe-
cies (Table .). The fluorescence lifetime the Eu(III)-aquo ion is in good agreement with correspond-
ing literature values.205,206,207,208 During complexation, the lifetime increases with increasing ligand con-
centration or increasing pH due to the exchange of the quenching water molecules surrounding the 
luminescent metal cation. The fluorescence lifetime of the : Eu(III)-Mal complex with  ±  μs 
corresponds to a number of  -  water molecules in the first hydration shell of Eu(III). This means that 
 -  water molecules have been replaced by one Mal molecule. This is comparable to the Eu(III)-citrate 
system, in which a similar lifetime of  ±  μs was found for the : complex. Here, comparable to 
Mal,  water molecules are replaced by one citrate molecule.187 The fluorescence lifetime of the : 
Eu(III)-Mal complex shows that - water molecules are replaced by two Mal ligands, which is con-
sistent with the number of replaced water molecules in the first complexation step. 
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Figure .: Normalized emission spectra and the corresponding single component spectra of the Eu(III) mal titration at pH 
. (left) and the speciation obtained from PARAFAC analysis (right). The dots represent the experimental data and the lines 
represent the corresponding PARAFAC modelling. 
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Table .: Fluorescence lifetimes determined from TRLFS measurements using PARAFAC for the Eu(III)-Mal complexation at 
Im = . (NaCl) and T =  °C 

pH-value τ1 / μs n(HO)* τ2 / μs n(HO)* τ3 / μs n(HO)* 

.  ±  .  ±  .  ±  . 

. – .  ±  .  ±  .  ±  . 

specis  Eu(III)-aquo ion : Eu(III)-Mal : Eu(III)-Mal 

* − uncertainty of n(HO) ± ., all other uncertainties are showed at σ values. 
 

4.2.3 Infrared spectroscopy 

The analysis of the possible configuration of Mal in the An(III)/Ln(III)-Mal complexes was extensively 
investigated by IR and EXAFS spectroscopy (latest, see next chapter). 

The three functional groups of the Mal molecule, two carboxyl and one α hydroxyl group, are po-
tentially available for coordination with a metal cation. According to the geometry and the resulting 
steric properties of the ligand, seven possible configurations of the : metal complex have to be con-
sidered (Figure .): a monodentate or bidentate coordination of a carboxyl group (A or B), - and -
membered ring structures (C or D) and -membered chelate ring structures with and without partici-
pation of the (deprotonated) hydroxyl group (E, F and G).25 

 

O
M

O

O OOH

 

O
M

O
O

O
O

 

O
O

M

O

O

OH
 

O
M

O

O
OH

O

 

OH

O

O

O

OH

M

 
OH

O

O

O

OH

M

 

O
M

HO
O

O
O

 

A B C

D E F

2+ 2+ +

+ +
G

+

 
Figure .: Possible configurations of Mal in complexes (M = Ln(III)/An(III)), only the : complex was considered. 25 

The spectra of the pure ligand and the Nd(III)-Mal complexes dissolved in background electrolyte 
solution were recorded in the pHc -. Since the absorption spectra of the Nd(III)-Mal solutions may 
still contain fractions of uncomplexed Mal, the difference spectra were calculated from the spectra of 
the solutions containing the Nd(III)-Mal complexes and the pure malate solutions at the respective pHc 
according to the Lambert-Beer law. These spectra show positive and negative bands representing the 
vibrational modes of the complex and the uncomplexed Mal, respectively, and thus indicate spectral 
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differences of the Mal ligand due to the formation of the Nd(III)-Mal complexes (Figure .). The 
assignments of the observed bands to the vibrational modes of Mal are summarized in Table .. 
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Figure .: IR absorption (left) and difference spectra (right) of solutions with - m Nd(III) and - m Mal at Im = . in 
the pH range of  – .  The reference solution of the absorption spectra are the aqueous background electrolyte solutions. 
Difference spectra show only spectral changes due to Nd(III) complexation (for details see186). The spectral region in which 
solvent oscillations are expected is marked in grey.  

Table .: Observed frequencies of the band maxima and their assignment to the vibration modes of Mal. (+) indicate max-
ima of the bands of the difference spectra. Values are given in cm−1. 

Malic acid 
(HMal) 

Malate, single protonated 
(HMal−) 

Malate diprotonated 
(Mal−) 

Nd(III)-Mal complex Tentative  
assignment 

    ν(C1OOH) 

    ν(C4OOH) 

   (+) νas(C1OO) 

   (+) νas(C4OO) 

   (+) νs(C1OO) 

    νs(C4OO) 

   (+) ν(C2OH) 
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A complexation of Mal with Nd(III) is shown in the vanishing of the ν(COOH) band at  cm− at 
pHc > . In the region of carboxylate vibrations, additional bands appear at  and  cm−, which 
can be clearly attributed to a coordination with Nd(III) due to their frequency shift compared to the 
pure Mal spectra. The observed spectral splitting of these ν(COO−) bands of  cm− suggests a mono-
dentate coordination of the carboxylate groups to Nd(III).187,209,210,211 The participation of both carbox-
ylate groups in the coordination of the Nd(III) ion can be derived from the difference spectrum at pHc 
 (Figure ., right). At this pHc, which is close to the second pKa of ., the deprotonated Mal− is the 
dominant species (~ ) while the single protonated species HMal- plays a minor role, but it is still 
present. The negative band at  cm− in the difference spectrum indicates clearly the deprotonation 
of the COOH group during the complexation with Nd(III). Thus, it can be assumed that both carboxyl 
groups are involved in the Nd(III)-Mal complex. A more detailed interpretation of the IR spectra of 
pure malate and the Nd(III)-complex as a function of pHc and the derivation of the possible structural 
model is given in186.  

Finally, from the IR spectra it can be concluded that the Nd(III) cation is monodentately com-
plexed via the carboxyl group(s) of the Mal ligands with contribution of the α−hydroxyl group. The 
hydroxyl group is protonated during complexation over the whole pHc range. Furthermore, a complex-
ation of Nd(III) in a chelate ring formed by the both carboxyl groups of Mal is very likely. Therefore, 
the structural model F in Figure . is assumed to be the most likely configuration of the Nd(III)-Mal 
complex.  
 

4.2.4 EXAFS spectroscopy and quantenchemical AIMD calculations up to 6 

The EXAFS spectra recorded in the pHc range - and their Fourier transformations (FT) show only 
small spectral differences (Figure .) 186. Thus, only by using a comprehensive numerical analysis such 
as ITFA (iterative transformation factor analysis212) spectral information of the individual species can 
be obtained. ITFA allows a decomposition of a series of spectra into linear independent spectra and 
the determination of pure components (here referred to as species), even if these do not occur purely 
and/or the spectral changes are only small. The successful determination of the structure of aqueous 
Am(III) complexes using ITFA has already been demonstrated in lactate, acetate and formate sys-
tems.119,213,214 

The EXFAS spectra are decomposed into their eigenvectors. Only the first two eigenvectors show 
spectral features, which means that two species are sufficient to reproduce the experimental spectra 
(Figure .). The species can be assigned to coordinating water molecules and the Mal ligand. These 
two species change their coordination numbers (CN) depending on the pHc value due to exchange re-
actions. The so-called VARIMAX factor loadings, which represent a kind of species distribution (result-
ing from the second step of the ITFA analysis), show that at pHc  and  the water molecules and the 
Mal ligand have their maximum fraction, respectively. A mainly monodentate coordination of the car-
boxylate groups of Mal can be derived from a qualitative analysis of the eigenvectors. 
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Figure .: Experimental (black) Am LIII-edge EXAFS spectra (left) and spectra reproduced by ITFA (red) assuming two 
components. Corresponding Fourier Transformations (FT) (right). 
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Figure .: Am LIII-edge EXAFS- spectra (left) of the first three eigenvectors and the corresponding Fourier Transfor-
mations (right). Black - first eigenvector, blue - second eigenvector, orange - third eigenvector. The numbers in the FT show 
structural features. For a better representation, the amplitude of the first eigenvector has been reduced by a factor of .  

A more precise analysis of the structure of both species can be obtained by fitting the EXAFS spectra 
(at pHc  and ) reproduced from the (shell fit). For the FEFF calculations, the averaged structure of the 
Am(III)-Mal(HO)(HO)n-complex from the ab-initio Molecular Dynamics (AIMD) simulations was 
used (Table .). The shell fits of the two reproduced spectra at pHc  and  and the determined struc-
tural parameters are shown in Figure . and Table . respectively. 
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Table .: Structural parameters of the reproduced EXAFS spectra of the Am(III)-aquo ion and the Am(III)-Mal species at pHc 
 and , respectively, and the experimental spectral components  and  isolated from ITFA, assuming the tridentate AIMD 
structure. 

Sample path CN R / Å σ2/ Å2 ΔE0 / eV 

Am(III)-hydrate (pHc = ) Am–O .() .() .() .() 

Am(III)-Mal (pHc = ) Am–O .() .() .() .() 

 Am–C .() .() .() .† 

species * Am–O .() .() .() .() 

species § Am–O .() .() .() .() 

 Am–C .() .() .() .† 

* − a coordinated water molecule; § − a coordinated ligand; † − linked to the respective O-shell, CN − coordination number, 
R - interatomic distance, σ2 − Debye-Waller factor, ΔE − energy shift. The standard deviation of the fitted parameters is 
given in brackets. Amplitude reduction factor S

 = .. 

 
The structural parameters of the reproduced spectrum at pHc  are in very good accordance with those 
previously observed for the Am(III)aquo-ion.119,213,214 At pHc  a moderate decrease in the CN ((CNO = 
.) and the averaged radial distance ((RO = . Å) of the Am(III)-O shell can be observed (Table 
.) caused by the coordination of Mal. Similar Am-C distances were derived previously for the Am(III) 
formate and Am(III) lactate system where the carboxylate groups are monodentately coordinated. The 
results of the shell fit support the assumption that, here, the carboxyl group(s) of Mal also coordinate 



 

  Complexation reactions of An(III)/Ln(III) with organic ligands  

monodentately to the metal ion. This allows model B, the bidentate binding model in Figure ., to be 
excluded. Furthermore, model A is also excluded, since this configuration would result in a smaller CNC 
than the determined CNC of  under consideration of the highest complex stoichiometry of : 
(Am(III)/Mal) (results from ITC, TRLFS and UV-Vis measurements). The determined CNC indicates 
the formation of a chelate ring in the complex (models C - G in Figure .) 

The investigation of a possible involvement of the OH group in the Am(III)-Mal coordination was 
achieved by a twin-tracked approach.  On track is based on the shell fit of the ITFA isolated spectra. 
The other track is based on a direct comparison of the theoretically calculated EXAFS spectra from 
XRD structural data and from ab initio molecular dynamics simulation (AIMD). AIMD calculations 
were carried out for the Nd(III)-aquo ion, for the : and : Nd(III)-Mal complex both coordinated in 
a tridentate fashion (Table .). For further analysis, Nd(III) was replaced by Am(III). Since AIMD cal-
culated structures contain no or incorrect information on structural disorder (Debye Waller factor, am-
plitude function), which are required for the calculation of theoretical EXAFS spectra, the theoretical 
spectra cannot be compared directly with the experimental spectra. Therefore, a simple approximation 
was applied, in which the EXAFS amplitude function of the experimental spectra can be transferred to 
the theoretical spectra. A detailed description of these calculations and the procedure for obtaining 
theoretical EXAFS spectra from AIMD calculations is given in Taube et al.186 

For the isolation of the species using ITFA, the number of coordinating water molecules (NW) and 
Mal (NMal) must be specified in two spectra to ensure the uniqueness of the rotation for the iterative 
target test (ITT). For component  (pHc ) NW =  and NMal =  was assumed while for component  
(pHc ) two tridentate-bound Mal molecules (NMal = ) replace six water molecules. During the com-
plexation CNO is decreased to  (Table .), resulting in NW =  at pHc . The species extracted from 
ITFA also represent a bound water molecule (component ) and a bound Mal ligand (component ). 
The ITFA isolated spectra, the associated shell fits and the determined structural parameters of species 
 and  are shown in Figure . and Table . respectively.  For species , all EXAFS structural param-
eters except CNO are in agreement with those previously observed for the Am(III)-aquo ion. The deter-
mined CNO of  supports the ITFA assumption that species  corresponds to one coordinated water 
molecule. For species , RO is slightly shorter than in the Am(III)-aquo ion (pHc ) and in the Am(III)-
Mal complex (pHc ), reflecting the exchange of water molecules by Mal ligands. The average RC = . 
Å (average of C, C und C in Figure ., right) of the nearest C-atoms from the AIMD structure is in 
good agreement with the measured RC of .() Å (Table .). Thus, only a tridentate coordination 
mode (models F and G in Figure .) is consistent with determined structural parameters.  

Furthermore, there is also a good agreement between the theoretical EXAFS spectra, the corre-
sponding FT (calculated using the AIMD structure) and the ITFA-isolated spectra in the fingerprint 
region from . to . Å (Figure .). Small changes in the molecular structure would cause a dif-
ferent peak shape of the FT in this area. Considering the results from IR measurements25, which show 
a protonation of the OH group up to a pHc of , a tridentate coordination of malate involving the α-OH 
group is assumed to be the best possible coordination (model F in Figure . and Figure ., right). 

 



 
   Complexation reactions of An(III)/Ln(III) with organic ligands 

2 3 4 5 6 7 8 9 10

 

 

(
k)

*k
3

k / Å–1
0 1 2 3 4 5 6

 

 

 ITFA  AIMD

O
, 

C
, 

M
S

O

C

F
T

R + R / Å  
Figure .: ITFA isolated EXAFS spectrum (left, green) of species  (a coordinated Mal ligand) assuming the AIMD structure 
of the tridentate Am(III)-Mal complex. Theoretical EXAFS spectrum calculated using the AIMD structure (left, orange), asso-
ciated Fourier Transformations (FT) (center). The background noise (blue) was estimated from the R-range between  Å - 
 Å. AIMD structure of the : Am(III) Mal complex (right). The given values correspond to the Am(III) bond distances. 
Nd(III) was replaced by Am(III), H atoms were neglected. 

Finally, the CN determined by ITC or UV-Vis measurements (complex stoichiometry) can be directly 
compared to CN of water molecules (CNW) and Mal ligands (CNMal), because in addition to the spectra, 
the pH-dependent average CN of the individual species can also be obtained (Figure .). For the cal-
culation of the thermodynamically based CNW and CNMa from ITC/UV-Vis measurements, it was as-
sumed that each mal ligand replaces three water molecules (according to the AIMD structure in Figure 
.) and that the overall coordination number decreases from  to  in the : and : complex. This 
results in CNW: CNMal ratios of :, : and : for the Am(III)-aquo ion, the : and the : Am(III)-
Mal complexes, respectively. The CNMal based on the two approaches, namely the thermodynamic data 
and the EXAFS data, are in good agreement (Figure .) and reflect the overall consistency between 
the two methods. At pHc  -  larger deviations occur for CNW, which can be caused by the assumption 
of the total number of coordinated water molecules for the : and : Am(III)-Mal complexes. The 
number of calculated water molecules from TRLFS measurements (lines in Figure .) shows a devi-
ation of ± ~  for the : complex compared to the ITFA results. This deviation is in the error limit 
regarding the uncertainties of the respective calculations and the different methodical conditions. The 
CNW ~  observed in TRLFS measurements (in contrast to CNW ~  from ITFA) for the : complex 
can be explained by the replacement of two instead of three water molecules from the hydrate shell 
around the metal ion by the second Mal ligand (with total CN of ). The lower entropy of the second 
Nd(III)-Mal complexation step (Table .) supports this assumption, because it indicates a lower num-
ber of released water molecules compared to the first complexation step. 
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Figure .: pH-dependent coordination number of water molecules (CNW) and Mal ligands (CNMAL) from thermodynamic 
calculations (ITC) and ITFA of EXAFS spectra, respectively. Error bars are the confidence intervals at   estimated by using 
the error calculation with the methods described by Roscoe et.al.215,216 . Dotted lines represent the number of water mole-
cules for the : and the : Eu(III)-Mal complex from the TRLFS measurements. 

 

4.2.5 Structural investigations at pH > 6 

At pH values >  trivalent Ln(III)/An(III) show a strong tendency to hydrolysis. Usually, the positively 
charged hydrolysis species show strong sorption behavior on various solid phases (so also on vessels 
walls) and the uncharged ternary hydrolysis species possess a very low solubility. Therefore, conven-
tional UV-Vis measurements are hardly feasible for the determination of thermodynamic data at high 
pHc values due to the high required metal concentrations.217,218 TRLFS measurements can be carried out 
at trace concentrations, but fluorescence quenching processes of the hydrolysis species can limiting the 
determination of thermodynamic data. Therefore, the focus in this chapter lies on the structural eluci-
dation of possible mixed Am(III)-Mal-hydroxide complexes at higher pHc values. For this purpose, a 
series of EXAFS spectra of the Am(III)-Mal system at pHc values between  to  were recorded in 
addition to the EXAFS spectra in the acidic pHc range (experimental details in chapter .). 

The VARIMAX factor loadings from the ITFA analysis of all EXAFS spectra at pHc  -  show that 
at pHc >  a third species becomes dominant (red line in Figure . left) in addition to the previously 
characterized Am(III)-aquo ion and the Am(III)-Mal complexes (chapter ..). The FTs of two sam-
ples at pHc , one sample in the presence of Mal and the other in the absence of Mal are shown in 
Figure . (right). Both FTs show a high similarity: in addition to the O-peak at ~  Å (R + ΔR), a 
backscatter peak at ~  Å (R + ΔR) is visible, which is caused by the heavy backscatter Am(III). There-
fore, it can be assumed that the third species is a polynuclear Am(III)-hydrolysis species and the com-
plexation with Mal plays only a minor role under these conditions. The structural parameters of the 
Am(III) species at pHc  (without Mal) determined by a shell fit are shown in Table . 
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Figure .: VARIMAX factor loadings of aqueous Am(III)-Mal solutions from pH  to  including three components (left). 
Fourier transformation (FT) of two samples at pH , [Am] = .·−4 mol·L-1 (right). 

The precipitate obtained from a Am(III)-Mal solution at pHc =  was examined by using EXAFS. In 
contrast to the FT of the Am(III)-Mal complex at pHc < , the FT of this solid shows a backscattering 
peak at  Å (R + ΔR) (Figure . left, black line).  This peak is attributed to the heavy backscatter 
Am(III), which points to a polynuclear species. The formation of polynuclear Ln(III)/U(VI)/Zn(II)-Mal 
species at high pHc values is already described in the literature.104,108,197,219,220,221 A shell fit of this spectrum 
was performed using the scattering paths generated from literature-known XRD structure of a mixed 
Nd(III)-Mal-Fumarate solid from Sushrutha et al.108 shown in Figure . (right). The experimental 
spectrum was well fitted with one O, three C and one Am(III) shell(s) (Figure . left). The resulting 
distances and CN (Table .) are in good consistency with the experimental data of the XRD structure. 
The mean Am(III)-C distance of . Å represents the average of the C, C and C distances according 
to the molecular structure in Figure . (right). Thus, a similar structure of the obtained solid in this 
work is assumed having a : stoichiometry, possibly NaAmMal. 
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Table .: Structural parameters of the aqueous Am(III) solution (without Mal) at pH  and the Am(III)-Mal solid at pH  
obtained from the corresponding Shell Fits 

sample/path CN R / Å 2 / Å  ΔE0 / eV 

Am(III) solution, pH   

Am-O .() .() .() .() 

Am-Am * .() .* .† 

Am(III)-Mal-solid, pH   

Am-O .() .() .() .() 

Am-C * .() .* .† 

Am-C * .() .() .† 

Am-Cdis * .() .() .† 

Am-Am * .() .() .† 

CN – coordination number; R − interatomic distance; σ2 − Debye-Waller factor; ΔE – energy shift; † linked to the respec-
tive O-shell; * − Fixed parameter in the fit; Cdis − distances C-Atom. The standard deviation of the fitted parameters is given 
in brackets. Amplitude reduction factor S

 = .. 
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Figure .: Experimental EXAFS spectrum of the Am(III)-Mal solid at pH  (left, black) with shell fit (red) and residuals 
(blue). Corresponding Fourier transformations (FT) (middle). Section of the XRD structure of the Nd(III)-Mal-Fumarate 
complex from Sushrutha et al. 108. The values given correspond to the radial atomic spacings (right). 
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A comparison of the EXAFS spectra of the precipitates of Am(III)-Mal and Am(III)-Suc at high pH 
shows significant differences in the coordination of the metal ion. While Mal predominantly coordi-
nates the Am(III) ion in a chelate structure (forming a -ring), the succinate Am(III) solid shows an 
open-chain structure.25,182,222 The difference is mainly attributed to the stabilizing effect of the OH-group 
of Mal. These results show, that OH-groups have a considerable influence on the structure and stability 
of complexes, especially in the alkaline pH range. This is also reflected in the thermodynamic constants 
(see chapter ..). 
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5 Influence of Mal on Ln(III)/An(III) retention at CSH 
and CAH phases 

5.1 Batch sorption experiments with Eu(III) and Mal at CSH phases 

The sorption of tri-, tetra-, penta- and hexavalent radionuclides on CSH phases or hardened cement 
paste (HCP) by using batch experiments has already been widely described in the literature as a func-
tion of the solid/liquid ratio, the C/S ratio, the metal addition (direct/indirect) or concentration, the 
medium (water or ACW) and the reaction or contact time.15,16,62  

The batch sorption experiments in this project were primarily aimed at quantifying the influence 
of the cement additives (using Mal as an example) on the Ln(III)/An(III) retention. These investigations 
are complementary to the structural investigations. The metal concentrations were chosen so that ad-
equate results were obtained with respect to the structural sensitive method (Am(III) for EXAFS, 
Cm(III) for TRLFS, Eu(III) for TGA/NMR). The binary systems Eu(III)/CSH and Mal/CSH as well as 
the ternary system Eu(III)/Mal/CSH were studied in dependency on the C/S ratio and the used Mal 
and metal ion concentrations.   

It is well known from the literature and from the work in this GRaZ joint project that the trivalent 
Ln/An show an almost quantitative sorption on the cement phases, which is reflected in log Kd values 
~  (- in ACW,  see Table .). The determined log Kd values between ~  and ~  are independent of 
C/S ratio and the presence of Mal (Figure ., Table .).  It should be highlighted that the sorption of 
Eu(III) is almost independent of the used Mal concentration (Figure ., top right). In some references 
it is discussed that small organic molecules can increase the solubility of Ln/An by forming soluble 
ternary mixed complexes. 80,83,85,86 This results in an increase of the metal concentration in the superna-
tant solution and the log Kd value decreases. For the sorption of Eu(III) on CSH phases, however, an 
increase of the solubility caused by Mal was not observed. The complexation strength of Mal is not high 
enough to influence the Ln(III)/An(III)-sorption at CSH phases quantitatively. 

The determined log Kd values, especially for Cm(III) (due to the low Cm(III) concentration) can 
be slightly underdetermined in comparison with the literature values. The reason for this is that possi-
ble colloidal particles of the metal-doped CSH phases were not completely removed in the supernatant 
solution, because the use of an ultracentrifugation was not possible for the phase separation. 
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Figure .: Log Kd-values as function of C/S ratio for [Cm] = ·- mol·L-; [Am] = ·- mol·L-; [Eu] = ·- mol·L- (top 
left). Log Kd-values as function of C/S ratio with Mal for [Cm] = ·- mol·L- and [Mal] = .·- mol·L-; 
[Am] = ·- mol·L- and [Mal] = ·- mol·L-; [Eu] = ·- mol·L- and [Mal] = ·- mol·L- (bottom left). Log Kd-val-
ues of Eu (top right) or C- labelled Mal (bottom right) as function of the Mal concentration at C/S . with [Eu] = ·- 
mol·L-. The used radioactive element/molecule is marked in bold. TOC (Total Organic Carbon): [Eu] = .·- mol·L- (star); 
[Eu] = ·- mol·L- (cross) (right). 

 
Batch experiments with C- labeled Mal show that Mal, independent of its concentration, sorbs to a 
significantly lower extent at CSH phases than Eu(III) (Figure ., bottom right, blue dots). The log Kd 
values are three orders of magnitude below those of Eu(III). A sorption to the silanol groups of the CSH 
phases occurs only to a limited extent, because Mal is negatively charged and structurally larger than 
Eu(III). The presence of Eu(III) has no or only a very small influence on the Mal sorption on the CSH 
phases (Figure ., bottom right, orange dots).  With increasing C/S ratio an increasing of the Mal sorp-
tion was observed (independently of the presence of Eu(III)). This indicates a Ca+ mediated uptake of 
Mal in the CSH interlayer or on the CSH surface.  

For the CAH phase katoite similar results were obtained: almost quantitative Eu(III) sorption, 
which is independent of the Mal concentration and a much weaker Mal sorption (see Table . and 
Figure . in the appendix). The katoite structure remained stable throughout the whole experiment 
(verified with PXRD measurements). 

 

5.2 PXRD studies and thermal analysis  

One focus of our work was to determine the An(III)/Ln(III) ligand speciation and its structural incor-
poration into the CSH/CAH phases.  At present, there are only few substantiated studies on this field in 
the literature due to the amorphous character of the phases and the resulting difficulty in identifying 
An(III)/Ln(III) species in such phases.  Therefore, one important step was the characterization of the 
synthesized cement phases by thermogravimetric analysis (TGA), differential scanning calorimetry 
(DSC) and powder X-ray diffraction (PXRD). 
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CSH phases 

Due to the amorphous CSH structure, the PXRD diffraction patterns of the pure CSH phases show 
broad reflexes (peaks) with maxima at (.),., ., ., . and . °θ (Figure .). The peak 
positions correspond very well with literature values of  Å-tobermorite (Plombierite PDF --
). At high C/S ratios, the formation of portlandite (Ca(OH), P in Figure .) becomes more and 
more visible by the characteristic signals in the diffraction pattern. The PXRD diffraction patterns of 
the CSH phases doped with Eu(III)- or Eu(III)-Mal show hardly any changes compared to the pure CSH 
phase. The tobermorite structure remained unaffected at the used metal concentrations.  
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Figure .: PXRD-diffraction pattern of the CSH phases with C/S . and . without additives, with C/S . (insert) and C/S 
. with [Eu] = ·- mol·L- or [Eu] = ·- mol·L- and [Mal] = ·- mol·L-. Plombierite is shown as a reference. Peak 
in diffraction pattern at . °θ (insert) is attributed to the sample holder. 

The peak at ~  °θ represents the basal interspace of the CSH phases. This peak is shifted in the pres-
ence of Eu(III) and Mal by ~ . °θ to higher angles compared to the CSH phase doped only with 
Eu(III) (see insertion in Figure .). This shift can be caused by a reduction in the basal interspace 
distance and/or by a change in the crystallinity of the phases161,162,223,224 At high C/S . the precipitation 
of portlandite is suppressed by Mal (Figure ., C/S ratio .) due to the complexation of Mal with Ca. 
This lowers the C/S ratio. 21,161,162 

Figure . shows the first derivations of the thermogravimetric signal (DTG) and the DSC curves 
of different CSH phases (with higher additive concentration than in PXRD measurements).  It is known 
from the literature that CSH phases release water within a large temperature range ( -  °C), which 
originates from the interlayer and from dehydroxylation processes (release of OH groups).225 The re-
lease of water can be seen in the DTG curves and is connected with an endothermic heat effect (positive 
signal in the DSC curve). The exothermic peak at ~  °C in the DSC signal can be attributed to the 
phase transformation from CSH to wollastonite (W, CaSiO).226,227 Temperature of this phase transition 
depends on the C/S ratio.  At high C/S ratios, a mass decrease due to the decomposition of portlandite 
(P) to water and CaO at ~ °C can also be seen in the DTG curve, which is simultaneously observed 
as an endothermic heat effect in the DSC curve (Figure . left). 
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Figure .: First derivation of the mass decrease (DTG) and DSC-signal of CSH-phases with C/S . und C/S . without addi-
tives (left) and of  doped CSH phases at C/S .. (a) – pure, (b) –  with [Mal]= .·-2 mol·L-1,  
(c) - with [Eu] = .·-  mol·L-, (d) - with [Eu] = .·- mol·L-and [Mal] = .·- mol·L- (right).  

The DTG signals of the doped CSH phases show a reduced mass loss (Figure . right). This is due to 
the hydration retarding effect of Mal and a possible cross-linking effect of Eu(III). The addition of Mal 
decreases the phase transition temperature from ~  °C to ~  °C compared to the pure CSH phase. 
The Eu(III) and Eu(III)-Mal-doped CSH phases (c and d in Figure . at [Eu] > .·- mol·L-), how-
ever, do not show any phase transformations. The PXRD diffraction patterns of these two phases (Fig-
ure .) show the typical reflexes of tobermorite. Thus, no secondary (mixed) phases are present. A 
possible carbonate contamination can be excluded: Carbonate decompose the CSH phases to silicic 
acid and amorphous CaCO (calcite)228,229 with a DTG signal at ~  °C.225 This indicates that the addi-
tives suppress the phase transformation. Small peaks in the DSC curves at  -  °C could indicate 
a low content of an amorphous phase such as Eu(OH). Since even at a lower Eu(III) concentration (at 
[Eu(III)] < .·- mol·L- and in the presence of Mal) a phase transformation peak is observed in the 
DSC signal (not shown here), the influence on the phase transformation is mainly due to the presence 
of Eu(III).   

CAH phases 

The formation of katoite could be clearly verified by the characteristic reflection patterns. No phase 
changes were observed when varying the S/L ratio or the crystal system of the precursor (Figure ., 
left) Katoite degrades in two steps with increasing temperature as shown by TGA/DSC (Figure ., 
right).The first step occurs at  °C and the second at  °C. In both cases a decrease in mass due to 
water loss after the following reactions can be observed. 

          7 Ca3Al2(OH)12 → Ca12Al14O33 + 9 Ca(OH)2 + 33 H2O 
          2 Al(OH)3 → Al2O3 + 3 H2O . 

Ca(OH) → CaO + H2O . 

 
The addition of NaCl has a significant influence on the katoite structure. With increasing Cl concentra-
tion, a gradual transformation of the katoite into a LDH phase can be observed, whereby mainly the 
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CaAl(OH)Cl-LDH is formed (confirmed also with IR spectroscopy, here not shown). Even at low Cl- 
concentration new reflexes can be observed in the PXRD pattern at  to  °θ and other reflexes 
vanish with increasing [Cl-] (katoite marked with a star in Figure ., left). The areas of  –  °θ and 
 –  °θ are very sensitive for the changes in the distance between layers of such LDHs (inserts in 
Figure .). The observed shift to higher angles is caused by a decrease in the interlayer distance. Peak 
splitting occurs as well, which means that two different distances occur in the same structure. The C/A 
ratio changes from . (katoite) to  (LDH) (confirmed by ICP-MS measurements) when increasing Cl- 
concentrations. 
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Figure .: PXRD-diffraction pattern of the CAH phase katoite as function of [Cl-], inserts zoomed part of the angle ranges 
 –  °θ and  –  °θ (left), PXRD-diffraction pattern of the CAH phase katoite in presence of [Eu+] =  mM and 
[Mal] =  mM  (right) 

The addition of Eu(III) and Mal inhibits the formation of the katoite, the new formed (LDH) phases 
are more amorphous. Changes in the PXRD diffraction patterns can be observed, namely peaks shifts 
and new peaks occur which could not be assigned to any known phase so far (Figure ., right). Espe-
cially the strong changes in the regions of  –  °θ and  –  °θ in the Eu(III)-doped CAH phases 
are indications that Eu(III) (as Eu(OH), Eu(OH)

-) could be bound in the intermediate layer of the 
formed LDH phases.  
 

5.3 NMR spectroscopy 

 
Examples of the Si-NMR spectra of pure and doped CSH phases are shown in Figure .. All chemical 
shifts and fractions obtained by spectral deconvolution are summarized in Table .. Si-NMR spectra 
generally show broad spectral signals due to second order quadrupole interactions or anisotropic in-
teractions (even with Magic Angle Spinning NMR measurements). In the Si-NMR spectra the silicate 
end group tetrahedra Q and the bridging and paired tetrahedra Q can be distinguished (see chapter 
.. and Figure . for an explanation of the Qn classification).  The chemical shifts and relative frac-
tions of Q and Q of the pure CSH phase correspond very well with literature values for a C/S ratio of 
one. 38,230,231,233 
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Figure .: Si (left) and C NMR spectra (right) of the pure and doped CSH phases with C/S . and disodium malate. 
Concentrations see Table .. 

Mal has no influence on the Si-NMR spectra, neither on Q and Q fractions nor on the chemical 
shifts, only the Q signal is narrower compared to the pure CSH phase. In the range of - to - ppm, 
the signals of the Qu tetrahedra are found. These tetrahedra are linked by hydrogen bonds in the CSH 
interlayer.161,162,224,232 A change in this signal could result from the binding of Mal within the CSH inter-
layers. It should be mentioned here that an outer sphere sorption of Mal not only on the CSH surface 
but also within the CSH interlayer is quite possible. 

 
Table .: Chemical shift and relative fractions (in ) of the Si-Q and Si-Q tetrahedra in the pure and doped CSH phases 
with C/S . determined in the Si NMR spectra. IM = . mol·L- NaOH. 

Sample [additive] / 
mol·L- 

Q Q MCL &

ppm  ppm  

Pure CSH phase - -.  -.   

Pure CSH phase, C/S . 233 - -.  -. .  

CSH + Mal ·- (Mal) -.  -.   

CSH + Eu ·- (Eu(III)) -.  -.   

CSH + EuMal ·- (Mal) and ·- (Eu(III)) -.  -.   

CSH + EuMal* (not shown) .·- (Mal) and ·- (Eu(III)) -.  -.   

 – Uncertainty of chemical shift ppm ± .;  – Uncertainty of fractions ±  ; & – Uncertainty of MCl (main chain length) 
±  
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Due the paramagnetic influence of Eu(III) the Si signal is decreased strongly relative to the pure CSH 
phase in the Si-NMR spectra of the Eu(III) and Eu(III)-Mal-doped CSH phases. The signal-to-noise 
ratio worsens significantly, which makes an accurate peak identification very difficult. The quenching 
through Eu(III) is more efficiently transferred to the Q tetrahedra. It can be attributed to different 
effects, which cannot be resolved: a) the coordination of Eu(III) in the defect sites of the bridging Q 
tetrahedra so that Eu(III) actually coordinates to Q , b) the incorporation of Eu(III) in the CaO layer 
next to defect sites so that Eu(III) is closer to Qthan to Q or c) a higher water accessibility of Q by 
which Eu(III) quenching can be transferred more efficiently via protons and therefore increasing re-
laxation. The increase of the main chain length (MCL, see Equation . in chapter ..) represents 
an apparent polymerization actually caused by the paramagnetic quenching (Table .).   

In case of the Eu(III) doped CAH phases (katoite) the Al-NMR spectra show no significant 
changes compared to that of pure katoite, Al is -fold (octahedral) coordinated like in the pure katoite. 
If Mal is present a -fold (tetrahedral) Al-coordination in the range of - ppm can be observed next 
to the -fold (octahedral) Al-coordination in the range of - ppm of the chemical shift (Figure .). 
Mal acts as a retarder and therefore probably unreacted precursor is still present in the samples. In the 
precursor Al is rather -fold coordinated. 

C-NMR spectra were recorded to identify the binding mode of Mal in the CSH phases. The chem-
ical shifts of C in the Mal- and Eu(III)-Mal-doped CSH phases are both very similar to those of the 
disodium Mal reference sample (Figure .). Only a signal broadening can be observed, which is indi-
cating the presence of several Mal species with slightly different chemical environments in the amor-
phous CSH phases. The small low field shift of  ppm of the signal of the C atom of Mal in the CSH 
samples is due the coordination of the OH by Ca+ (instead of Na+).  The similarity of all measured C-
NMR spectra suggests that Mal is present in a similar binding mode in the CSH samples, namely as an 
outer sphere sorption complex mediated by Ca, even in the presence of Eu(III). An Eu(III) Mal complex 
is unlikely. Rather, the results indicate a separate binding of Eu(III) and Mal in the CSH phases, even if 
they were added simultaneously as a complex to the CSH suspension. 
 

5.4 Time-resolved laser-induced fluorescence spectroscopy 

Excitation, fluorescence emission spectra and fluorescence lifetimes were used to characterize possible 
sorption or complex species. Furthermore, for Eu(III) and Cm(III) the site-selective TRLFS was used 
to identify individual species. 

The Am(III) coordination in the CSH phases is indicated by a clear redshift of  -  nm of the 
Am(III) emission of the Am(III)-doped CSH phases compared to the pure Am(III)-aquo ion ( nm). 
In presence of Mal, a significant increase in fluorescence intensity is observed, no additional shifts or 
splitting of the Am(III) emission spectra appear (example in Figure .). This indicates the formation 
of a new Am(III) species, associated with a decrease in quenching, as observed in other Am(III) ligand 
systems.110,234,235 The Am(III) decay curves (Figure . insert) can be fitted mono-exponentially in all 
CSH samples with a fluorescence lifetime of ~  ns independent of the C/S ratio (Table .). Mal 
has no significant influence on the fluorescence lifetime, only at very low C/S ratios (C/S ~ .) is it 
slightly increased. Here the simultaneous Ca-Mal complexation (decalcification by Mal) causes a 
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stronger change of the Am(III) surrounding CSH structure than at higher C/S ratios, which then results 
in a variation of the surrounding quenching water molecules.  

The determined fluorescence lifetime is significantly prolonged compared to that of the Am(III) 
aquo ion with τ =  ±  ns, the Am(III)-Mal-(hydroxide) complex with τ =  ±  ns (at pH .)139 or 
other literature-known aqueous Am(III)-ligand complexes.110,234,235 On the other hand, the lifetime is 
much shorter compared to solid solutions with Am(III) like the more highly ordered Am(III) calcite 
system ( ±  ns and  ±  ns at T =  K). 132 The results show that Am(III) is only weakly 
hydrated/hydroxylated within the CSH phases, indicating that Am(III) is either sorbed to or incorpo-
rated into the CSH structure. Different Am(III) species cannot be distinguished with these measure-
ments, because in this system either the exchange reaction between the water molecules of the first 
coordination sphere and the ligand molecules is faster than the luminescence decay rate of the excited 
Am(III) species, so that in total only mono-exponential decay curves result, or the different very short 
fluorescence lifetimes cannot be resolved by the used laser system. 
 

 
Figure .: Emission spectra and monoexponentially fitted decay curve (inset) of Am(III)- and Am(III)-Mal-doped CSH 
phases (C/S .) with λexc = 506 nm and [Am] = 1.1·10-4 mol·L-1. 

A more detailed insight into the Ln(III)/An(III)-Mal species identification in the CSH phases is 
given by the site-selective TRLFS with Cm(III) and Eu(III).25,139 Our investigations with Cm(III) are 
complementary to the studies from Wolter et. al 249.   

Like the excitation spectra for the pure Cm(III) doped CHS phases in reference249, the excitation 
spectra of the Cm(III)-Mal doped CSH phases also show very broad peaks at ~  and ~ nm (Fig-
ure .).  When exciting around  nm multiple narrow emission lines occur. This is typically denoted 
as the luminescence line-narrowing effect; it was previously observed in solid solutions and different 
minerals and is also expected for amorphous systems without long-range order. It can be attributed to 
the existence of several Cm(III) species showing slightly different chemical environments.236,249 The 
band at ~  nm can be assigned to a hot band corresponding to the transition from the A sublevel 
of the D/ transition to the S/ ground state. The excitation in this hot band is apparently followed by 
an energy transfer between the several Cm(III) species, which results in only one broad emission peak.  
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Figure .: Excitation and emission spectra of Cm(III)-Mal-doped CSH phases at C/S . (left) and at C/S . (right). The hot 
band transition is marked with asterisks. 

Time-resolved measurements of the Cm(III)-Mal-doped CSH samples yielded two main species like 
the analog pure Cm(III)-doped CSH samples from Wolter et. al. 249 The average lifetimes are summa-
rized in Table .. The first lifetime τ corresponds well with literature values and represents a sorbed 
Cm(III) species with - HO/OH- molecules. The second lifetime τ is slightly shorter than the corre-
sponding one in the system without Mal. This is rather caused by a symmetry change of the ligand field 
of the Cm(III) ion and/or a more efficient energy transfer from Cm(III) to the OH oscillations by 
shorter binding distances than by the unlikely presence of a ternary Cm(III)-OH-Mal complex in the 
CSH phase. When excited at ~  nm, the emission spectra show a threefold splitting with a splitting 
of - cm-  of the Cm(III) ground state which is typical for incorporated Cm(III) species. These 
highly resolved emission peaks indicate a high degree of order in the environment of Cm(III) in pres-
ence of Mal in contrast to the studies of the analogue samples249 without Mal. Furthermore, another but 
unsymmetrical species (-fold splitting) with an emission maxima ~  nm is only observed in the 
presence of Mal and is probably absorbed in the interlayer of the CSH phases (see 25,139 for more detailed 
information).  

Similar species groups as identified from the Cm(III)-TRLFS were also observed in TRLFS studies 
with Eu(III), although these TRLFS measurements were performed at significantly higher metal con-
centrations and in a different medium (for Eu(III) in water, for Cm(III) in ACW). The fluorescence 
emission spectra of Eu(III)-CSH solids show a complete splitting of all levels into (J+) lines, which 
correlates with a low symmetry of the ligand field of Eu(III), e.g. a CS, C, Ch or S-symmetry237 (Figure 
. left). The observation of the D-F-transition is a further indication of a low symmetry of Eu(III) 
in the CSH phases compared to the Eu(III)-aquo ion (in Figure ., left). The observed broad Eu(III) 
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emission and excitation peaks are typical for the presence of a broad distribution of species, all in a 
similarly disordered chemical environment (Figure ., right). Since in the presence of Mal the splitting 
patterns in the Eu(III) emission spectra do not change, it can be concluded that the disordered chemical 
environment of Eu(III) is not affected. This is in obvious contrast to the conclusions of the Cm(III)-
TRFLS studies, where a higher order of Cm species was found in the presence of Mal. One reason for 
this is (besides the much lower used Cm(III) concentration), that the Cm(III) fluorescence has a much 
higher sensitivity to changes in the chemical environment, which allows a more accurate structural 
interpretation of the species (especially when these are present in small fractions).  
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Figure .: Fluorescence emission spectra and exponentially fitted decay curves (left) of Eu(III) (black) and Eu(III) Mal-doped 
CSH solid at RT (λexc =  nm, blue, dotted) and T <  K (λexc = . nm, blue, with laser peak) at C/S . (left). Excitation 
spectra (F emission) of Eu(III)-doped CSH-solids at T <  K at different C/S ratios, [Eu] = ·- mol·L-  (right). 

Mal has an influence on the fluorescence intensity (increases significantly) and the lifetimes (see Table 
. for the lifetimes of the species), which indicates a change in the chemical environment of Eu(III) 
in the CSH phases in the presence of Mal. At C/S . the fluorescence lifetime of Eu(III) increases 
slightly in the presence of Mal.  However, this change has only a slight effect on the number of coordi-
nating water/OH molecules surrounding Eu(III) (within the error range). An increase in fluorescence 
lifetimes could indicate the formation of a Ca-Eu(III)-Mal-hydroxide complex. Since fewer Ca ions are 
present in relation to higher C/S ratios, Mal may have a non-negligible influence on the species distri-
bution of Eu(III) by the complex formation with Ca. At C/S ., the Eu(III) fluorescence lifetimes of the 
two main species decrease substantially in the presence of Mal, indicating a change in the chemical 
environment of Eu(III) in the CSH phases. This lifetime decreasing is consistent with the Cm(III)-Mal-
CSH system. At C/S ., the Eu(III) fluorescence lifetimes increase significantly in the presence of Mal 
compared to the analogue CSH sample without Mal (see Table .). This is because to the absence of 
portlandite in the malate-containing phases. (see PXRD measurements).  
Preliminary site-selective TRLFS measurements of Eu(III) doped CAH phases (katoite-LDH phases) 
show (Figure ., left) two broad excitation peaks, indicating at least  species groups.  The excitation 
at different wavelengths in the F-transition results in emission spectra with a -to -fold splitting of 
the F-band and a -fold to -fold splitting in the F-band (Figure ., right). This suggests that Eu(III) 
species with ligand fields of higher symmetry as well as very low symmetry237 are present in the CAH 
phases. A fluorescence lifetime of ~ - μs was determined for all species suggesting sorbed Eu(III) 
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species. This lifetime is much smaller than in similar Eu(III)-solid/mineral systems. Probably quench-
ing processes (e.g. due to OH-) play an important role in the Eu(III)-CAH system. Thus, no classification 
of the different species into sorbed, incorporated or polynuclear species can be derived. Presently, fur-
ther TRLFS investigation in the Eu(III)-CAH system are in progress. 

5.5 EXAFS spectroscopy  

The EXAFS spectroscopy in combination with the iterative transform factor analysis (ITFA212) is an 
important tool to characterize structures of species in solids or complexes, even if the individual species 
are only present in spectral mixtures.186,213 

Using ITFA three components, in the following referred to as species, could be determined from 
the EXAFS spectra. All experimental EXAFS spectra can be reproduced well with the extracted three 
species. The fractions (normalized varimax factor loadings) are shown in Figure ..  Species  is only 
present in the samples with a C/S ratio of . independent of the presence of Mal, while species  be-
comes dominant in the samples with a C/S ratio ≥ . if no Mal is present.  In presence of Mal in the 
samples at higher C/S ratios two species, species  and further species  are present, species  becomes 
dominant at high C/S ratios and high Mal concentrations.  
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Figure .: Fractions of the three species of Am(III)-C-S-H (above, samples - in Table .) and of Am(III)-Mal-C-S-H (below, 
samples - in in Table .) EXAFS spectra in dependence of C/S ratio determined by ITFA.  

The concentrations or percentages of the species are not known, so that no single component spectra 
can be extracted. Thus, only those EXAFS spectra will be considered for the in the following shell fit 
where the respective species has its maximum fraction. These shell fits were performed with a FEFF 
file generated with the model structure of tobermorite238 (and britholite). The experimental EXAFS 
spectra, their Fourier Transformations (FT), the corresponding shell fits and the resulting structural 
parameters of the three species are shown in Figure . and listed in Table ., respectively. 
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Figure .: EXAFS spectra (black) of each species and respective FT (right) with shell fit (red) and residual (blue). 

Species  and  both can be well described by one O shell, two Si shells and one Ca shell. The number 
of shells was used according to the literature70,71, whereby a smaller number of shells significantly wors-
ened the fit. The Am(III)-O distances RAm-O of both species with . - . Å correspond well with the 
distances in the Eu(III)-CSH and the Nd(III)-CSH systems70,71. The determined coordination number 
(CN) for oxygen of  -  is equal to the CNO of Ca in the CaO sheets of non-doped CSH phase with 
similar C/S ratio. This indicates that Am(III) is incorporated in the CaO framework of the CSH phases 
by substitution of Ca. Furthermore, one Si atom is located in the nearer surroundings of Am(III) at a 
distance of . Å and  -  Si atoms have at a distance of . - . Å. However, these two Si shells 
seem to be very variable with respect to their CN and therefore usually show large errors.  

Higher CNSi at low C/S correspond to the presence of bridging Si tetrahedra in the CSH phases 
which are eliminated at C/S > .. The sorption of the metal on amorphous SiO at C/S . can be 
excluded, as this would result in longer metal-Si distances (RNd-Si = .()71. Additionally,  -  Ca at-
oms can be observed at . - . Å for species  and . The CNCa determined here points towards the 
presence of on the CSH surface adsorbed Am(III) rather than incorporated Am(III) which would re-
sults in CNCa of -238,239. The Am(III)-Ca distances determined here are significantly longer than 
R(Eu/Nd-Ca) distances in the literature70,71. Longer metal-Ca bond distances may be due to a higher 
degree of disorder of the CSH phase which can be caused by the increasing incorporation of Am(III) 
into the CSH phases. The degree of disorder therefore depends on the used preparation method, the 
metal concentration and the metal/CSH contact or reaction time. 

The backscattering peak at ~  Å (R + R) could also be attributed to a possible precipitation of 
Am(III) in the CSH phases. The back transformation of the EXAFS signal (at C/S ≥ .) confirms the 
existence of the heavy backscatterer Am(III) at this distance. But significant amounts of polynuclear 
Am(III)-hydroxide species or of an Am(III)-Mal solid can be excluded in the CSH samples (for more 
details see25,139).  Nevertheless, Am(III) could be co-precipitating with Mal and/or Ca within the CSH 
phases, which could result in different structural parameters of the precipitate. A co-precipitation of Ca 
in a possible Am(III) precipitate would explain the small CNCa and the slight decrease of CNCa at higher 
C/S ratios. Since the peaks around ~  Å (R + R) in the CSH samples have a very small amplitude 
(although Am(III) is a heavy backscatterer), only a small fraction of a polynuclear Am(III) precipitate 
is formed. Furthermore, the CNO would be much higher for such a precipitate, between . and ., 
which was determined e. g. for Eu(III) precipitate in CSH phases.70  
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The EXAFS spectrum and the FT of species  differ significantly from these of species . While the 
backscattering peaks in the FT of species  are clearly pronounced, all backscattering peaks of species 
 (except the O shell) show a significantly smaller amplitude. Therefore, it is assumed that an Am(III) 
inner-sphere sorbed surface complex (in the CSH intermediate layer) is mainly characterized by spe-
cies  in contrast to an incorporated Am(III) species, which is mainly reflected by species . 

As well as species , species  also shows very small backscattering contributions (exception O 
atom) compared to species . The spectrum of species  (C/S . and .) could not be satisfactorily 
fitted with four shells. Only the structural parameters of one O and one Si shell could be extracted. The 
Am(III)-O- and the Am(III)-Si distance in species  are significantly shortened compared to the re-
spective binding distances in the samples without Mal. A back transformation in the range between . 
- . Å (R + ΔR) indicates the presence of light backscattering atoms. Due to the similarity of the FTs 
of species  and , the dominant existence of a sorbed species can be concluded. However, the Am(III) 
surrounding structure in the Mal-doped CSH phases seems to have changed significantly from species 
 to species .  

As already mentioned hydroxycarboxylates like Mal are known to cause a decalcification within 
CSH phases by forming outer-sphere sorption complexes with Ca. This structural change in presence 
of Mal especially influences the Am(III)-Ca bond distances so that tobermorite/britholite does not pro-
vide a sufficiently good structural fitting model for the EXAFS data anymore. Therefore, to identify the 
pure component EXAFS spectra for Am(III) in (Mal-doped) CSH phases from the experimental spec-
tral mixture, a combination of quantum mechanical calculations and various numerical approaches is 
useful, for more information see139. 
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Table .: Structural parameters from the Shell Fit of the EXAFS spectra in which the respective species have their maxi-
mum fractions compared to literature values. 

sample Path CN R / Å σ2 / Å2 ΔE / eV 

Species :  
C/S . 
with Mal 

Am-O .() .() .() .() 

Am-Si .() .() .* .† 

Am-Si .() .() .* .† 

Am-Ca .() .() .* .† 

Species : C/S .  
without Mal 

Am-O .() .() .() .() 

Am-Si .() .() .* .† 

Am-Si .() .() .* .† 

Am-Ca .() .() .* .† 

Species : C/S .  
with Mal 

Am-O .() .() .() .() 

Am-Si .() .() .* .† 

Eu(III)-tobermorite from 
Mandaliev et al.  
(C/S ~ .).  d 

Am-O .() .(.) .() .() 

Am-Si .() .() .*  

Am-Si .() .() .*  

Am-Ca .() .() .*  

CN – Coordination number, R – interatomic distance, σ  - Debye-Waller factor, ΔE − energy shift. Amplitude reduction 
factor S

 = .; † − linked to the respective O-shell, * - fixed parameter. The standard deviation of the fitted parameters is 
given in brackets. 

 

5.6 Infrared spectroscopy 

IR investigations were used for further structural characterization of the doped CSH phases (C/S ., 
. and .). The pure CSH phases (Figure .) show IR spectra which are very similar to those of 
tobermorite.240 All IR bands and their corresponding assignments are listed in Table .. 

The IR spectra show a complex structure of the bands between - cm−, which represent 
the stretching vibrations of Si-O bonds. These can be classified into oscillations of the Q- and Q tetra-
hedra of the silicate layers (see chapter .. for Qn classification).240,241 The bands at ~  cm−corre-
spond to the Q vibration and the bands at ~  cm−1 to the Q1 vibration. 
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At C/S ratio of . and ., the Q bands occur at  cm− and  cm− respectively (Figure .), 
since at higher C/S ratios the fraction of Q tetrahedra increases due to the reduction of bridging Q 
tetrahedra. At C/S ratio of ., however, only a small shoulder is visible. The Si-O-Si bending vibration 
is represented by a band at ~  cm− and the deformation vibration of the Si tetrahedra is represented 
at ~  cm−. The band at  to  cm− is due to water contained in the pellets and will not be 
considered further. 
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Figure .: IR transmission spectra of doped C-S-H phases as KBr pellets for C/S ratio . (left), . (middle) and . (right) 
with .  mol·L− Eu(III),  .  mol·L− Mal or . mol·L− Mal and .  mol·L−1 Eu(III). 

The samples with C/S ratio ~ . consist of CSH phase and SiO gel. The (Si-O) band is significantly 
broader, especially in the higher frequency range, than the same band at higher C/S ratios. This differ-
ence is due to the increased degree of polymerization of the SiO gel by the presence of Q- and Q 

tetrahedra.242,243 
When Eu(III) is added, the stretching oscillation (Si-O) shifts from  cm− to the higher fre-

quency range to  cm−, indicating that the content of Q- tetrahedra in the CSH phases is decreased 
by Eu(III) or the silicate chains are converted to SiO gel. In addition, oscillations at  cm− and  
cm−1 become visible.  

In the presence of Mal, the symmetrical and antisymmetrical stretching oscillations of the carbox-
ylate groups are observed in the IR spectrum; the stretching and bending oscillations of the Si-O-Si 
bond do not change compared to the pure CSH phase. This confirms the assumption that Mal binds to 
the CSH phases as an outer-sphere complex and is not incorporated.  

With simultaneous addition of Eu(III) and Mal, the 3,as(COO−)-oscillation shifts by  cm− and 
the 3,s(COO−)- oscillation becomes broader. This can indicate a possible Eu(III)-Mal complex, which 
is favored by the degradation of the CSH structure by Eu(III). The spectral splitting of the two ν(COO−) 
bands in the CSH solids indicates a preferred monodentate coordination of the ligand in the investi-
gated samples (see chapter .. and 25). 
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Table .: Frequencies of the band maxima of the doped CSH solids and their assignment to the vibration modes. Frequen-
cies in cm−1. 

CSH CSH + Eu CSH + Mal CSH + EuMal assignment 

C/S .     

    (Si-O-Si) 

     (Si-O-Si) 

 sh   sh  (Si-O) 

    br ν,s(COO−) 

    ν,as(COO−) 

C/S .     

*/  */  (Si-O-Si) 

     (Si-O-Si) 

    (Si-O) 

    ν,s(COO−) 

    ν,as(COO−) 

C/S .     

*/ /* */  (Si-O-Si) 

 sh    (Si-O-Si) 

 br  br  br  (Si-O) 

    ν,s(COO−) 

    ν,as(COO−) 

* – band with higher intensity, br – broad, sh – shoulder 

Furthermore, carbonate bands at ~  cm− can be observed in the pure CSH phases (especially at 
the higher C/S ratio of . and .). Since these bands have a very low relative intensity, a carbonate 
content only in the lower percentage range can be assumed.  
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At C/S ratio of ., these bands are no longer observed if Eu(III) is present, which suggests, that the 
carbonate is displaced by Eu(III) from the interlayer. It is interesting to point out that at a C/S ratio of 
., this displacement does not occur or occurs only to a small extent. This is due to the presence of 
portlandite, to which Eu(III) shows a high affinity (see also chapter ..). Whether Mal, like Eu(III), 
displaces the carbonate from the interlayers cannot be deduced due to the strong interfering 
3,as(COO−)- and 3,s(COO−) modes. Similar to the C/S ratio of ., the (Si–O) band becomes broader 
in the higher frequency range and the Q band at  cm− disappears in the presence of Eu(III) (more 
pronounced at the C/S ratio of .). The additional decrease of the (Si-O-Si) band intensity at  cm− 
or its broadening is explained by a low order of the samples. The internal deformation of the SiO tetra-
hedra is visible by a strong change of the (Si–O–Si)-band.  

Mal has no influence on the degree of polymerization of the CSH phases, even at high C/S ratios. 
Since the ν(COO−) bands shift by a maximum of  cm−1 when Mal and Eu(III) are added, it can be 
assumed that Eu does not dominantly complex with Mal within the phases (for C/S ≥ .). Ternary 
Eu(III)-Mal-CSH complexes are therefore very unlikely. Furthermore, in the range of Si-O(-Si) oscilla-
tions the IR spectra of the Eu(III)-Mal-doped CSH phases are a mixture and/or overlap of the individ-
ual IR spectra of the Mal-doped and the Eu(III) doped CSH phases (at all C/S ratios). This supports the 
assumption that Eu(III) and Mal will sorb/incorporate independently of each other on/in the CSH 
phases.  

At C/S ., the OH-vibration of the portlandite can be also observed at ~  cm−. However, this 
only occurs in the pure CSH phase or at low Eu(III) and Mal concentrations. At higher concentrations 
of Eu(III), the binding of Eu(III) to portlandite seems to suppress/shift this oscillation. But it should be 
noted, that at high metal concentrations (high metal to CSH ratio) probably no CSH phases are present.  
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6 Summary and conclusion 

The present report deals with structural and thermodynamic investigations on the retention of triva-
lent actinides (An) and lanthanides (Ln) at calcium silicate hydrates (CSH) phases (and calcium alu-
minate hydrate phases, CAH) in the presence of (α-hydroxy)carboxylates.  

Hydroxycarboxylates like malate, tartrate, gluconate and citrate and are constituents of cement 
additives and serve as retarders. Malate (Mal, hydroxysuccinic acid) was used as model ligand for α-
hydroxycarboxylate based cement additives. For comparison, the natural occurring ligands lactate 
(Lac) and oxalate (Oxa) were also considered.  Furthermore, because polycarboxylate-ethers (PCE) are 
today the most widely used superplasticizers in the cement industry, thermodynamic investigations on 
the interaction of PCE with trivalent Ln were also performed.   

CSH phases are the main phases in concrete and they are considered as the actinide uptake con-
trolling phases. However, in cement/concrete mixed calcium silicate/aluminate hydrate phases 
(CA(S)H) are also present in significant quantities, which is why additional investigations were per-
formed with pure calcium aluminate hydrate (CAH) phases.  

Using a multi-method approach - a combination of spectroscopic, theoretical and thermodynamic 
investigations - the binary systems Ln(III)/An(III)-ligand, Ln(III)/An(III)-CSH and ligand-CSH phase 
as well as the ternary system Ln(III)/An(III)-ligand- CSH phase were characterized. 
 
The complex formation reactions of the here investigated Ln(III)/An(III)-ligand systems are predomi-
nantly endothermic and entropy-driven. The interaction of Eu(III) with PCE is strongly endothermic. 
Therefore, higher temperatures, as expected in the near field of a nuclear repository, favor the complex-
ation of Ln(III)/An(III) with these organic ligands.  

Higher ionic strengths should also be considered when water ingresses into potential host rocks, 
such as clay formations or salt domes, of a nuclear repository. With increasing ionic strength, the en-
thalpy of the studied complexation reactions decrease. Thus, in solutions of higher ionic strengths such 
complexation reactions are not necessarily favored at higher temperatures. This underlines that the 
ionic strength is an important parameter and must be considered in modelling.  

The An(III)/Ln(III)-ligand systems are mainly characterized by a moderate complexation strength 
(for instance for PCEs with log K ~ . to . at I = . m, for Am(III)-Mal with log 1 = . ± . at I 
=  m). The complexation constants decrease with increasing ionic strength.  

For the estimation and interpretation of thermodynamic data, fundamental structural investiga-
tions of the considered An/Ln-ligand systems are necessary, as shown exemplarily for the An(III)/Ln-
Mal system.  The studies confirmed two complexes with a : and : stoichiometry, respectively.  Up 
to pH  no further complexes, such as a : or protonated species were found. Above pH , next to 
polynuclear An(III)/Ln(III)-hydrolysis species, a polynuclear An(III)/Ln(III)-Mal complex is precipi-
tating. It was not possible to observe further complexes in the alkaline pH range (like ternary complexes 
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An(III)/Ln(III)-OH-Mal or quaternary Ca- An(III)/Ln(III)-OH-ligand complexes). The exact specia-
tion of Ln(III)/An(III) in the alkaline pH range in the presence of medium to strong complexing or-
ganic ligands is still an open question.  

Mal chelates the cations of the f and f elements in a tridentate ring structure in which the α-
hydroxyl group and both carboxylate groups are involved (structural model in Figure . above). By 
comparing the An(III)/Ln(III)-succinate (no OH group) and An(III)/Ln(III)-malate complexes, the 
contribution of an α-OH group to the increase of the stability constant can be estimated to be of one 
order of magnitude. The α-hydroxyl group also has a major influence on the structure of the precipi-
tated An(III)-ligand complexes in the alkaline pH. In the investigated Am(III)-Mal solid Mal remains 
in the tridentate structure. In contrast, in the precipitated Am(III)-Suc complex there is a change in the 
coordination, which results in an open-chain structure. 

 
The batch sorption studies of An(III)/Ln(III) on the CSH/CAH cement phases reveal a strong sorption 
behavior of An(III)/Ln(III) both in the binary system without Mal as well as in the ternary system with 
Mal, thus leading to high Kd-values (Kd >  L∙kg-) independently of the used C/S or S/L ratio. The 
almost quantitative An(III)/Ln(III) sorption on the CSH phases is not influenced by Mal, and likewise, 
the uptake of Mal is only minimally influenced by the presence of the metal ions. Malate shows only 
weak sorption with Kd ~  to  L∙kg- to the cement phases, which increases slightly with increasing 
C/S ratio due to an enhanced Ca ion mediated outer sphere sorption on the CSH surface and in the CSH 
interlayer (Figure . bottom, middle). The Ln(III)/An(III) ions and the ligand molecules show inde-
pendent (ab-)sorption mechanisms.  

The spectroscopic investigations indicate a homogeneous distribution of two An(III)/Ln(III) spe-
cies in the CSH phases: an incorporated species, which is completely dehydrated within the CaO layer 
and an inner sphere sorbed species with  -  remaining water molecules in the CSH intermediate layer 
or on the CSH surface (Figure . bottom left). At high C/S ratios >  a further An(III)/Ln(III) species 
appears. As portlandite is only formed at these high C/S ratios, it is assumed that this third species 
mainly associated with portlandite. 

In the ternary Ln(III)/An(III)-Mal-CSH system, at low C/S ratio <<  both species are present in 
a slightly stronger ligand field in the presence of Mal than at higher C/S ratio. At the pH ~ , which is 
prevailing in these CSH phases, the An(III)/Ln(III)-Mal complexation is no longer dominant but still 
possible. The uptake of this complex or of a An(III)/Ln(III)-OH-Mal complex in the CSH phases could 
be a possible reason of the spectroscopic changes. But so far, there is no clear evidence of a sorbed or 
incorporated An(III)/Eu(III)-Mal complex in the CSH phases. At C/S ratio  1 the species show an 
increased crystallinity respectively an increased degree of order and increased symmetry in contrast 
to the samples without Mal.  These structural changes of the CSH phases are probably favored by the 
hydration retarding effect of the α-hydroxycarboxylate and by a strong Ca-ligand complexation (Figure 
. bottom right).  Due to the complexation of Mal with Ca the formation of portlandite at high C/S 
ratios is inhibited and/or retarded and thus, the An(III)/Ln(III)-portlandite species is also influenced 
by Mal. 

 
In the present work the process understanding of the influence of organic ligands on the An(III)/Ln(III) 
retention in CSH phases has been significantly extended and improved. Summarizing, it can be con-
cluded that the presence of Mal results in highly symmetrical An(III)/Ln(III) species in a more ordered 
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(crystalline) CSH structures. This species has probably only a small number of available sorption sites 
and can therefore only be detected at low metal concentrations. The retention of An(III)/Ln(III) by the 
CSH phases is not influenced.  The organic ligands themselves are weakly sorbed on the CSH phases as 
outer sphere complexes. For moderate complexing ligands, like Mal, there is no desorption of the tri-
valent actinides/lanthanides by formation of soluble An(III)/Ln(III)-ligand complexes. This is an im-
portant aspect for the permanent retention of trivalent actinides in a nuclear repository.  Figure . 
illustrates the results of this work in a schematic summary. 

  
 

 
Figure .: Schematic illustration of the results of this project. A tridentate coordination of Ln(III)/An(III) with Mal and corre-
sponding thermodynamic data were determined (chapter ). The Ln(III)/An(III)-Mal-CSH system was analyzed and a possi-
ble transformation processes of the CSH phases by influence of Mal was identified (bottom, chapter ). H and O atoms 
within the CSH structure were neglected for simplification. With permission and adapted from25. 
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7 Appendix 

Table .: Used Chemicals 

Substance Company  Purity  

Neodymium(III) chloride hexahydrate Alfa Aesar Massachusetts, USA ≥   

Europium(III) chloride hexahydrate Sigma-Aldrich Missouri, USA ,  

L-(−)-malic acid Sigma-Aldrich Missouri, USA ≥   

L-(−)-malic acid disodium salt Goldbiotechnologie Missouri, USA   

L- lactic acid   PanReac Applichem Germany / Spain  

sodium L-lactate Sigma-Aldrich Missouri, USA ,  

oxalic acid Sigma-Aldrich Missouri, USA ≥   

sodium oxalate Sigma-Aldrich Missouri, USA ≥ ,  

Commercial PCE: Glenium51 124 BASF Construction Solution GmbH Germany  

Synthetic PCE: 52IPEG4.5 125, 
45PC6 

J. Plank, TU München, 
Lehrstuhl für Bauchemie 

Germany  

Sodium polyacrylate PA5100 
Mw =  g/mol 

Sigma-Aldrich Missouri, USA  

Sodium chloride NaCl VWR Chemicals Leuven, Belgium ≥ ,   

NaOH pellets VWR Chemicals Leuven, Belgium ≥ ,  

Calciumaluminate CA precursor  Mineral Research Processing, France  
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Table .: Conditional stability constants for complexation reactions of Mal with various trivalent metal ions from the litera-
ture at T =  °C. 

Ln(III) ionic strength / medium n log βn reference / method 

Nd 

 

. M KNO 

 

 
 

. ± . 
. ± . 

106, spec 

 

Nd 

 

. M NaClO 

 

 
 

. ± . 
. ± . 

244, pot 

 

Nd . M NaClO  . ± . 245, pot 

Nd . M KCl  
 

. ± . 
. ± . 

197, pot 

Nd . M KCl  
 
 

. ± . 
. ± . 
. ± . 

107, pot † 

Gd . M NaClO  
 

. ± . 
. ± . 

246, pot 

Eu . M NaClO 

 

 
 

. ± . 
. ± . 

244, pot 

 

Eu . M NaClO (, M NaAc)  
 

. 
. 

247, ex 

Eu . M NaClO  
 
 

. ± . 
. ± . 
. ± . 

199, spec 

Sm . M NaClO  
 

. ± . 
. ± . 

244 , pot 

Sm . M NaClO  
 

. 
. 

, qh 

qh − quinhydron-electrode; pot − potentiometry (H+- Glass electrode); spec − spectroscopy; ex − Liquid-liquid extraction; 
† − T = 30 °C 
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Table .: Experimental stability constants, enthalpies and entropies of Ln(III)/An(III)-Mal complexes compared to literature values of similar ligand systems at Im =  (NaCl) 

system / method / Ref. log β0
1 log β0

2 
ΔrH0

m,1 / 
kJ·mol−1 

ΔrH0
m,2 / 

kJ·mol−1 
ΔrS0

m,1 / 
J·mol−K−1 

ΔrS0
m,2 / 

J·mol−K−1 

Nd(III)-Mal / ITC / d. A. . ± . . ± . . ± . . ± .  ±   ±  

Nd(III)-Mal / UV-Vis / d. A.* . ± . . ± .     

Eu(III)-Mal / TRLFS / d. A.* . ± .  ±      

Am(III)-Mal / ITC / d. A.* . ± . . ± . . ± .  ±   ±   ±  

Eu(III)-Lac / Pot, ITC / 185 . ± . . ± . . ± . −1.51 ± 1.10 . ± . . ± . 

Cm(III)-Prop / TRLFS / 188 . ± . . ± . . ± . . ± . . ± . . ± . 

Cm(III)-Suc / TRLFS /182  . ± . . ± . . ± . . ± . . ± . . ± . 

Cm(III)-Malo / TRLFS / 248  . ± . . ± . . ± . . ± . . ± . . ± . 

Cm(III)-Oxa / TRLFS /123  . ± . . ± . −2.7 ± 0.8 . ± . . ± . . ± . 

Nd(III)-Oxa / ITC / d. A. . ± .  −6.0 ± 1.8   ±   

Am(III)-Oxa 102 . ± . . ± .     

Cm(III)-Cit / TRLFS / 187 . ± . . ± .     

Am(III)-Cit 102 . ± . . ± .     

Am(III)-HCit 102 . ± . . ± .     

d. A. – this work; * – extrapolated using the SIT parameters of Nd(III)-Mal-system from ITC-measurements;  – at T =  °C; Pot – Potentiometry, Suc – succinate; Oxa – oxalate; Prop – 
propionate; Malo – malonate; Cit – citrate; All uncertainties have been calculated according to OECD NEA-TDB102 recommendations and are displayed in σ -values. 
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Figure .: Calorimetric heat curves of Pu(III)-Mal titration [Pu] = .·− mol·L− and [Mal] = .·− mol·L−; 
pHC = .; IM = . NaCl. ΔQr.j − integrated stepwise heat for each titration step j, log β1

 
= 4.8 ± 1 

 

Table . Conditional stability constants and enthalpy values of the complexation of Eu(III) with 45PC as function of ionic 
strength of NaCl and CaCl at T =  °C  

Im  /  
mol·kg−1 pHexp  ± . log K ± σ 

ΔrH ± σ / 
kJ·mol−1 

pHexp  ± . log K ± σ 
ΔrH ± σ /  

kJ·mol−1 

 NaCl, pHc = . ± . CaCl , pHc = . ± . 

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

.125 a) 
[H+]total  = - 

mol·kg−1 
. ± . -. ± .    

a)  52IPEG4., T =  °C, TRLFS, data analyzed with charge neutralization model by Kim and Czerwinski 
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Table .: Conditional stability constants and enthalpy values of the complexation of Eu(III) with PA5100 as function of ionic 
strength of NaCl and CaCl at T =  °C  

Im  /  
mol·kg−1 pHexp  ± . log K ± σ 

ΔrH ± σ / 
kJ·mol−1 

pHexp  ± . log K ± σ 
ΔrH ± σ /  

kJ·mol−1 

 NaCl, pHc = . ± . CaCl , pHc = . ± . 

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . .  ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

. . . ± .  ±  . . ± .  ±  

.126 a) [H+]total  = - 
mol·kg−1 

. ± .     

not given 
191 b) 

.-. . ± .     

a)  PA with molar weights ~  g/mol, T =  °C, TRLFS, data analyzed with charge neutralization model by Kim and Czer-
winski, b)  PA with molar weights ~  and ~  g/mol, T =  °C, TRLFS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
   Appendix 

Table .: Conditional stability constants and enthalpy values of the complexation of Eu(III) with Glenium51 as function of 
pHc in . m NaCl at T =  °C, [Eu+ ]  ( - )∙-3  mol/kg 

pHc  ± . [Glenium51] / mg/g log K ± σ ΔrH ± σ / kJ·mol−1 

.  . ± .  ±  

.  . ± .  ±  

. . . ± .  ±  

.  a) . ± .  ±  

.  a) . ± .  ±  

.  a) . ± .  ±  

.  a) . ± .  ±  

a) At pH values below  only a very small fraction of the carboxylic groups of the PCEs are deprotonated. Therefore, a rela-
tively high concentration of the PCE-ligand is necessary to obtain an analyzable heat curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  Appendix  

Table .: Entropy values of the complexation of Eu(III) with Glenium51 , PCE 45PC6 and PA5100 as function of ionic 
strength of NaCl and CaCl at T =  °C. Values were calculated according to equation . with the conditional stability 
constants and enthalpy values for Glenium51, 45PC6 and PA5100 taken from Table .,  

Table . and Table ., respectively 

 ΔrS ± σ /  kJ·Kmol−·K−1 

Im  /  
mol·kg−1 

Gle-
nium51 

45PC PA5100 
Gle-

nium51 
45PC PA5100 

 NaCl CaCl 

.  ±    ±   ±   ±   ±   ±  

.  ±   ±   ±   ±   ±   ±  

.  ±   ±   ±   ±   ±   ±  

.  ±   ±   ±   ±   ±   ±  

.  ±   ±   ±   ±  ±   ±  

.  ±   ±   ±   ±   ±   ±  

.  ±   ±   ±   ±  ±    ±  

.  ± 124 . ± .125     

error calculation of ΔrS : σ∆  = 
1000 ∙ 2𝜎∆

𝑇
2.303 ∙ 𝑅 ∙ 2𝜎   
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Table .: Momentum analysis of the radial particle distribution function (RPDF) of AIMD simulated structures for selected 
R ranges. AIMD calculated average structures of the Nd(III)-aquo ion and the tridentate : Nd(III)-Mal complex with and 
without water molecules (below). Nd(III) was replaced by Am(III). 

 R-range/ Å CN R / Å 2 / Å 

Am-(HO)(HO)n .–. (O) . . . 

Am-Mal(HO)(HO)n  .-. (O) . . . 

 .-. (C) . . . 

 .-. (C) . . . 

Am-Mal .-. (O) . . . 

 .-. (O) . . . 

 .-. (C) . . . 

 .-. (C) . . . 

CN – coordination number, R – Binding distance, 2 – Debye-Waller factor. 
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Figure .: Shell fit (red) of ITFA-isolated EXAFS spectra (left, black) of component  (a coordinated water molecule, top) 
and of component  (a coordinating Mal ligand, bottom) assuming the AIMD structure of the tridentate Am(III)-Mal com-
plex. Corresponding Fourier transformations (FT) (right). 

Am (blau),  
O (rot), C (grau).  
H atoms were ne-
glected.  

Am-Mal Am-Mal(H2O)6(H2O)n)  
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Table .: Distribution coefficients of trivalent Ln/An and Mal on CSH phases determined in this work 

sorptive  concentration  
of sorptive 
mol·L−1 

 

[Mal]  
mol·L−1 

C/S ratio pH, medium S/L 

kg·L−1 

log Kd 

Eu(III) ·- - . – 2 HO .·- . ± . 

 ·- ·-  .  –  2 HO .·- . ± . 

 ·- ·- - ·- . HO ·- . ± . 

       

Cm(III) ·−6 ·- . . M NaOH .·- . ± . 

 ·−6 ·- . . M NaOH .·- . ± . 

       

Am(III) ·- - . – . HO ·- . ± . 

 ·- ·- . – . HO ·- . ± . 

       

Mal  ·- . HO ·- . ± . 

  ·- - ·- . HO ·- . ± . 

  ·- . HO ·- . ± . 

  ·- - ·- . ACW ·- . ± . 

 [Eu] = ·- ·- - ·- . HO ·- . ± . 

 [Eu] = ·- ·- - ·- . ACW ·- . ± . 
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Table .: Distribution coefficients of Eu(III) and Mal on CAH phase katoite determined in this work 

sorptive  concentration 
of sorptive 
mol·L−1 

 

[Mal]  
mol·L−1 

C/A ratio pH, medium S/L 

kg·L−1 

log Kd 

Eu(III) ·- - Katoite (.) . M NaOH ( ± )·- . ± . 

 ·- ·- - ·- Katoite (.) . M NaOH ( ± )·- . ± . 

Mal  ·- - ·- Katoite (.) . M NaOH ( ± )·- . ± . 

 [Eu] = ·- ·- - ·- Katoite (.) . M NaOH ( ± )·- . ± . 
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Figure .: Log Kd-values of Eu (top) or C- labelled Mal (bottom) as function of the Mal concentration at katoite with 
[Eu] = ·- mol·L-. The used radioactive element/molecule is marked in bold.  
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Figure .: p XRD-diffraction pattern of the formation CAH phase katoite as function of solid/liquid ratio and the crystal 
structure of the used precursor (left) and typical thermogravimetric analysis (TGA) and DSC-signal of katoite (right) 

 
Figure .: Al NMR spectra the pure and with Eu(III) and Mal doped CAH phase (katoite). [Eu] = ·- mol·L-/ 
[Mal] = ·- mol·L- 
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Figure .: Excitation spectra of Eu(III)-doped CAH-solids RT (left), Fluorescence emission spectra of Eu(III)-doped CAH solid 
at excitation in the D-F transition with different excitation wavelength (right), [Eu] = ·- mol·L-, T =  K  
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Table .: Lifetimes of Am(III)/Cm(III)/Eu(III)- and Am(III)/Cm(III)/Eu(III)-Mal-doped C-S-H phases at room temperature (RT) 
in HO or low temperature (TT) <  K  

Sample C/S An(III)-CSH An(III)-Mal-CSH 

   / μs n (HO / OH)*   / μs n (HO / OH)* 

Am(III) RT . ( ± )·-  ( ± )·-  

Am(III) RT . ( ± )·-  ( ± )·-  

Am(III) RT . ( ± )·-  ( ± )·-  

Cm(III) cryo § .  ±  249 

 ± 249 

. 249 

 249 

 ±  

 ±  

. 

 

Cm(III) cryo § .  ±  249 

 ±  249 

. 249 

 249 

 ±  

 ±  

. 

. 

Cm(III) 77 .  ±   

 ±   

.  

  

  

Eu(III) RT  
λexc = 394 nm 

.  ±  

 ± /  
 ±   

 ± / 
 ±  

- 

./  
. 

/ 
 

 ±  

 ±  / 
 ±  

 ± /  
 ±  

- 

./  
. 

/ 
 

Eu(III) TT 

λexc = 579.5 nm 

.  ±  

 ±  

. 

 

 ±  

 ±  

. 

 

Eu(III) TT 

λexc = 579 nm 
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