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Abstract 

Radioactive waste is generated by different anthropogenic activities, e.g. nuclear power plants, military 

applications, medicine, research, industry, among others. Underground repositories are one of the most 

favored options for disposal of radioactive waste. The safety and the long-term performance of such 

repositories rely on a multi-barrier concept, which includes technical and geological barriers. 

Cementitious materials are widely used for construction and conditioning purposes, in particular in the 

context of low and intermediate level wastes (L/ILW). The possible infiltration of groundwater can 

initiate a series of dissolution and precipitation processes that can affect the composition of cement 

(cement degradation). Cementitious materials impose alkaline and hyperalkaline conditions (10 ≤ pH ≤ 

13) over a very long period of time, whereas strongly reducing conditions are expected due to the 

anaerobic corrosion process of the steel-based materials present in the repository. The main solid phases 

in hydrated cements: calcium silicates hydrates (C-S-H), ettringite, monosulfate, monocarbonate, and 

hemicarbonate (AFm phases), can retain radionuclides present in the waste, thus preventing or slowing 

down their release from the disposal site.  

Organic ligands can be present in the waste as decontamination agents (e.g. EDTA, citrate), generated 

in situ through the decomposition of complex organic materials (e.g. cellulose, spent filter, ion exchange 

resins, etc.), but also as cement additives widely used in modern cementitious material to improve the 

workability and the final performance of the material (e.g. formate, citrate, gluconate). These ligands 

can form stable and soluble complexes with radionuclides (L) (e.g. An(III/IV)-OH-L, Ca-An(III/IV)-

OH-L), eventually enhancing their mobility. Although expected to be weak, the interaction of organic 

ligands with cement hydrates can also alter the surface properties of those hydrates, affecting their 

retention properties with respect to radionuclides.  

This study aims at a quantitative description and mechanistic understanding of sorption processes. This 

includes the uptake of formate, citrate and gluconate uptake on AFm phases, ettringite and C-S-H 

phases, as well as the impact of these organic ligands on the uptake of Eu(III), Cm(III) and Pu(III/IV) 

by the cement phases. These radionuclides have been chosen as representative of the actinides in the 

oxidation states +III and +IV, as expected in the reducing conditions predicted to develop after the 

repository closure. This study is divided into two main blocks: 

1. The first part of this study investigates the cement-ligand (cement-L) interactions (binary sys-

tem). Sorption experiment and thermodynamic calculations (by using the thermodynamic soft-

ware GEMS) were carried out to identify the main effect of the organic ligands on the structure 

and composition of AFm phases (Ms, Mc, Hc), ettringite (AFt) and C-S-H phases (with a vari-

able Ca/Si ratio, C/S =0.8 -1.4) under hyperalkaline conditions (pH = 13.3).  

2. The second block focuses on the impact of formate, citrate and gluconate on the retention of Pu 

(under hyperalkaline and reducing conditions), Eu(III) and, Cm(III) by AFm phases (Ms, Mc, 

Hc), ettringite (AFt) and C-S-H phases (ternary system) based on sorption experiments. In ad-
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dition, the Pu-L systems (in absence of Ca) were investigated by systematic solubility experi-

ments. To gain insight on the aqueous speciation and retention mechanism, the uptake of 

Cm(III) on C-S-H phases in presence and in absence of gluconate was further investigated by 

TRLFS spectroscopic studies. 

The investigation of the binary system was carried out at the Cement & Asphalt Laboratory at Empa 

(Dübendorf, Switzerland), while the study of the ternary system was performed at the Institute for 

Nuclear Waste Disposal (INE) at KIT (Karlsruhe, Germany). 

 

Binary system investigation: uptake of formate, citrate and gluconate on cement phases under 

hyperalkaline conditions: 

Formate 

Kinetic experiments conducted for contacting times teq = 1-14 days ([FOR]tot = 221 mM), indicate that 

steady state sorption conditions were obtained within 7 days. No additional phases were formed after 7 

days of contacting time for most of the investigated systems. 

Formate has a small effect on solid structure of C-S-H phases, AFm phases and ettringite. For all phases, 

an increase of the total calcium concentration in solution with the increase of formate concentration as 

well as a strong decrease of pH (by 2 pH units for Mc and of 4 pH units for ettringite at high formate 

concentration) has been observed. The pH decrease is due to the presence of high formate concentrations 

in solution while the sodium concentration was kept constant and equal to 0.2 M in all cases. A higher 

uptake of formate was observed on Ms and Hc and thus a more moderate pH decrease of less than 0.5 

pH units. Formate sorbs weakly on all C-S-H phases with Rd values in the range of 3 to 7 dm3/kg. A pH 

decrease of less than 1 pH unit was observed for C-S-H phases with high C/S (C/S = 1.4 and 1.2). This 

is explained by the initial presence of portlandite in this system, which was dissolved at high formate 

concentrations and thus compensated the decrease in pH observed for AFm and AFt phases. For C-S-H 

phase with a C/S ratio of 0.8, where no portlandite buffered the pH, a decrease of 3 pH units was 

observed. Sorption experiments on AFm phases and ettringite indicated that formate sorbed exclusively 

on the outer surface sites of Ms and ettringite, whereas both outer and inner surface sites of Hc are 

occupied. Formate weakly sorbs on Mc. The uptake of formate on hydrated cement paste, HCP occurs 

with an average Rd of 8.6 ± 0.3 dm3/kg. This is in line with the sorption quantified for the individual 

cement phases. 

Citrate 

Kinetic experiments conducted for contacting times teq = 1-14 days ([CIT]tot = 34 mM) indicate that 

steady state sorption conditions were obtained within 4 days. No additional phases were formed after 7 

days of contacting time, with the exception of the precipitation of Ca3(C6O5H7)2·4H2O detected for C-

S-H phase with a C/S=1.4 at teq = 14 days. The dissolution of portlandite at the highest citrate 

concentration was also observed by XRD. Citrate has a negligible effect on the structure of C-S-H 

phases, ettringite and Mc while a clear increase of the interplanar distance was observed for Hc and a 
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slight increase for Ms. For sorption experiments on C-S-H phases, the presence of citrate resulted in an 

increase of the calcium concentration in solution, while the pH remained relatively constant. The 

calcium concentration is enhanced for high citrate concentrate and clearly indicates the formation of 

aqueous Ca-citrate complexes, such as CaCit-, which dominate the aqueous speciation. Citrate sorbs 

linearly with the increase of citrate concentration and with the concentration of Ca ions at the surface of 

C-S-H particles, i.e. with C/S ratio. Citrate sorbs strongly on Hc and Ms, and only moderately on 

ettringite and Mc. The high citrate uptake, Rd = (154 ± 16) dm3·kg-1 observed on HCP is due to the 

sorption on high C/S C-S-H phases as well as on AFm phases and ettringite. 

 

Gluconate 

Kinetic experiments conducted for contacting times teq = 1-14 days ([GLU]tot = 21 mM), indicate that 

steady state sorption conditions were obtained within 7 days. No additional phases were formed after 7 

days of contacting time for all phases. The presence of gluconate has a negligible impact on the structure 

of C-S-H phases, AFm phases and ettringite. The increase of Ca concentration observed for C-S-H, 

AFm phases and ettringite with the increase of gluconate concentration, supports the formation of Ca-

gluconate complexes in solution. Gluconate does not significantly affect the pH values (ΔpH < 0.2 pH 

units) of the AFm phases and ettringite. In the case of C-S-H phases, gluconate decreases the pH by 

about 0.5 pH units for C-S-H 0.8, and less than 0.3 pH units for C/S > 1.0. This difference is explained 

by the dissolution of portlandite present at high C/S ratio, which buffers the pH values in the presence 

of gluconate. The uptake of gluconate on C-S-H phases increases with the increase of Ca ions at the 

surface of C-S-H phases. Gluconate sorbs weakly on Mc, whereas a strong uptake has been observed 

for Hc, followed by Ms and AFt. The uptake on HCP increases linearly with the gluconate concentration 

with an average distribution coefficient of Rd coefficient of (11.2 ± 1.0) dm3·kg-1, which is very close to 

the distribution coefficient obtained for C-S-H phase with a C/S of 1.4. 

 

Ternary system investigation: impact of formate, citrate and gluconate on the uptake of Pu and Eu 

under hyperalkaline conditions: 

Solubility of Pu in the presence of formate, citrate and gluconate 

The solubility of PuO2(ncr, hyd) in the presence of formate resulted in similar low concentrations as 

those determined in formate-free systems, indicating that the interaction between formate and Pu are 

weak for both HQ and Sn(II) redox buffered systems. A similar outcome was observed for the solubility 

of Pu in the presence of citrate, indicating a weak complexing behavior of citrate under very alkaline 

conditions. A strong increase of plutonium concentration with increasing gluconate concentration points 

towards the formation of stable aqueous Pu-GLU complexes. At very low gluconate concentrations 

([GLU]tot < [Sn(II)]tot), differences in solubility are rationalized by proposing the formation of Sn(II)-

OH-GLU complexes, which decrease free available for the complexation with Pu. At higher gluconate 

concentrations, where the ligand is present in excess to Sn(II), the Pu concentrations determined in HQ 
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and Sn(II) systems overlap with each other within the corresponding experimental uncertainties. A linear 

trend with a slope of ≈ 1 can be tentatively proposed for the solubility diagram showing [Pu]eq vs 

[GLU]tot, which suggests the formation of a Pu-OH-GLU complex with a stoichiometry Pu : GLU = 1 : 

1. The formation of the complex Pu(OH)3(GLU-2H)2– was proposed considering also the analogy with 

ISA. The fit of the solubility data considering this chemical model resulted in an equilibrium constant 

log β°(1,3,1,-2) = –(17.4 ± 1.3) for the chemical reaction Pu4+ + 3H2O(l) + GLU– ↔ Pu(OH)3(GLU-2H)2– + 

5H+. This value must be considered tentative, until solubility experiments under varying pHm are 

conducted to validate the proposed stoichiometry of the complex in terms of (Pu : OH) ratio. 

 

Sorption of Pu(III/IV) on cement hydrates in the presence of formate, citrate and gluconate  

Sorption experiments with Pu on C-S-H, AFm and AFt in the absence of organic ligands show a strong 

retention of plutonium with log Rd,0 = (6.1 ± 1.2) dm3·kg-1. Although the uptake of Pu has been 

previously investigated in the literature, this is one of the first experimental evidences available in the 

literature supporting the strong uptake of plutonium by AFm and AFt phases.  

Formate and citrate do not show a significant effect on the retention of plutonium by C-S-H phases with 

C/S = 0.8 and 1.4. This is in agreement with the solubility experiments, and further supports that formate 

and citrate cannot compete with hydrolysis nor with Pu sorption on the C-S-H phases in the 

hyperalkaline conditions investigated in this work. In contrast to formate and citrate, gluconate decreases 

Pu uptake in C-S-H phases for both low and high C/S ratios. No differences were observed for the two 

redox buffers used, except at log[GLU/M]tot = -1.5, which may be due to the different redox state of Pu 

in the presence of Sn(II) and of HQ. No clear differences were observed in those solubility experiments, 

hinting towards the possible formation of stable surface complexes of the type > Pu(III)-OH-GLU.  

Formate has no effect on the uptake of Pu on AFm phases and ettringite, similarly to the observation on 

C-S-H phases. In contrast, citrate induces a decrease of Pu retention at log[CIT] > -2. Considering the 

negligible effect of citrate on the Pu solubility, the decrease on Pu retention can be possibly explained 

by the modification AFm phases and ettringite surfaces by citrate. Gluconate decreases the uptake of Pu 

for gluconate concentrations higher than 10-4 M on AFm phases and ettringite for both redox buffers. 

These observations reflect the impact of gluconate on the aqueous speciation of Pu as well as on the 

surface properties of AFm phases and ettringite. 

 

Sorption of Eu(III) on cement hydrates in the presence of formate, citrate and gluconate  

Eu(III) sorbs strongly on C-S-H phases in the ligand-free system (Rd,0 = 10-6.5 dm3·kg-1), consistently 

with previous studies available in the literature for Ln(III). The presence of formate has a negligible 

impact on Eu(III) retention on C-S-H phases as only weak Eu(III) complexes with formate form under 

hyperalkaline conditions. Citrate has also a negligible impact on Eu(III) uptake on C-S-H phases. A 
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slight decrease of Eu(III) retention was only observed for C-S-H(C/S=1.4)-Eu(III)-CIT systems with 

[CIT]tot > 10-2 M and contact times shorter than 60 days. This probably reflects the initial formation of 

complexes in the aqueous phase, which is afterwards outcompeted by the incorporation of Eu(III) in the 

C-S-H structure at longer equilibration times. Gluconate has a negligible effect on Eu(III) retention on 

C-S-H 0.8 at [GLU]tot < 10-2 M, whereas a moderate decrease in the retention is observed for gluconate 

concentrations [GLU]tot = 10-1.5 M and at longer equilibration times. For C-S-H 1.4, a strong decrease of 

Eu(III) retention was observed already for [GLU]tot > 10-3 M. These observations support that stable 

Eu(III)-GLU complexes are being formed in C-S-H 1.4 systems. Considering the higher Ca 

concentrations present in solution for C-S-H 1.4-Eu(III)-GLU system, the sorption results hints towards 

the formation of quaternary aqueous complexes involving Ca ions, i.e. Ca-Eu(III)-(OH)-GLU. This was 

further studied by TRLFS analyses with Cm(III). 

 

TRLFS study on the uptake of Cm(III) by C-S-H phases in the absence and presence of gluconate 

The Cm(III) TRLFS investigations carried out on the aqueous phase of the Cm(III)-GLU-C-S-H (C/S = 

0.8) system indicated the formation of at least two aqueous complexes with a peak maxima at ≈ 616 nm 

and ≈ 610 nm. The second peak at lower wavelength number is visible only at high ligand concentration, 

i.e. [GLU]tot = 10-1.5 M. The characterization of the aqueous phase of the Cm(III)-GLU-C-S-H (C/S = 

1.4) system show the same peaks, although the species at ≈ 610 nm forms at lower gluconate 

concentration, and becomes predominant at gluconate concentration [GLU]tot = 10-3 M. Considering that 

the only parameter changing in both aqueous solutions is the concentration of Ca ([Ca]tot,eq ≈ 10–5–10–4 

M (C/S = 0.8) and [Ca]tot,eq ≈ 10–3–10–2 M (C/S = 1.4), these observations are interpreted as the formation 

of a quaternary complex Ca-Cm(III)-OH-GLU at ≈ 610 nm, which forms at lower gluconate 

concentrations for C-S-H 1.4 due to the higher Ca content of this system. 

The TRLFS spectra of the Cm(III)-GLU-C-S-H (C/S = 0.8) suspension are characterized by one main 

peak at ≈ 620 nm, both in presence and in absence of gluconate. The analysis of the Cm(III) emission 

spectra together with the determination of lifetime indicates the formation of two main Cm(III) species 

incorporated into the structure of the C-S-H phases. This is in line with previous observations available 

in the literature. In the case of the Cm(III)-C-S-H (C/S = 1.4) suspension system in the absence of 

gluconate, a similar emission spectra is observed, with a main peak at ≈ 620 nm, indicating the formation 

of similar Cm(III) species. In agreement with previous studies, the lifetime determination supports the 

formation of three species, two species incorporated into the C-S-H structure (as for C-S-H 0.8) and a 

third species possibly sorbed on the C-S-H surface. In the presence of gluconate, the band at ≈ 620 nm 

strongly reduces in intensity for the Cm(III)-C-S-H (C/S = 1.4) system while a band at ≈ 610 nm appears 

for [GLU]tot ≥ 10-3 M.  The position at ≈ 610 nm agrees well with the emission spectra collected for the 

solutions system, indicating the formation of Ca-Cm(III)-OH-GLU aqueous species in the suspension 

system at high Ca concentrations. These results together with the Eu(III) sorption study indicate that the 

strong retention decrease observed for the C-S-H 1.4 can be interpreted in terms of Ca-An(III)/Ln(III)-
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GLU complex formation. In line with previous solubility studies available in the literature with Nd(III), 

this work confirms the key role of Ca in the formation of aqueous complexes of Ln(III)/An(III) with 

gluconate, with the consequent impact on the retention of these radionuclides by cement. 

 

The results obtained within this study provide quantitative insights on sorption phenomena and highlight 

the possible sorption mechanisms occurring for the Cement-L and Cement-RN-L systems. The present 

work clearly underlines the strong sorption of α-hydroxycarboxylic acids (e.g. citrate, gluconate) by 

cement phases and the impact they have on the uptake of tri- and tetravalent actinides as well as of 

trivalent lanthanides under hyperalkaline and reducing conditions. This study provides also strong 

evidences on the key role of Ca in the formation of ternary / quaternary complexes with tri- and 

tetravalent actinides and gluconate, and thus on the retention processes.  

The results of the present study provide a sound basis for the quantitative description and the mechanistic 

understanding of the uptake of An(III)/Ln(III) and An(IV) by cement phases in the presence of key 

organic ligands expected in repositories for the disposal of L/ILW.  

 

The present Ph.D. study was conducted in the framework of the collaboration between Empa 

(Switzerland) and KIT-INE (Germany). The EURAD-CORI project leading to this study was funded 

from the European Union’s Horizon 2020 research and innovation programme under grant agreement 

No 847593. 
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1.Introduction 

1.1.  Motivation of the study 

Deep geological repositories are one of the options considered for the disposal of low and intermediate 

level nuclear waste (L/ILW) [1, 2]. The long-term safety of such facilities relies on a multi-barrier 

concept for the minimization of the release of the radionuclides into the biosphere. Large amounts of 

cementitious materials are used in repositories for L/ILW, for both building and waste stabilization 

purposes. An important role of cement is to stabilize and reduce the mobility of radionuclide with the 

time. In the context of the performance assessment of deep geologic repositories for L/ILW, it is 

important to address the uptake of key radionuclides and understand the controlling sorption 

mechanisms on cement and cementitious materials. 

A large inventory of organic materials is also expected in repositories for L/ILW, either in the form of 

cement additives (e.g., gluconic acid, citric acid) widely used to improve the physicochemical and 

mechanical properties of cement, or otherwise as part of the waste, e.g. cellulose-based materials, spent 

ion-exchange resins, decontamination agents (e.g., EDTA, NTA, citrate, etc.), among others. The 

presence of organics represents a challenge in the context of the performance assessment of this 

repository system: organic compounds may reduce radionuclide retention onto cement by forming stable 

and soluble complexes. The formation of such complexes may enhance radionuclide mobility and 

therefore have an impact on the long-term performance of a deep geological repository.  

Actinides are one of the main radionuclides present in nuclear waste, primarily in high-level waste 

(HLW) but also in L/ILW. In the reducing conditions expected after repository closure due to the anoxic 

corrosion of iron, actinides will be predominantly found in the +III and +IV oxidation state. The uptake 

of tri- and tetravalent actinides on heterogeneous mineral system, as cement, depends (besides other 

factors) on the chemical composition and thermodynamic stability of cement phases (e.g., due the 

presence of organic ligands) at the relevant pH and redox conditions of the repository system. Carboxylic 

acids are considered strong complexing agents compared to the other organic compounds (e.g., alkanes, 

alkenes, alcohols). Recent sorption studies [3] with selected organic ligands and cement phases (C-S-H 

phases, AFm phases and ettringite) found out that the sorption of organic ligands increases with the 

increase of the acidity (pKa) of the organic compounds.  

In general, for ordinary Portland cement (PC), C-S-H phases are considered the main sink for the 

sorption of actinides and therefore representative for the total uptake on hydrated cement. Several studies 

have previously assessed the impact of gluconate and α-ISA (as main degradation product of cellulose 

in alkaline conditions) on the uptake of lanthanides and actinides by cement and C-S-H in alkaline and 

reducing condition [1, 4-6]. However, limited information is available concerning the effect of other low 

molecular weight organics (e.g., formate and citrate) on radionuclide uptake by cement. Likewise scarce 
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studies were carried out to quantify the uptake of An(III/IV) and Ln(III) by secondary cement phases 

(e.g., AFt and AFm phases) that are expected to persist until the stage III of the cement degradation 

process [7].  

The present study aims at a quantitative and mechanistic description of the binary and ternary systems 

cement phases / organics, cement phases / radionuclides and cement phases / radionuclides / organics in 

hyperalkaline conditions (pH = 13.3) representative of the degradation stage I of cement. The cement 

phases considered in this work are C-S-H, AFm phases, and sulfate-AFt. Formate, citrate and gluconate 

are investigated as low molecular weight organic ligands expected in the repository as cement additives 

and / or waste components. Plutonium has been chosen as a very relevant actinide in the context of 

nuclear waste disposal, although with a relatively small inventory in L/ILW. Eu(III) is often considered 

as a redox-stable analogue of trivalent actinides like Am(III) or Pu(III), based on the similar ionic radii 

(i.e., rEu
3+ = 1.07 Å, rPu

3+ = 1.10 Å, rAm
3+ = 1.12 Å, all for coordination numbers CN = 8) and same charge. 

Wet-chemistry sorption studies conducted with 242Pu(III/IV) and 152Eu(III) are complemented with 

TRLFS studies taking advantage of the very favorable spectroscopic properties of Cm(III), which 

provides speciation information both in the aqueous and in the solid phases at trace metal concentrations.  

 

1.2.  Repository systems for low and intermediate level radioactive waste (L/ILW) 

Radioactive waste is generated by different kinds of activities (medicine, research, industry, military 

applications, etc.) and with wide variety of physical and chemical forms and concentrations.  

The International Atomic Energy Agency defined the radioactive waste as ‘‘Any material that contains 

or is contaminated by radionuclides at concentrations or radioactivity levels greater than the exempted 

quantities established by the competent authorities, and for which no use is foreseen’’ [8]. The following 

classification is defined by IAEA, providing general boundaries between the waste classes [9]: 

1. Exempt waste (EW): waste with low activity level or below clearance levels. After subsequent 

regulatory control, it is not considered radioactive waste. 

2. Very short-lived waste (VSLW): waste that can be stored for limited period of time. After 

subsequent regulatory control step, it will be assessed for further use or discharge. This waste 

class includes often very short-lived radionuclides used for research and medical purposes. 

3. Very low-level waste (VLLW): this class of waste includes soil and debris with low levels of 

activity (for β- and γ-emitting radionuclides in 0.1 m3 < 400 kBq or ~ 4 Bq/g and < 40 kBq per 

item). The waste is disposed in near surface type facilities with limited regulatory control. 

4. Low-level waste (LLW): waste with limited amounts of long-lived radionuclides. This class 

covers a broad range of wastes (short-lived radionuclides with higher activity and long-lived 

radionuclides with low levels of activity), which require a robust isolation and containment for 

a period up to a few hundreds of years (e.g., deep geological repository). 

5. Intermediate-level waste (ILW): waste containing mainly long-lived radionuclides, which 

requires higher degree of isolation and containment. Given that the long-lived radionuclides 
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present in the ILW are alpha emitting radionuclides that will decay to a level of activity not 

acceptable for the near surface disposal, this waste class has to be disposed at greater depth 

(from the order of tens of meters to a few hundred meters). 

6. High-level waste (HLW): waste with levels of activity high enough to generate heat by 

radioactive decay processes, and waste with large amounts of long-lived radionuclides. The 

disposal in deep (several hundred meters) and stable geological site is a suitable option for the 

HLW. 

 

Among the possible alternatives, the "geological disposal'' remains the most favored option for waste 

disposal in terms of safety, handling and cost-effectiveness. In particular, the deep geological repository 

is generally preferred for the disposal of HLW and in some countries such as Germany or Switzerland 

also for L/ILW. The safety concept of deep geological repositories relies in the multi-barrier system, 

where the host rock is chosen according to specific physical and chemical requirements capable to 

ensure a stability and performance for a long period of time. In the framework of the Swiss disposal 

concept for L/ILW [2], cement is used for the stabilization of the waste and the construction of 

engineering barriers (backfill, containers) in order to reduce the radionuclide release from the 

cementitious near field into the host rock. The waste is first solidified into the cement matrix in steel 

drums, which are placed in large concrete containers (Figure 1). The large containers are then stacked 

into disposal caverns, where a special mortar is used as backfill. The overlying host rock (argillaceous 

rocks in the Swiss concept, e.g., Opalinus clay) provides the last geological barrier. Material inventories 

of L/ILW and ILW estimates that cement (hardened cement paste, HCP) accounts for 20 wt.% in the 

near cementitious field [1]. In this context, radionuclide mobility is strongly dependent on the uptake by 

cement and radionuclide solubility behavior in the hyperalkaline conditions defined by cementitious 

systems. 
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Figure 1. General set-up foreseen for the L/ILW geological repository according to the Swiss concept. Picture 

taken from [2]. 

 

1.3. Hydrated cement composition 

Cement is a mixture of several anhydrous minerals, which form by heating limestone and clay to about 

1450 ºC in a rotary kiln. The resulting material (i.e. clinker) is then ground with gypsum (to slow down 

the setting time) in order to make ordinary Portland cement (PC). Portland cement is generally defined 

by the amount of four main components, which are: tricalcium silicate, C3S (or Ca3SiO5, alite), dicalcium 

silicate C2S (or Ca2SiO4, belite), aluminate (C3A = Ca3Al2O6) and ferrite (C4(A,F) = Ca4(AlxFe1-x)4O10). 

Several additional phases such as calcium sulphate, calcium carbonate, calcium and magnesium oxides, 

sodium and potassium sulphates can be present in minor quantities. After the hydration of PC, the main 

cement phases are: portlandite (CH = Ca(OH)2), calcium silicate hydrates (C-S-H) phases, calcium 

aluminate phases (AFt and AFm phases), hydrotalcite ([Mg6Al2(OH)16]·CO3·4H2O) and siliceous 

hydrogarnet (Ca3(Al,Fe)2(SiO4)y(OH)12-4y). Thermodynamic modelling [10] allows to estimate the 

composition of hydrated Portland cement as function of time. For example, for PC (CEM I 42.5 N, w/c 

= 0.4) after 28 days of hydration time the phase assemblage after hydration process is made of: ~ 40 

wt.% C-S-H, ~ 18 wt.% CH, ~ 14 wt.% AFt, ~ 13 wt.% AFm phases, ~ 3 wt.% hydrotalcite and ~ 11 

wt.% of unhydrated clinker. Differences in the mineral composition may arise from the chemical 

composition of the clinker and the amount of water (expressed through the water to cement ratio, w/c) 

used for the hydration process. Radionuclide uptake by cement is a process strongly dependent on the 
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mineral phases present, and thus an appropriate knowledge of the chemical composition of hydrated 

cement is also very relevant in the context of nuclear waste disposal. Radionuclide uptake may also 

depend on the crystallinity and morphology of the solid: for example a high sorption for both anions and 

(mostly) cations is expected from low crystallinity phases as for C-S-H than for crystalline C-S-H phases 

[11]. The uptake is also influenced by the size, atom radii and valence of the sorbent species. In addition 

to sorption, the uptake on cement phases may occur also through solid solution formation as found for 

Eu(III) on calcite [12] or for iodide on Ms or Hc phases [13].  

 

1.3.1. C-S-H phases 

The hydration of both C3S and C2S in PC (CEM I 42.5 N), leads to the formation of ~ 40 wt. % C-S-H 

phases [10]. The chemical composition of the C-S-H phases is usually described in terms of calcium to 

silica ratio (C/S), which range between ~ 0.7 and ~ 1.5 [14]. In hydrated cements, C-S-H with C/S of 

1.7 is often observed [15]. C-S-H composition varies also with the cement degradation stage (see section 

1.5), and in the context of waste disposal it may be also affected by the interaction with some of the 

waste materials (e.g. decomposition of organic material in alkaline conditions, metal corrosion, etc.). 

Despite their low crystallinity, the structure of C-S-H phases is often described as a defect tobermorite, 

a naturally occurring mineral. The structure of tobermorite consists of Ca-O sheets connected to the 

silica tetrahedra (≡Si(OH)2 silanediol group) atoms in the dreierketten conformation [14-16]. This 

conformation consists of repetitive ternary unit of bridging and non-bridging silica tetrahedra. The non-

bridging silica tetrahedra are connected on both sides of Ca-O sheets. The bridging silica tetrahedra has 

two unshared oxygen atoms neutralized by H+ thus forming the silanediol group. The silicate end-group 

(silanol group) connected to another silicate group carries only one unshared oxygen. The length of the 

silica chain depends on the C/S: with the increase of C/S (which correspond to an increase of the pH 

pore solution), Ca2+ ions progressively substitute the interlayer protons that neutralize the negative 

charge of bringing silica, while the bridging tetrahedra from the silica chains. The substituting role of 

Ca2+ ions indicate the potential sorption of other cations, for example of actinides and lanthanides [17]. 

The C-S-H surface charge, often investigated via zeta potential measurements, is controlled by Ca2+ 

content [18] and the pH [19] in the cement pore water. In general, the zeta potential is dependent on the 

composition of C-S-H phases: for high C/S, the uptake of anionic species is favorable [20], while for 

low C/S the C-S-H surface exhibits a net negative surface charge and cationic species tend to sorb 

strongly on C-S-H phases [19]. Due to the high surface area ( ≈ 150 m2/g, determined by BET) [21], the 

uptake of metal species is found to be high [22, 23]. Adsorption can be considered as the first uptake 

mechanism on C-S-H phases as suggested by several modern experimental studies, carried out with 

synchrotron-based spectroscopic techniques (e.g., XAFS) and advanced laser-based methods (e.g., 

TRLFS. The studies of Tits et al., Stumpf et al., Mandaliev et al., Gaona et al. [24-29] suggested that the 

surface sorption is the first uptake step, followed by the incorporation of the metal cation in the solid 
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phase structure. The latest step is responsible for the long-term incorporation of radionuclides in C-S-H 

and therefore in hydrated cement.  

 

1.3.2.  AFm phases 

AFm phases (or aluminoferrite-monophase) belong to a subgroup of the layered double hydroxide 

family [30-32]. The general formula can be expressed as [Ca4(Al,Fe)2(OH)12]·X·nH2O, where X refers 

to two single charged anions or one double charged anion. The main layer (see Figure 2.), structurally 

similar to brucite or portlandite, consists of a sheet of M(OH)6 octahedral anions, where one third of the 

divalent cations, M2+ (i.e. Ca2+) is replaced by a trivalent cation, M3+ (i.e. Al3+ and/or Fe3+) at a 

stoichiometric ratio for M2+:M3+ of 2:1. The substitution of Ca2+ results in a permanent positive net 

charge of the main layers with chemical formula of [Ca4(Al,Fe)2(OH)12]2+, which is compensated by the 

interlayer anions. In the interlayer space, additional water molecules are also present. The layer thickness 

(distance between two main layers) depends on the type of anion, X, and the number of water molecules, 

n, accommodated in this region. In Portland cement, the most common interlayer anions are OH-, CO3
2-

, SO4
2-, which result in hemi- (OH- + ½ CO3

2-) (Hc), monocarbonate (Mc) (CO3
2-) and monosulfate (Ms) 

(SO4
2-) AFm phases, respectively. The anion content depends on the cement composition and the 

environment. For instance, the use of cement in marine applications can increase the substitution of the 

pre-existing anion with chloride Cl-, thus leading to the formation of other phases such as Friedel's salts 

([Ca4Al2(OH)12][2Cl·4H2O]) and Kuzel's salt ([Ca4Al2(OH)12][Cl(SO4)0.5·5H2O]) [33, 34]. The partial 

interlayer substitution may result in the presence of two or more interlayer anions (e.g. Hc with OH- and 

CO3
2-) and in the formation of solid solutions. The interlayer anions (e.g. OH-) can be also replaced by 

organic ions, alcohols, carboxylic acid anions and sulfonates [35]. The interlayer water content may also 

vary as a function of temperature and relative humidity [36, 37]. A clear example is the case of 

monosulfate, which exists (and co-exists in specific cases) in different hydration states (Ms9, Ms10.5, 

Ms12, Ms14, Ms16). Given their structure, AFm phases show a strong uptake towards anions, in 

particular for oxyanions such as selenite, chromate, molybdate and borate [38]. In the case of the sorption 

of SeO3
2- and MoO4

- on AFm phases (Ms and AFm-Cl2), a three-step sorption mechanism was proposed 

by [39, 40] involving surface adsorption, formation of new AFm-phases and formation of Ca-

precipitates. Similar sorption mechanism (i.e, solid solution formation, anion exchange reaction) was 

also formulated for the iodide uptake on AFm phases [41] or as surface adsorption, solid solution 

formation, and formation of new AFm-phases [13]. 
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Figure 2. Monosulfate structure as an example of AFm phases structure [30]: the interlayer anion X position is 

occupied by SO4
2-. Ca-octahedra are represented in light blue, Al-octahedra in green, the sulfate anion in yellow, 

oxygen in red, hydroxyl groups in pink. Interlayer water molecules are omitted for clarity. The outer surfaces and 

the interlayer region of an AFm phase provide possible sorption sites for radionuclides. The structure is visualized 

with VESTA [42]. 

 

1.3.3. Ettringite (AFt) 

AFt (or aluminoferite-triphases) general chemical formula is [Ca6(Al,Fe)2(OH)12]·X3·nH2O, where X 

denotes a doubly charged anion. In the case of ettringite, X corresponds to SO4
2-. Ettringite forms 

hexagonal prismatic crystals: columns of Al(OH)3 octahedra alternating with edge sharing CaO8 

polyhedral. The positively charged columns are balanced by X anions (or sulfate ions in the case of 

ettringite) located in the resulting interchannels together with several water molecules. Ettringite, due to 

its structure, is known for the potential incorporation of oxyanions such as AsO4
3-, CrO4

-, SeO4
2- or 

SeO3
2-, which are of particular interest in the context of waste management (not necessarily linked to 

the nuclear applications). The retention of these anions can be described in terms of solid solution 

formation [43-45], involving the substitution of the pre-existent anion (e.g. SO4
2-). Since ettringite 

exhibits a net negative surface charge [23], the anion adsorption has less relevance compared to the bulk 

incorporation and substitution of the pre-existent anionic species. No evidences were found for a strong 

uptake of monovalent anions on AFt. The uptake of mono-charged anion is generally negligible, 

probably because of the narrow interchannels, which prevent the replacement of one bivalent anion by 

two monovalent anions due to space restrictions in the columnar structure. The cation substitution of 

Al3+ by Fe3+ in the ettringite structure has been observed by Möschner et al. [46]. 

 

1.4.  Cement degradation by groundwater ingress 

The composition of hydrated cement plays also a relevant role in the long-term performance of 

underground repositories for L/ILW. In the absence of any degradation process induced by the 

interaction with waste components, cement may be subject to chemical degradation caused by ground 
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water infiltration. Cement degradation is caused by the disequilibrium between the host rock 

groundwater and hydrated cement, and it is mainly characterized by three stages with a progressive 

decrease of pH in the cement pore water. In the first stage, the cement pore water is dominated by the 

dissolution of Na and K oxides / hydroxides, resulting in a high pH of about 13.2. The second stage is 

controlled by the portlandite solubility, which buffers the pore water composition at pH ~ 12.5 and [Ca] 

~ 20 mM. The third degradation stage is dominated by the incongruent dissolution of C-S-H phases and 

other phases, while pH decreases to lower values (~ 10). The pH decreasing rate and the time scale of 

the different stages may depend on many factors such as the exchange rate of pore water in the near field 

and the environment physical conditions (e.g. temperature). During the geochemical evolution of the 

cementitious near-field, AFm phases and portlandite are expected to be present up to the second stage 

and C-S-H phases, ettringite, calcite and OH-hydrotalcite are expected until the degradation stage III 

[7]. In addition, zeolitic phases might form [47]. 

 

1.5.  Organic ligands expected in the waste and their interaction with cement 

The presence of organic compounds represents a high concern for the safety case of cement-based 

repository. The main concern depends on their chemical stability under hyperalkaline and reducing 

condition, complexing behavior with radionuclides in the cement matrix that may enhance their mobility 

in the host rock and the consequently in the geosphere. The speciation of organic substances depends 

amongst others on pH and redox conditions, as well as the presence of major elements like Ca, Mg or 

Fe and microbial activities at the site of interest.  

The presence of organic compounds in the repository system may arise from several possible sources. 

The massive use of cement in repositories for L/ILW represents a very important source of organics as 

organic additives such as plasticizers are used to control the cement setting time and its workability. 

Organic compounds may also be present in the disposed waste generated by nuclear power plants, 

medicine and research facilities. Spent filters, ion exchange resins and decontamination agents 

contribute to the organic fraction expected in the deep geological repository for L-ILW. The 

decomposition of high molecular weight organics may take place by biotic and abiotic processes, 

including also radiolytic processes [48]. As one of the main components of the organic material fraction 

in the L/ILW repositories, cellulose degradation under the hyperalkaline conditions defined by 

cementitious systems results in the formation of two main degradation products: (1-3), 3-deoxy-2-C-

hydroximethyl-D-erythro-pentonic acid (often labelled as α-isoccharinic acid, α-ISA) and 3-deoxy-2-C-

hydroximethyl-D-threo-pentonic acid (referred as β-ISA). Short chain aliphatic acids (e.g. formic acid, 

acetic acid, lactic acid) appear as minor products [49]. The extent of cellulose degradation depends on 

two main reactions (peeling-off and alkaline hydrolysis) and according to [50] the complete cellulose 

degradation occurs within 1000-10'000 years. By comparing the complexing role of the two ISA 
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diastereomers, the long term performance of geological repository depend mainly on the complexing 

behavior of α-ISA, since it has shown a stronger affinity for heavy metals and radionuclides compared 

to β-ISA [51].  

In the context of construction and cement-based materials, chemical admixtures are used as an integral 

part of everyday concrete production. It is possible to identify the following class of additives: water-

reducing and set-retarding admixtures, high-range water-reducing admixtures, mid-range water-

reducing admixtures, admixtures for suppressing alkali-silica reactions, viscosity-modifying and anti-

washout admixtures, shrinkage-reducing admixtures (SRA), and cold weather accelerators [52]. Taking 

into account chemical and environmental safety, compounds based on low molecular weight, low 

basicity carboxylic acids have become very popular [53, 54]. Popovics [55] observed that water soluble 

organic materials belonging to the carboxylic acid group are some of the most effective chloride-free 

accelerators for cement hydration. The short chain structure is a key factor for the rapid dissolution of 

calcium ions from the cement clinkers. Indeed, accelerating properties have been reported for short- 

chained monocarboxylic acids (C1 to C4) and their salts (formic, acetic, propionic and butyric), while 

longer-chained carboxylic acid homologues (> C4) act as retarders (e.g., sucrose, glucose, α-

hydroxycarboxylic acids [56-59].  

The corrosion of activated/non-activated steel, may also contribute to the formation of 14C-organic 

compounds [60]. The main source of 14C in low- and intermediate-level radioactive waste in Switzerland 

are activated metallic nuclear fuel components and reactor core components (~ 85%) as well as spent 

filters and ion exchange resins used for the removal of radioactive contaminants in a number of liquid 

processes and waste streams. Carbon-14 can be released in a variety of organic compounds depending 

on the nature of the waste material and on the chemical conditions of the near field. Detailed speciation 

studies on the chemical form of carbon released during the corrosion of irradiated metals [61-65] 

reported the formation of (HCOOH) and acetic acids (CH3COOH), formaldehyde (HCHO), methanol 

(CH3OH) and ethanol (C2H5OH). Instead, Hardy & Gillham, Campbell et al., Deng et al, Burris et al., 

Agrawal et al. [66-69] reported the formation of volatile and reduced hydrocarbons, in particular alkanes 

and alkenes (e.g. methane, ethane, ethene, propane, propene and butane). Thermodynamic modelling 

conducted by Wieland & Hummel [60] in hyperalkaline and anoxic conditions, reported that the 

formation of organic compounds seem to be limited in conditions relevant for the deep geological 

repository. The most stable carbon species were methane and carbonate-based species and small organic 

molecules, with up to 5 carbon atoms (C5). The authors [60] underlined that possibly different scenario 

might be obtained assuming, for instance, a kinetic hindrance of alkene formation.  

 

1.5.1. Low molecular weight organics (LMW) 

The notation of low molecular weight organics refers to the class of organic compounds with short 

carbon chain, which can include several organic molecules classes, such as alcohols, alkane, alkene, 
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aldehyde and carboxylic acids, among others. In the following sections, the main chemical properties of 

the Na salts of formic, citric and gluconic acids are described. Based on the type of application of modern 

concrete and cement-based material, Na-formate, Na-citrate and Na-gluconate are added in determined 

concentration interval expressed in terms of weight fraction per dry weight of cement mixture. The 

concentration used are 2-4 wt. % for formate [54, 70-73], 0.03-8 wt.% for citrate [74] and 0.03-2 wt.% 

for gluconate [75-77]. It has been demonstrated that most of citrate and gluconate is sorbed on the 

initially formed cement hydrates [77, 78], while the sorption of formate is much weaker [79]. If the 

retarder is applied with some delay, the sorption of 0.05 wt.% Na-gluconate is reduced from 80% to 

40% [77]. In the nuclear field, citrate is often used as decontaminating agent, and thus it is also found 

in specific waste streams in nuclear waste, mostly in L/ILW. 

The main risk of organics in a deep geological repository arises from the complexing power of LMW 

organics with radionuclides: the formation of soluble and stable RN-L complexes may enhance the 

release of radionuclide into the geosphere. In this study, the impact of Na-formate, Na-citrate and Na-

gluconate on selected radionuclides onto cement hydrates at redox and hyperalkaline conditions relevant 

for the deep geological system, is investigated. In order to better asses the role on radionuclides retention 

reduction by cement and the sorption mechanism, this study has been divided in two main parts: the first 

part focuses on the binary system L-cement interactions, the second part of this study focuses on the 

uptake behavior of radionuclides in presence and in absence of the above-mentioned organic ligands 

(ternary systems).  

1.5.1.1. Na-Formate (FOR) 

Sodium formate, HCOONa (HCOO- in the anionic form, see Figure 3) is the sodium salt of formic acid. 

Based on the theory of hard-and-soft acids-and bases (HSAB) [80] [81] formate belongs to the class of 

hard bases. The negatively charged carboxylate group represents a strong binding site (Coulomb 

interactions) which can especially complex smaller divalent cations such as Mg2+, Ca2+, Zn2+ and 

Cd2+(group IIA and IIB) [80]. In general, as hard acid, formate is less selective in the binding with 

cations with similar size. Divalent cations preferentially bridge both anionic oxygen atoms in the formate 

plane [82]. In the acidic form, the conformation trans (the relative position of the hydrogens C-H and 

O-H, are in opposite sides of the C-O plane) is favored over the conformation cis (the two hydrogens 

face each other) [83].  

 

 

Figure 3. Chemical structure of formate. 
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In the admixture industry, formate is a known cement accelerator and is also used as antifreezing additive 

for concretes [72, 84]. The effect of Ca(HCOO)2 depends on the cement composition. Gebler [70] 

observed that the compressive strength at one day of hydration in concretes containing calcium formate 

is higher at a C3A/SO3 ratio > 4. Hewlett [85] compared the calcium salts of chloride, nitrite and formate, 

and related their accelerating efficiencies to the mobility of the anions within the silicate particles. 

Therefore, the anion size is the major factor. Due to its large ion size (0.45 nm) Ca(HCOO)2 is less 

suitable than anions with smaller size: 0.34 nm for nitrite and 0.27 nm for chloride [85]. Heikal [86] 

claimed that the accelerating effect of Ca(HCOO)2 on calcium silicate hydrate formation is mainly 

attributed to the fact that the diffusion rate of HCOO− ions is much higher than for the Ca2+ ions, and 

that the HCOO− ions can penetrate into the hydrated layers covering C3S and β-C2S grains. As a 

consequence, the precipitation of Ca(OH)2 is accelerated as well as the decomposition of calcium 

silicates [86]. The biggest problem in using Ca(HCOO)2 as an accelerating admixture for concrete is its 

low solubility in water (approx. 16g/100g H2O at room temperature). Therefore, appropriate calcium 

formate solutions are not commercially available, so that it must be added to concrete or cement mixture 

in solid form, which can create dispensing problems. Sodium formate (NaHCOO), which has also 

accelerating properties [70], is approximately 3 times more soluble in water. The potential problem in 

the use of sodium formate is that significant amounts of alkali are added to the mixture, which can 

increase the risk for deleterious alkali silica reaction [87]. 

 

1.5.1.2. Na3-Citrate (CIT) 

Trisodium citrate dihydrate, Na3C6H5O7·2H2O, is one of the sodium salts of anhydrous citric acid (2-

hydroxypropane-1,2,3-tricarboxylic acid). The structure of citrate (Figure 4) is characterized by three 

carboxylic groups, located at both ends and in the middle position (C3) of the main chain, and one 

hydroxyl group. All functional groups are potential coordination sites and can contribute to the chelate 

formation with metal ions (Mx+). Above pH 7, all carboxylic groups are deprotonated, while the hydroxyl 

group is a very weak acid and deprotonates at pH > 12 [88]. This pKa can be however, significantly 

decreased, when a metal ion is complexed. In the presence of metal ions, citrate forms easily chelating 

complexes, which may be limited by steric constraints. Experimental observations with citrate 

complexes [89-91] evidenced a correlation between the charge density and size of the metal ion: only 

two carboxylates group and the hydroxyl group can complex the same metal ion. Potentiometric and 

solubility studies do not provide unequivocal results about the origin of the protons released in the 

complexation reaction. Hence, equilibrium reactions representing the formation of the complexes 

M(OH)(CIT) and M(CIT-H) (with CIT-H representing a citrate ligand with a deprotonated alcohol group) 

involve the same number of protons, and thus cannot be differentiated by the methods mentioned above. 

Spectroscopic methods provide important information about the structure and conformation of metal 

ion-citrate complexes. An interesting example is the Al3+-citrate (1:2) complex investigated by 

Matzapetakis et al [91] at pH ~ 8, where each citrate molecule is coordinated to the Al3+ ion through the 
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central hydroxyl group and two carboxylate groups located in the equatorial plane and in the axial 

position (terminal carboxylate). Similar tridentate coordination was reported for the nickel-citrate 

complex, [Ni(CIT)(H2O)2]2
2- investigated by Baker et al. [90] and also for the structure of hexahydrate, 

tetrahydrate and anhydrous calcium citrate reported by Kaduk [92].  

The solubility of citrate-metal ion solids is usually pH dependent: in the alkaline region, the formation 

of metal-hydroxo-citrate complexes and the possible precipitation of hydroxides, oxides and 

hydroxocitrates must be considered. For acidic pH values, the protonation of citrate increases the 

solubility of metal ion-citrate salts. In the review on thermodynamic data of organic ligands published 

in the 9th volume of thermodynamic database of the Nuclear Energy Agency (NEA-TDB), Hummel and 

co-workers [88] critically selected thermodynamic data on the citrate system with metal ions of 

relevance in the context of nuclear waste disposal. Hummel and co-authors reported that the solubility 

of citrate and metal ions belonging to the group IA (e.g. Na+ and K+) is very high. For M2+ metals, the 

solubility of M2+-citrate depends on the nature of metal cation and on the pH value. The solubility of 

these complex follows the trend Mg > Ca > Cd > Zn [93]. At pH ≈ 4.2 the solubility of Mg-citrate (for 

[Mg]tot = 0.12 M) is 0.04 M, while the solubility of Ca-citrate, Zn-citrate at the same pH are 0.005 M 

and 0.0006 M, respectively [94-96]. In the context of cement-based repositories, the interaction of citrate 

with Ca plays an important role in the aqueous chemistry of this ligand. The high calcium concentration 

typical for hydrated cementitious systems may impose a solubility limit on the citrate concentration. In 

the example of the calculated solubility Ca3(CIT)2∙4H2O in CaCl2 solution shown by Hummel et al. [88], 

two main effects can be differentiated if the Ca concentration in solution increases: i) higher Ca 

concentration decreases the citrate concentration in equilibrium with Ca3(CIT)2∙4H2O (i.e. common-ion 

effect); ii) due to side reactions related to the protonation of CIT3- and formation of HCIT2−, H2CIT− and 

H3CIT(aq) and Ca-citrate aqueous complexes (i.e. Ca(HCIT)(aq) and Ca(H2CIT)+), pH values decrease 

resulting in increasing solubility. 

 

 

Figure 4. Chemical structure of citrate. 

 

Sodium citrate is one of the most widely used additives and complexing agents in different industries. 

The addition of sodium citrate influences the hydration of cement-based materials. Citrate may 

accelerate the hydration of C3A and C4AF [97]. On the other hand, the citric acid is an excellent retarder 



 

13 

 

in ettringite-based binder as reported by Burris and Kurtis [98]. Rottstegge et al. [99] reported that the 

presence of sodium citrate (0.4 wt.%) retard the hydration of alite and prevent the precipitation of 

hydration products and dissolution of clinker. Therefore, depending on the dosage of sodium citrate, it 

is possible to obtain different results [74]. Singh et al. [100] confirmed that 0.1 wt% citric acid has 

accelerating effect on the hydration of PC, while for concentration > 0.1 wt.%, a retarding effect was 

observed. A decrease of the zeta potential in the presence of citrate clearly indicates the adsorption of 

citrate ions on the cement grains surface at the Stern layer [100]. Furthermore, sodium citrate and citric 

acid may have a different effect on the strength of cementitious materials [101-103]. Still under 

discussion is the nature of the interaction between citrate, cement grains and cement phases. As a 

hydroxycarboxylate, citrate forms complexes with Ca2+ ions leading to the formation of carboxylate 

complexes [104, 105]. The adsorption of citrate on the surface of cement particles was considered also 

the origin of retardation for the hydration of Portland cement [78]. Citrate sorbs on the surface of cement 

particles due to the electrostatic interaction between particle surface and carboxyl groups of sodium 

citrate/ citrate acid.  

 

1.5.1.3. Na-Gluconate (GLU) 

Gluconate (GLU) is another example of a low molecular weight organic ligand expected in the 

hyperalkaline conditions defined by cement systems. As for citrate, sodium gluconate is used in the 

cement production as a cement-dispersing and retarding agent [33, 100, 106, 107]. The use of sodium 

gluconate as an additive enhances the dispersion of cement particle, reducing the amount of water, which 

in turn results in an increase of the strength and durability of the final hydrated material. The conjugated 

acid form of gluconate, D-gluconic acid, is a polyhydroxy carboxylic acid. In acidic solutions, gluconic 

acid is in equilibrium with the δ-GLU lactone and the γ-GLU lactone of the acid as shown in the Figure 

5. 
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Figure 5. Chemical structure of D-gluconic acid and schematic representation of the nucleophilic attack of –OH 

group and the formation of γ- and δ-GLU lactones [108]. 

 

In the acidic form (at pH < 3), gluconic acid is a mild complexing ligand, while the anionic form 

(HOCH2(CHOH)4COO-) exhibits strong complexing capacities. The high complex stability is related to 

the presence of the alcohol group in alpha position (next to the carboxylic group) that may participate 

in the formation of chelates with 5-member rings [109-121]. Since gluconate shares many of chemical 

properties of α-ISA, it is possible to compare it with the extensive series of thermodynamic data selected 

for the complexation of α-ISA with alkali and alkaline metals and with radionuclides relevant for the 

nuclear waste disposal reported in the NEA-TDB project [88].  

For pH range 2 < pH < 10 the complexing behavior of gluconate with alkaline earth metals is weak and 

COO- is the only functional group involved in the formation of mononuclear complexes [119]. For acidic 

pH, both lactonization and protonation-deprotonation reaction take place. In general, the protonation 

reaction is much faster than the lactonization process, and it is characterized by a protonation constant 

equal to ≈ 3.8 (I = 0) [122]. The lactonization process leads to the formation of two cyclic structures 

(depending if the nucleophilic attach to the carbon atom C1 occurs from the alcoholic group linked to 

the carbon atom in position C4 or C5): the first case yields to 5-membered lactone (D-glucono-γ-lactone) 

and in the second case to the 6-memebered lactone (D-glucono-δ-lactone) (Figure 5). The recent work 

of Kutus et al. [123] reported that the lactonization constant of gluconic acid for the formation of γ-

lactone and δ-lactone differ of ca. 0.2 log10 units (I = 0.8 M). Reversely, the L-gluconate shows a lower 

thermodynamic stability in the 6-memebered ring arrangement.  

At pH > 12, bi- and trinuclear Ca2+-complexes with gluconate and with equivalent sugar carboxylate 

ligands (e.g. heptagluconate, D-gulonate, D-isosaccharinate) [124, 125] have been described. 

Polynuclear complexes have much higher stability in alkaline pH and are predominantly present as 
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Ca2(GluH-4)2
2- (or Ca2(GluH-3)2

0 and Ca3(GluH-4)0
2, where the term GluH-x corresponds to a gluconate 

ion in which x-alcohol groups are deprotonated. The higher thermodynamic stability depends also on 

the binding sites of OH- groups: previous studies [125, 126] suggest that the deprotonation of C2-OH 

promotes the polynuclear complex formation. In general, for many complexes, COO- and C2-OH 

participate as the main binding sites in the formation of aqueous complexes with divalent cations like 

Co2+, Ni2+, Cu2+, Zn2+ [115, 127, 128]. The C3-OH group was identified as complexing group for 

gluconate solids compounds, such as CaGlu2(s) and complexes with Eu3+ and Nd3+ [129-131].  

 

1.5.2.  Interaction of formate, citrate and gluconate with cement 

As discussed in Section 1.5, organic compounds are expected in the radioactive waste disposal. 

Although several studies indicate that some organics may exhibit very strong complexing behavior in 

the relevant conditions of disposal system (alkaline pH and redox conditions), a more limited 

information is available for the uptake of LMW organics by cementitious materials and cement phases. 

An accurate knowledge of this interaction is particularly important (i) to quantify the concentration of 

free-ligand remaining in solution after sorption on cement hydrates, and (ii) to understand the alterations 

of the surface properties of cement, and the corresponding implications for the uptake of radionuclides.  

Only a few studies have previously investigated the uptake of formate by HCP [3, 61]. Wieland et al. 

[3] investigated the sorption of several C-14 labelled small molecules organics (i.e. formic acid, acetic 

acid, acetaldehyde, formaldehyde, ethanol, methanol) on HCP (S/L = 333 g·dm-3) and AFm phases, such 

as Ms (S/L ≈ 100 g·dm-3), Hc, Mc (S/L ≈ 106 g·dm-3) and ettringite (S/L ≈ 20 g·dm-3). The authors 

observed that the strength of the uptake for the investigated organics followed the sequence alcohol < 

aldehyde < carboxylate and that the uptake of formate was higher compared to the other organic ligands 

investigated. The uptake increased with the contacting time. At a contact time of 90 days, formate sorbed 

on hydrated cement phases in the following order: CSH > Hc > Ms ~ AFt > Mc. Summarizing the results 

obtained, the partition coefficient of small organic molecule investigated on cement phase and HCP (S/L 

= ≈ 333 g·dm-3) was found to range typically from 0.01 and 1 dm3/kg. This is also in agreement with the 

recent investigation conducted by Nedyalkova and co-authors [132] on PC (S/L = 130 g·dm-3, hydration 

time = 30 days), confirming the weak interaction of formate with hydrated cement.  

There are no previous studies in the literature investigating the uptake of citrate by hydrated cement 

paste, although some studies have tackled the interaction of other chelating ligands (e.g. EDTA) with 

cement [133]. One aspect to be considered in studies involving citrate in cement systems is the possible 

precipitation of the Ca-salt, i.e. Ca3(CIT)2∙4H2O, which can also result in a decrease of the free-ligand 

concentration available for the complexation of radionuclides. 

The uptake of gluconate and α-ISA by cement and C-S-H phases was extensively investigated in the 

past 30 years. For instance, the study conducted by Glaus and co-authors [134] focused on the uptake 

of gluconate and ISA by cement. Sorption experiments were conducted on hydrated cement paste using 
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a S/L ratio ranging between 5 and 25 g/dm3 and with a supernatant solution composition typical for 

cement pore water (ACW, pH = 13.4, [Na] = 114 mM, [K] = 180 mM, [Ca] = 2 mM) [135] and for a 

contacting time ranging from 1 to 90 days. Sorption data were interpreted using a two-site Langmuir 

isotherm, which postulates the presence of two sorption sites (strong and weak) on the hydrated cement 

surface. The same approach was also adopted to model the uptake of ISA. In general, the uptake of 

gluconate [134] was stronger and distribution ratios of Rd ≈ 3-4∙103 dm3/kg (for [GLU]tot = 10-7-10-4 M) 

were observed. Another important aspect is that the uptake of gluconate was found to be irreversible 

due to the strong interaction with active sites of cement (and C-S-H phases). Androniuk and co-workers 

[136] investigated the sorption of gluconate on C-S-H phases by combining wet-chemistry sorption 

studies and molecular dynamics (MD) simulations. For a contact time of 3 days, the authors reported Rd 

values of 285, 40, 4.5 dm3/kg for the uptake by C-S-H with C/S of 0.8, 1.0 and 1.38, respectively. The 

fast sorption kinetics was interpreted in terms of surface sorption rather than incorporation of the sorbed 

ligans. These results evidenced the complexing role of Ca ions with gluconate molecules connected to 

the composition of C-S-H phases: the uptake increases with the increase of C/S ratio. Based on their 

MD calculations, Androniuk et al. proposed that the interaction between Ca and gluconate occurs mainly 

at the surface of C-S-H particle, where gluconate molecules are initially driven by electrostatic forces 

towards the surface of C-S-H particle, followed by the complexation and formation of Ca-gluconate 

surface complexes. In agreement with Androniuk et al., Nalet and Nonat [136, 137] reported that the 

uptake of gluconate is higher on C-S-H phases with C/S = 1.58 than for 0.85 (S/L= 50 g/ dm3). C-S-H 

phases with high C/S ratios (C/S > 1) have a positive apparent surface charge due to Ca2+ uptake, which 

overcompensates the negative surface charge of C-S-H caused by deprotonated silanol groups [19]. 

Therefore, Nalet and Nonat [137] interpreted the gluconate sorption to occur through interaction with 

Ca ions at the surface of the C-S-H particles. Speciation calculations [138] showed that the increase of 

C/S in C-S-H also contributes to the formation of aqueous Ca-gluconate complexes (i.e. 

Ca3GLU2(OH)4), which is the most dominant aqueous species at [GLU]tot = 200 mM. Due to the 

formation of strong aqueous Ca-gluconate complexes, the free concentration of Ca decreases with the 

increase of the organic concentration. Depending on the experimental conditions, the formation of 

aqueous Ca-GLU complexes can lead to the desorption of calcium ion from the C-S-H suface until a 

point where the calcium mediated sorption on C-S-H is lowered or no longer possible. It also was 

reported that gluconate interacts not only with calcium ions and hydroxide but also with silicates [138]. 

Experimental observations in this work indicated the possible formation of Ca-Si-gluconate complexes, 

with the ternary complex Ca3Glu2(H3SiO4)2(OH)2
0 becoming relevant mainly for 0.9 < C/S < 1.2 and 

prevailing over other Si-complexes (H4SiO4, H4SiO4
-, H2SiO4

2-). 
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1.6.  Introduction to Lanthanides (Ln) and Actinides (An)  

Lanthanides and actinides belong to the f-block of the periodic table. Due to the chemical similarities, 

especially for trivalent oxidation states, lanthanides are often used as non-radioactive / redox-stable 

analogues for key An(III), i.e. Am and Pu. 

Lanthanides are located in the groups 3-12 of the 6th period of the periodic table. Since the 4f shell is 

being filled progressively through the period (the atomic number increases from 57 (La) to 71 (Lu)), the 

general electronic configurator is [Xe] 4f1-145d0-16s2, where [Xe] is the correspondent electronic 

configuration of the nearest noble gas (in this case Xenon). The 4f electrons are sufficiently shielded 

from the environment by the 5s and 5p orbitals therefore their contribution to valence forces is 

negligible. In a few cases, the energy difference between the 4f and 5d electrons is sufficiently small 

that changes in the surrounding environment can lead to promotion of a 4f electron to the valence shell 

(5d orbital). This results in formation of the tetravalent ions as in the case of Ce(IV). Alternatively, the 

result may be the transfer of the 5d electron to a 4f orbital, leading to the formation of divalent ions (e.g., 

Sm2+, Eu2+ and Yb2+) [139]. 

Actinides are placed it the groups 3-12 of the periodic table. The electronic shells 4f and 5f are 

progressively filled across the actinides series and the atomic number increases from 89 (Ac) to 103 

(Lr). In addition to elements like thorium, protactinium and uranium, occurring in significant amounts 

naturally on earth, eleven transuranic elements have been produced artificially by nuclear reactions. 

Actinides have the general electronic configuration: [Rn]5f1-146d0-17s2, where radon is the nearest noble 

gas and [Rn] refers to its configurations. The early actinides are characterized by a rich redox chemistry, 

as shown in Figure 6 . 

 

 

Figure 6. Main oxidation states of the lighter actinides. Oxidation states highlighted in blue are the most stable in 

aqueous systems. Modified from Altmaier et al. [140]. 

 

Actinides are classified as hard Lewis acids [141] and therefore, tend to form strong complexes or to 

bind strongly to oxygen-containing hard bases (e.g. the hydroxyl groups present on the surface of C-S-

H phases). The strength of this interaction is expected to correlate with the effective charge of the 
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actinide ion, Zeff. Whilst oxidation states +III and +IV are characterized by the stability of the cations 

An3+ and An4+, at the oxidation states +V and +VI stable linear actinyl moieties, i.e. AnO2
n+

, (with n = 

1, 2), form. These oxidation states are accordingly characterized by the increasing effective charges 

AnO2
+ (Zeff = 2.3), An3+ (Zeff = 3), AnO2

2+ (Zeff = 3.2) and An4+ (Zeff = 4) [139]. In aqueous systems, the 

oxidation state +III is stable for trans-americium elements (e.g. Cm), while Pu presents this state only 

in very reducing conditions. The lighter actinide elements exhibit a broad range of oxidation states. The 

5f electrons are much more delocalized and are energetically closer to the valence of 6d and 7s electrons 

[142-144] compared to the 4f electrons. Therefore, due to the smaller promotion energies of the 5f → 

6d transitions, the lighter actinide ions exhibit an intermediate character between the d-transition 

elements (magnetic properties are studied in terms of delocalized or exchanged s and d valence 

electrons) and the lanthanide elements (the localized 4f electrons are essentially unaffected by chemical 

bonding). With the progressive filling of the 5f orbitals and the increase in the nuclear charge, the energy 

difference between the 5f orbitals and the outer orbitals increases. Consequently, the 5f electrons become 

more localized and participate less in the bonding interactions. This localization explains the marked 

stabilization of the trivalent oxidation state for the heavier actinides. The divalent lanthanides are more 

stable than divalent actinides. In fact, Am2 + does not exist as a stable species in aqueous solution [145]. 

Tetravalent oxidation state can be obtained for a number of the actinide elements, although the +IV state 

is quite unstable for the heaviest members of the series [145, 146]. The chemistry of the An(IV) species 

shows a general resemblance to that of Ce(IV). The rate of reduction of the An(IV) species follows the 

order Bk4+ < Am4+ < Cm4+ < Cf4+ which resembles the order of thermodynamic stability as predicted 

from the reduction potentials of the M4+/M3+ couples [147].  

As strong electron acceptors (hard Lewis acids), both lanthanides and actinides tend to interact with 

strong electron donors (hard Lewis basis) according to the hard and soft acids and bases (HSAB) [141]. 

The aquatic chemistry of actinides depends on physical parameters like pH, Eh, temperature, pressure or 

partial pressure of reactive gas phases (e.g. O2, CO2) and chemical parameters like the concentration of 

the actinide, and presence of complexing ligands or reactive surfaces. The Pourbaix diagram is often 

used to plot the relevant oxidation states of actinides as function of, for example, pH and Eh values. 

Since the present study focuses on uptake behavior of radionuclide under reducing conditions foreseen 

for L/ILW disposal, the oxidation states +III (for Ln and An) and +IV (An) have been taken into account 

[148].  

 

1.6.1. Trivalent lanthanides and actinides: Ln(III)/An(III) 

1.6.1.1. Uptake of trivalent actinides and lanthanides on cements 

The uptake of Eu, Nd and Am by cementitious materials has been extensively studied by Wieland, Tits 

and co-workers [5, 12, 26, 27, 149-151]. Sorption experiments conducted by Wieland et al. with Eu(III) 

[149] on sulphate-resistant Portland cement at pH = 13.3 resulted in very high Rd values of 106 dm3/kg 

and 105 dm3/kg for solid to liquid ratios of 0.01 g∙dm-3and 0.1 g∙dm-3, respectively. Similar values were 
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found by Tits et al. [151] for Eu(III) sorption on C-S-H phases with a C/S of 1.09 (Rd ≈ 106 dm3/kg), 

thus supporting that C-S-H phases are the main sink of An(III) and Ln(III) in cement systems. The [Eu]eq 

solution concentration was found to range between 10-12 M and 10-8 M. The uptake kinetics was found 

to be fast, and steady-state conditions were reached within 1 day. The overview dedicated to the sorption 

experiments conducted by [5] of europium on C-S-H phase with 0.75 ≤ C/S ≤ 1.5 in ACW (pH = 13.3) 

and a S/L of 0.5 g∙dm-3, confirmed the previous observations by obtaining a Rd = 7 105 dm3/kg. No effect 

of the composition of the C-S-H phases on the Eu(III) uptake was found. The same authors studied the 

uptake of Eu(III) ([Eu]tot = 2∙10-9 M) and Am(III) ([Am]tot = 3∙10-10 M) on HCP, in hyperalkaline 

conditions (Stage I), obtaining a similar sorption behavior for americium and europium (Rd ≈ 105 

dm3/kg). Very strong sorption (Rd ≈ 105 dm3/kg) was also observed for the uptake of europium by calcite 

[12]. A dependency of Rd with the solid to liquid ratio in the sorption study was observed by the authors, 

whereas the differences observed for calcites with different degree of crystallinity may support that 

surface complexation has an important role in the retention of Ln(III)/An(III) by calcite. Time-resolved 

laser fluorescence studies reported that the incorporation of Eu(III)/Cm(III) is one of the mechanisms 

responsible of the overall uptake on calcite. Tits et al. and Mandaliev et al. [24, 27, 150, 152] proposed 

a two-step process: i) in a first step the trivalent actinide or lanthanide rapidly forms an inner surface 

complex or a surface precipitate on the C–S–H phases. In the second process ii), which is slow compared 

to the first step, the trivalent actinide or lanthanide becomes incorporated in the C–S–H structure by 

substituting the Ca2+ in the C–S–H interlayer and in the Ca-octahedral layer.  

Spectroscopic studies (TRLFS, EXAFS) investigating the interaction of metal cations with C-S-H 

phases provided relevant insights in the uptake mechanisms: the physical adsorption is usually followed 

by the incorporation of An(III)/Ln(III) in the C-S-H structure [26, 27]. The latter process is mainly 

responsible for the long-term immobilization of radionuclides into the cement matrix. The sorption 

mechanism of Nd(III) and Eu(III) by HCP and C-S-H phases was investigated using EXAFS 

spectroscopy by Mandaliev and co-authors [26, 27, 150, 152]. The authors proposed a two step sorption 

process: in the first step Nd(III) is bound to the bridging Si of silanediol groups (≡Si-(OH)2); in the 

second step the substitution of the structural Ca ions present in the C-S-H structure may take place given 

the similar ionic radii of An3+ / Ln3+ (rEu
3+ = 1.07Å, rNd

3+ = 1.11Å, rAm
3+ = 1.10Å, rCm

3+ = 1.09Å) and Ca2+ 

(rCa
2+ = 1.12Å) in the octahedral coordination mode [153] (CN=8)). These observations are also in 

agreement with TRLFS measurements conducted for the Cm(III) uptake by cement and C-S-H phases 

[24, 25]. Stumpf and co-authors observed that Cm(III) incorporated into the cement structure is 

characterized by long emission lifetimes. For longer equilibration times, Cm fluorescence band intensity 

increases and red-shifts, indicating that the fraction of incorporated Cm increases. Using the correlation 

defined by Kimura and Choppin [154], Tits et al.[24] determined the presence of two main Cm(III) 

species in the solid phase: one complex with 1.4 H2O molecules in the first coordination sphere, and 

another complex with no water molecules bound in the first coordination sphere of Cm(III). The first 

complex would correspond to a sorbed species in the interlayer region of C-S-H, whereas the second 
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species with no H2O would correspond to an incorporated species involving the substitution of Ca ions 

of the Ca-O main layer. The authors observed that the Rd distribution ratios were not dependent on pH 

values (or at least the reported values scatter within the experimental error) nor on the C/S of C-S-H. It 

is worth to notice that the incorporation of Cm(III) (and Eu) can be considered as the slow sorption 

process since dissolution and recrystallization of the C-S-H phases are involved at this stage (teq > 60 

days) [152].  

 

1.6.1.2. Solubility and thermodynamic properties of trivalent actinides and 

lanthanides – An(III)/Ln(III) 

As mentioned in the section 1.6.1, the aqueous speciation and thermodynamic properties of trivalent 

actinides and lanthanides are similar. This applies for both the coordination chemistry as well as for the 

complex formation in solution. Systematic trends in thermodynamic data are often correlated to the ionic 

radii or z2/r (square of the formal charge (z) divided by ionic radii (r)). For example, Cm(III), and 

trivalent lanthanides such as Nd(III) and Eu(III), are often used as analogues of Pu(III) and Am(III). 

Americium(III) is redox stable in natural aquatic systems [155, 156] and as other transuranic elements, 

it has a strong tendency to hydrolyze. The americium solubility calculated by using the thermodynamic 

data reported in [157], indicated that for pH >11 the solubility is about 5·10−10 M and limited by the 

solid phase Am(OH)3(am). In the context of Ca-Si rich materials, as in the case of C-S-H phases and 

hydrated cement (HCP, PC), it is important to consider the eventual formation of Ca-Ln(III)/An(III)-

OH and Ln(III)/An(III)-OH-Si complexes. The formation of the ternary complexes Ca-Ln(III)/An(III)-

OH has been reported in the literature at intermediate to high concentrations of CaCl2 (0.25–4.5 M) 

[158], but may also become predominant in less concentrated but hyperalkaline systems [159]. The only 

An(III)-silicate species selected in the NEA-TDB, AmSiO(OH)3
2+, becomes only predominant in acidic 

conditions. Although the number of studies investigating the complexation of Ln(III)/An(III) with 

silicate in alkaline to hyperalkaline conditions is very limited, the formation of further species involving 

a hydrolyzed Ln(III)/An(III) moiety or the participation of the silicon species SiO2(OH)2
2– (prevailing 

at pH > 12) can be anticipated to form in the hyperalkaline conditions defined by cementitious systems. 

Although significant efforts have been dedicated in the last decade to improve the thermodynamic 

description of solubility and complexation of Ln(III)/An(III) in alkaline to hyperalkaline conditions 

[158, 160], further thermodynamic studies targeting the effect of silicate in such conditions are clearly 

required. 

 

1.6.2. Tetravalent actinides - An(IV) 

As discussed above, An(IV) are classified as hard Lewis acids and therefore, tend to form strong 

complexes or to bind strongly to oxygen-containing hard bases (e.g. the hydroxyl groups present on the 

surface of C-S-H phases). U(IV), Np(IV) and Pu(IV) are the most relevant tetravalent actinides in the 

context of nuclear waste disposal [140]. Thorium(IV) is often considered as redox-stable analogue of 
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U(IV), Np(IV) and Pu(IV). It holds higher solubility limits, and thus provides a broader experimental 

window in sorption studies, which require the use of concentrations below the corresponding solubility-

limit. However, as discussed in [5], Th(IV) shows a clearly weaker first hydrolysis constant compared 

to the rest of the tetravalent actinides (U, Pu, Np). Therefore, the use of Th(IV) as chemical analogue of 

tetravalent actinides in sorption experiments on cement may result in an underestimation of Rd 

distribution ratio. This aspect needs to be taken into account when assessing the retention of tetravalent 

actinides on the basis of experimental datasets obtained for Th(IV). 

 

1.6.2.1. Uptake of tetravalent actinides on cements 

Gaona et al. studied the uptake of Np(IV) by C-S-H phases and HCP (hardened cement paste) under 

controlled reducing conditions by means of EXAFS measurements [28, 29]. The analyses conducted on 

Np(IV) loaded C-S-H indicated that the Np(IV) local structure and coordination changes with the C/S 

composition. In particular, for high C/S, the identification of large numbers for Ca and Si atoms in the 

Np coordination sphere, indicated that Np(IV) was taken up into the interlayer of C-S-H phase for long 

equilibration time experiments. Similar results were observed for Np(IV) taken up by HCP. This finding 

indicated that C-S-H phases are one of the main sinks of Np(IV) on HCP. Surface adsorption and 

incorporation into C-S-H structure may be considered as the main sorbing mechanisms. Similar 

conclusions were obtained from Np(IV) sorption experiment on Nirex reference vault backfill conducted 

by Baston et al. [161]. It is important to remark that C-S-H phases with C/S > 1.5 are expected to 

dominate the cement system composition up to the degradation stage II, while C-S-H phases with a C/S 

~ 0.7 will dominate in the latter steps of the 3rd cement degradation stage. On the basis of the available 

experimental data and the chemical analogy between the tetravalent actinides (Np(IV), Pu(IV), U(IV)), 

Wieland and co-workers recommended a value for Rd of 105 dm3/kg for the uptake of An(IV) within the 

cement degradation stages I-III [1, 162]. 

Höglund et al. [163] and Allard et al. [164] conducted sorption experiments with Pu on concrete and 

Portland cement (PC) at 12.5 < pH < 13.5 and -380 mV< Eh < +140 mV. At these experimental 

conditions, the predominant plutonium redox state was +IV and the correspondent Rd coefficient was 

found to range between 103 and 104 dm3/kg. The obtained Rd values may be affected by the possible 

presence of colloids due to insufficient solid phase separation. Aggarwal et al. [165] studied the sorption 

of 238Pu ([238Pu]in = 2∙10-10 M) on different cement phases (C-S-H phases, hydrotalcite, C3A, C3S) and 

PC. In the pH range investigated (≈ 12 < pH < ≈ 13), the Rd was found higher than 104 dm3∙kg-1. The 

distribution values reported by Pointeau et al. [166] regarding the uptake of Pu(IV) on HCP (S/L = 0.5 

g/L) and in the pH range of 10‒12, were found to range between ~ 104 dm3/kg and 106 dm3/kg. As 

suggested by Wieland, the high scatter of the data might reflect limitations in the solid phase separation 

and possible presence of colloids [1]. The sorption study of Baston et al. [167] with Pu on hydrated 

cement was conducted at pH values (12.2 < pH < 12.4) representative for the cement degradation stage 

II. The authors reported a strong uptake, with Rd > 106 dm3∙kg-1 and propose that the surface uptake 
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mechanism is also applicable for the cement degradation stage III. The reference book by Ochs and co-

workers recommended Rd values of 3∙104 dm3/kg for the uptake of Pu(IV) by cement in the degradation 

stages II and III [168]. This recommendation was based on the results reported by Allard et al. [164] and 

Höglund et al.[163]. Given the lack of available studies at the cement degradation stage I conditions, 

and valuing the uptake behavior of chemical analogues (e.g. U(IV)) a distribution ratio Rd = 5∙103 dm3/kg 

was assigned by Ochs et al.[168]. Tasi and co-workers investigated the sorption of Pu by PC CEM I in 

the degradation stage II (pH ≈ 12.5) [4]. The authors used an initial Pu concentration [Pu]in= 10-8.3 M 

and buffered the redox conditions with Sn(II)Cl2 (strongly reducing) or hydroquinone (mildly reducing). 

Tasi et al. reported an Rd value of 106.3 dm3/kg, obtained as average value of the measurement performed 

for systems with S/L=2‒4 g/dm3. 

Regarding the sorption mechanisms, very few studies were carried out on the sorption mechanisms of 

Pu onto C-S-H phase and/or cementitious material. The uptake model proposed by Baston et al. [167] 

was derived in terms of surface complexation reactions, with -Si(OCa)2OH2PuO2(OH)2 defined as main 

surface complex of Pu. The decrease in sorption observed experimentally was attributed to the formation 

of the aqueous complex Pu(V)O2ISA–2H
2–. Experiments were performed under anoxic conditions, and 

thus the proposed model involving exclusively Pu(V) remains highly speculative. Ochs et al. [168] 

suggested that the surface sorption mechanism of U, Am, Np, Th may include i) surface complexation 

and, ii) incorporation into cement phases after sorption onto C-S-H phases [24]. 

 

1.6.2.2. Solubility and thermodynamic properties of tetravalent actinides – An(IV) 

Plutonium is a redox-sensitive element, which in the hyperalkaline conditions defined by cementitious 

systems is mainly (but not exclusively) expected in the oxidation state +IV (see Figure 7). Hence, the 

aqueous speciation of Pu(IV) in these conditions is dominated by the neutral hydrolysis species 

Pu(OH)4(aq) in absence of carbonate and other complexing ligands. The solubility of Pu(IV) is 

controlled by the amorphous solid phase PuO2(am, hyd), which defines a solubility limit of ~ 10-10–10-

11 M in hyperalkaline conditions. The recent solubility study of Tasi et al. [169] carried out using 

nanocrystalline PuO2(ncr, hyd) in alkaline and reducing conditions (defined by either Sn(II) or 

hydroquinone) provides results in good agreement with thermodynamic calculations performed using 

data selected in the NEA-TDB [157, 170]. For mildly reducing condition determined by hydroquinone 

as redox buffer (pe + pHm = 9.5 ± 1.0) and 8 ≤ pHm ≤ 13 the solubility of Pu was very low and limited 

by PuO2(ncr, hyd). The presence of a small fraction of Pu(III) in the solid phase was observed by XAFS 

measurements on the solubility samples buffered by the Sn(II) system (pe + pHm= 2 ± 1).  
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Figure 7. Pourbaix diagram of plutonium calculated for [Pu]tot =10-8 M and [NaCl] = 0.1 M, taken from [171]; 

only dissolved species are considered in this representation and solid phase precipitation is suppressed.  

 

As discussed above, Th(IV) is often considered as chemical analogue of U(IV), Np(IV) and Pu(IV) in 

the solubility and thermodynamic studies, although due to its larger ionic diameter it is characterized by 

a weaker hydrolysis than the rest of the An(IV). Tits and co-workers [5] performed speciation 

calculations varying the solution composition of cement pore water (I = 0.3 M) and using 

thermodynamic data reported in the literature. Three different solution composition were investigated: 

i) a system with high calcium concentration (0.02 M) and low Si concentration (10-4 M), representative 

for the high C/S C-S-H phase; ii) a second system with both Si and Ca concentrations equal to 10-3 M; 

and iii) a third system with high Si concentration (8∙10-3 M) and low Ca concentration (4∙10-5 M), 

representative of C-S-H phase with a low C/S. The stability constants for the ternary Ca-Th(IV)-OH 

complex and the ternary Th(OH)3(SiO(OH)3)3
2- [172, 173] were applied, while the solubility was 

calculated taking into account the solubility product of the freshly precipitated amorphous ThO2 phase 

[174]. For the low Si concentration, the main Th(IV) aqueous species is Th(OH)4(aq) and the solubility 

of ThO2(am, fresh, hyd) is pH independent and equal to ca. 10-8 M. The complex Ca-Th(IV)-OH does 

not contribute significantly to the aqueous speciation. For the highest Si concentration, the complex 

Th(OH)3(SiO(OH)3)3
2- was found dominant for pH values 10 < pH < 13, and for pH higher than 13, the 

species Th(OH)4(aq) was found again as dominant species. In the same pH range the Th(IV) solubility 

increases with the decrease of pH and reaches a value of approximately 10-6 M at pH = 10.0. Although 

analogous studies should be conducted for more relevant tetravalent actinides, e.g. U, Np or Pu, these 

prospective calculations show that An(IV)-silicate aqueous complexes may play a relevant role in 

cementitious environments, especially in the latter degradation stages characterized by high C/S ratios 

and thus higher Si concentrations in the aqueous phase. 
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1.7. Complexation of An(III)/Ln(III) and An(IV) with organic ligands 

The presence of organic ligands in underground repositories for nuclear waste may have an impact on 

their long-term performance due to the possible formation of stable RN-L complexes that may increase 

the radionuclides mobilization into the geosphere. Considering the An(III/IV)/Ln(III)-L complex 

formation studies, it is possible to deduce that stability constants observed for short carbon-chain 

organics such as formate and acetate are very low compared to organic ligands with more than one 

functionality such as carboxylic acid group (e.g. EDTA [88, 175-179], citrate [88, 180], gluconate [117, 

181], or ISA [88, 182-186]. Boggs et al [187] observed that the stability constants of organic ligands 

with actinides and lanthanides show a linear increase (higher stability) with the increase of carboxylic 

acid group number. Fröhlich et al. [188] investigated the stability constant of Cm(III)-FOR complexes 

by spectroscopic techniques (TRLFS) as function of the temperature, ligand concentration and at 

different ionic strength. The reported equilibrium constants correspond to complexes forming in acidic 

to near-neutral pH conditions, where Cm(III) is present as unhydrolyzed Cm3+. Formate is not expected 

to outcompete the hydrolysis of Cm(III) in the hyperalkaline conditions defined by cementitious 

systems. Nevertheless, the An(III)-FOR (e.g. Pu(III), Am(III)) complexes were more stable than 

complexes with other carboxylic ligands such as acetate and propionate [189]. Complexation studies of 

Pu in presence of citrate carried out by Francis et al [190], indicate that citrate tends to form strong Pu-

citrate complexes with a stoichiometric ratio of 1:2 only in acidic and neutral pH environment.  

Concerning the solubility behavior of actinides and lanthanides in the presence of organic cement 

additives, it is worth highlighting the contribution by Adam et al. [191]. The authors investigated the 

impact of several organic ligands relevant in the context of cement-based repositories for L/ILW (i.e. 

adipic acid, methyl acrylate, citric acid, melamine, ethylene glycol, phthalic acid and gluconic acid) on 

the solubility of Nd(III), Th(IV) and U(VI). Different background electrolytes were considered (NaCl, 

CaCl2, MgCl2), and the pHm (as -log [H+] = pHm) was varied from 9 to 13. The study reported that the 

solubility behavior of the selected radionuclides was affected by citrate and gluconate. The effect of 

these ligands on the radionuclide solubility was found stronger in NaCl media rather than in systems 

with MgCl2 and CaCl2. This can be possibly explained by the formation of binary complexes / 

compounds of the ligands with Mg and Ca, eventually resulting in a decrease of [L]free available for 

radionuclide complexation. At pH ≈ 9, citrate tends to increase the solubility of Nd(III), Th(IV) and 

U(VI), while no effect was found for higher pH values (pH ≈ 13). This observation is in agreement with 

the solubility results gained by Felmy et al. [180], who studied the effect of citrate (10-4 M -10-2 M) on 

the solubility of Th(IV) using NaNO3 solutions (6.0 M–0.5 M) as ionic media. In contrast to this, 

gluconate increases the solubility of Th(IV) in NaCl (2.5 M and 5.0 M) solutions and for pH = 13. This 

observation was explained considering the formation of the aqueous complexes Th(OH)4GLU-, 

Th(OH)4(GLU)(GLU-H)2- [180, 192]. In concentrated CaCl2 solutions (1.0 M and 3.5 M), the solubility 

of Th(IV) in the presence of gluconate was virtually the same as for ligand-free systems. The increase 
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in solubility observed at pHm > 11 is attributed to the predominance of the ternary complex 

Ca4[Th(OH)8]4+, as reported by Altmaier et al. [172]. Two hypothesis are proposed by the authors to 

explain the deviation of the experimental solubility data from model calculations: i) the formation of 

possible quaternary solid phase Ca-Th-OH-GLU, or ii) the formation of ternary complex Ca-OH-GLU 

in solution [125]. Both options may decrease the free ligand concentration in the aqueous phase, and 

thus the capacity of gluconate to complex Th(IV). 

 

1.8. Impact of organic ligands on the uptake of An(III/IV)/Ln(III) by cement 

Several aspects need to be taken into account when investigating the ternary system cement-

radionuclide-organic. The concentration of the radionuclide should be below the solubility limit, but 

should remain high enough as to be accurately quantified by the considered (radio-)analytical technique. 

In this respect, the S/L ratio is a relevant parameter that requires optimization. An efficient solid phase 

separation (with either ultracentrifugation or ultrafiltration) is likewise required. In addition, the 

interaction of the organic ligand with the hydrated cement must be well characterized: the sorption of 

the organic ligand onto cement phases may decrease the free ligand concentration in solution able to 

complex the radionuclide. Also the stability of the cement phases or hydrated cement at high ligand 

concentration should be properly understood [1, 138]. In the case of strongly complexing ligands as ISA 

[193], gluconate [137] or citrate, the formation of stable complexes with Ca may enhance solid phases 

dissolution, in some cases eventually resulting in the full dissolution of the CaO fraction in the cement 

phase or hydrated cement. The dissolution of hydrated cement or cement phases (e.g. C-S-H, AFm 

phases) must be considered as side reaction that limits the maximum ligand concentration for RN-

sorption studies at a given solid content. 

Very few studies were conducted on the impact of formate and citrate on the uptake of An(III/IV) and 

Ln(III) by cement. The studies of Tanaka et al. [194] and Farr et al. [195] focused on the Pu(IV) uptake 

in presence and absence of citric acid on MnO2 and Mg(OH)2 respectively. For alkaline pH conditions, 

citrate did not have an impact of Pu retention on Mg(OH)2. In analogy to the Th(IV)-GLU-calcite system 

[196], where the sorption reduction of Th(IV) by gluconate on calcite was explained in terms of 

formation of stable aqueous Th(IV)-OH-GLU complexes, it seems reasonable to assume that citrate 

forms less stable An(III/IV)-citrate complexes under hyper-lkaline conditions (see section 1.7).  

Sorption studies conducted for Th(IV) and Eu(III) in the presence of gluconate with calcite [12, 196], 

hydrated cement and C-S-H phases [1, 197, 198] show a clear decrease of the uptake by solids with 

increasing ligand concentrations, which can be explained in terms of aqueous metal-ligand complex 

formation. The decrease of sorption of Eu(III) and Th(IV) on calcite in the presence of gluconic acid in 

ACW ([Ca]tot = 1.6 10-3 M, pH = 13.3) were attributed to the formation of Eu(III)-GLU (stoichiometric 

ratio 1:1) and Ca-Th(IV)-GLU (stoichiometric ratio 1:2:1) complexes. Complexation constants were 

determined considering Eu(OH)3(aq) and Th(OH)4(aq) as the predominant aqueous species for Eu(III) 

and Th(IV) under hyperalkaline conditions, respectively. Based on their experimental results, the 
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authors indicated that the maximum gluconate concentration expected to have negligible sorption 

reduction factor in cement-based repositories would be [GLU]tot = 10-7 M. Earlier sorption experiments 

of Tits et al. [199] suggested that the maximum concentration of GLU could be higher ([163]aq=10-4 M) 

than the one suggested for sorption experiments on calcite, due the possible co-sorption of ternary Ca-

Th(IV)-GLU complexes. Sorption experiments with Np(IV) and ion exchange resins in the presence of 

gluconate (pH = 13.3) but in the absence of Ca, showed a clear decrease of the sorption at gluconate 

concentrations higher than ≈ 10-6 M [200]. Although, this concentration may be considered the upper 

limit for the absence or negligible impact of radionuclide uptake by cement, Wieland et al. [1] suggested 

to increase this threshold value due to the possible formation of ternary complexes (e.g. Ca-RN-(OH)-

L).  

 

1.9. Objectives of the thesis 

The present Ph.D. thesis aims at a quantitative description and mechanistic understanding of the uptake 

of i) formate, citrate and gluconate and of ii) selected actinides (242Pu(III/IV), 248Cm(III)) and lanthanides 

(152Eu(III)) by AFm phases (Ms, Mc, Hc), ettringite and C-S-H phases (0.8 ≤ C/S ≤1.4) in the absence 

and presence of formate, citrate and gluconate. The study targets boundary conditions (pH, pe, [Ca], 

etc.) representative of cement-containing underground repositories for L/ILW. The impact of formate, 

citrate and gluconate on the uptake of An(III)/Ln(III) and Pu(IV) by hydrated cement phases is 

investigated within a variety of experimental conditions (organic concentration, S/L, redox buffer), and 

following a stepwise approach that can be conceptualized in two main steps: 

 the investigation of the binary system cement phases – organic ligands via sorption experiments, 

 the investigation of the ternary system cement phases – radionuclides – organic ligands via 

sorption experiments, and complemented by means of advanced spectroscopic methods 

(TRLFS). 

 

The studies conducted in the framework of this Ph.D. thesis can be divided in three main topics: 

 

1. Sorption of formate, citrate and gluconate on cement phases and hydrated PC under 

hyperalkaline conditions (Chapter 3.1): 

This first part of the study focused on the uptake of formate, citrate and gluconate by selected cement 

phases (Ms, Mc, Hc AFt and C-S-H) and hydrated PC at the conditions relevant for the stage I of 

cement degradation (pH ~ 13.3). This investigation provides fundamental insights on the uptake of 

organic ligands (e.g. concentration of the ligand remaining in solution, aqueous complex speciation, 

sorption kinetics), which are also important inputs for the study of the ternary systems cement phases 

– radionuclides – organic ligands. In addition to the quantification of the sorbed ligand concentration 

on the specific cement hydrate, this first part of the Ph.D. thesis investigated the possible formation 
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of ligand-containing cement phases that could possibly act as sink for these organic ligands in 

cementitious systems. This latter investigation involved the synthesis of L-AFm and L-ettringite 

(with L = formate, citrate and gluconate) cement phases. Based on the characterization of both solid 

and liquid phases, thermodynamic modelling and thermodynamic calculations were considered to 

derive solubility constants of the new phases and to assess the aqueous speciation of formate, citrate 

and gluconate in the in the investigated systems. 

 

2. Solubility and sorption of Pu in presence of formate, citrate and gluconate on cement phases, 

under reducing and hyperalkaline conditions (Chapter 3.2): 

This study aimed at the characterization of the solubility, speciation and sorption of Pu under 

boundary conditions characteristic of cement systems. The solubility of Pu in the presence of FOR, 

CIT and GLU was investigated from undersaturation conditions using the well-defined solid phase 

242PuO2(ncr, hyd). Solubility experiments were carried out at constant pH (13.3) and varying the 

ligand concentration between 10–6 and 0.1 M. This study aimed at providing solubility upper limits 

to be considered in the definition of the sorption experiments, but also at gaining further insights on 

the aqueous speciation of plutonium in the presence of the investigated organic ligands. The study of 

the ternary system RN-L-C started with the investigation of Pu retention behavior in the absence and 

presence of organic ligands. Batch sorption experiments were carried out with 242Pu varying S/L, 

ligand concentration, redox buffer (Sn(II)Cl2, HQ) and order of addition of the individual 

components. The latter parameter was applied only for Pu-C-S-H-GLU system, in order to investigate 

the possible role of ternary / quaternary complexes Ca-Pu-OH-GLU in the kinetic hindering of the 

uptake by C-S-H phases, as previously described for the HCP-Pu-ISA system [4]. The final aim is to 

provide experimentally determined distribution coefficients (Rd) for Pu and to estimate the effect of 

formate, citrate and gluconate on the uptake, also considering the possible formation of stable 

complexes in the aqueous phase.  

 

3. Uptake of Eu(III)/Cm(III) by C-S-H phases in the presence of formate, citrate and gluconate 

under hyperalkaline conditions (Chapter 3.3): 

This study focuses on the uptake of Eu(III)/Cm(III) by C-S-H phases in presence and in absence of 

the investigated organic ligands. Eu(III) and Cm(III) are considered as analogues of Pu(III) and 

Am(III), on the basis of their same charge and similar ionic radii. Sorption batch experiments with 

152Eu(III) were carried out under alkaline condition relevant for cement degradation stage I. This 

system was investigated by varying S/L and ligand concentration. The main objective was the 

quantification of the distribution ratio of Eu and to study the influence of the ligand of interest on the 

retention of Eu by C-S-H. The evaluation of Eu-C-S-H-L benefited from the quantitative description 

carried out for the binary system (Chapter 3.1) and, only for gluconate, from the comprehensive 
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speciation description obtained for Cm(III)-C-S-H-GLU system based on spectroscopic (TRLFS) 

investigations. 

TRLFS studies with the C-S-H-Cm(III) system were conducted in presence and absence of gluconate. 

The characterization of Cm(III) speciation both in the aqueous and solid phases provided information 

on the speciation of Cm(III) in the aqueous and solid phases, and thus on the mechanism driving the 

uptake of An(III)/Ln(III) in the absence and presence of organic ligands. The combination of wet-

chemistry sorption experiments with advanced spectroscopic techniques providing information at 

molecular scale allows the quantitative description and mechanistic understanding for the retention 

of trivalent actinides under conditions representative of underground repositories for L/ILW.  

 

The present study was performed in the framework of the EURAD-CORI (Cement-Organics-

Radionuclides-Interactions) project. 
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2. Material and methods 

The experiments carried out to investigate the binary system organic ligand-cement phase (C) (where 

cement phase stands for AFm, AFt, and C-S-H phases) were carried out at the Cement & Asphalt 

department at Empa (Dübendorf, Switzerland). Sample manipulation were performed under N2 

atmosphere and temperature (22 ± 2) °C. 

The set of experiments focusing on RN-L-C ternary system were performed at the Institute for Nuclear 

Waste Disposal (INE) at KIT (Karlsruhe, Germany). Sample preparation and storage were performed 

under Ar atmosphere (with O2 concentration below 2 ppm) at T = (23 ± 2) °C. 

 

2.1. Chemicals 

The ultra-pure water (Millipore, 18.2 MΩ, 22 ± 2 °C) used for solution preparation and synthesis of 

cement phases was boiled for at least three hours under continuous Ar purging. This step was applied to 

minimize the CO2 content in the Milli-Q water. Al2O3 (≥ 99.5%), CaSO4 H2O (≥ 97.0%), Na-formate 

(NaCHO2) (≥ 98.0%), Na3-citrate (≥ 99.0%) (Na3C6H5O7∙2H2O), Na-gluconate (NaC6H11O7) and SnCl2 

(≥ 98.0%) were purchased from Sigma-Aldrich. Al2(SO4)3∙18 H2O (≥ 60.0%), CaCO3 (≥ 99.0%), NaOH 

pellets (≥ 99.0%), NaOH (Titrisol) were purchased from Merk (Supelko). SiO2 – Areosil 200 was 

purchased from Evonik. The Pu stock solution used for sorption and solubility experiments has the 

following isotopic composition: 99.4 wt. % 242Pu, 0.58 wt. % 239Pu, 0.005 wt. % 238Pu and 0.005 wt. % 

241Pu. In the solubility experiments, the use of the long-lived 242Pu isotope (t½ = 3.75∙105 a) avoids 

potential redox processes induced by radiolysis effects in the case of shorter-lived isotopes. The 242Pu 

stock solution was prepared starting from the acidic dissolution of Na2
242Pu2O7·xH2O(am) solid phase, 

electrochemically synthesized. All details about the chemical preparation and characterization of the 

solid phase were reported in [201]. The resulting stock solution was qualitatively characterized by UV-

Vis-NIR spectroscopy and the detailed composition was determined by combining liquid scintillation 

counting (LSC), standard induced coupled plasma mass spectroscopy (ICP-MS) and sector field induced 

coupled plasma mass spectroscopy (SF-ICP-MS) analyses. The Pu(VI) stock solution (in 0.1 M HCl) 

was further diluted in order to reach Pu concentrations of ≈ 10-8 M (sorption experiments with C-S-H) 

and ≈ 10-8.5 M (sorption experiments with AFm phases and ettringite). The choice of the +VI oxidation 

state with the in-situ reduction to Pu(IV) was motivated to minimize the possible formation of intrinsic 

colloids that may occur when spiking the plutonium in the +IV oxidation state to the alkaline conditions 

defined by cementitious systems.  

Eu(III) sorption experiments were carried out by combining inactive natEu and 152Eu stock solutions. The 

inactive Eu solution was prepared by adding 22.3 mg of Eu(NO3)3·6H2O (Alfa Aesar, ≥ 99.9) in 5 cm3 

of 0.2 M of HCl. The inactive Eu sock solution was further diluted by a factor of 200, in order to obtain 

an initial total concentration of 10-7 M. The active europium stock solution ([152Eu(III)Cl3] = 3.8 10-6 M 
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in 0.5 HCl) was further diluted with Milli-Q water by a factor of 5. The total active europium 

concentration aimed for sorption experiments was [152Eu]tot = 2·10-9 M, i.e. 1.95∙105 kBq/cm3. 

The isotopic composition of the Cm(III) stock solution consisted of 89.68% 248Cm, 9.38 246Cm, 0.43 % 

243Cm, 0.30% 244Cm, 0.14% 245Cm and 0.07 247Cm. The initial total concentration of Cm applied for 

Time Resolved Laser Fluorescence Spectroscopy (TRLFS) was 10-7 M. 

 

2.2. Synthesis of cement phases 

For the experiments in the binary systems, Ms, Mc, Hc and AFt (i.e. sulfate-ettringite) were synthesized 

with an initial solid-to-liquid (S/L) ratio of 44.2, 46.3, 43.5 and 41.8 g/dm3, respectively. C3A (3CaO 

Al2O3) is used as a reactive precursor for the synthesis of AFm phases: CaCO3 and Al2O3 were mixed 

at a 3:1 molar ratio and by heating the mixture to 800 ºC for 1 h, at 1000 ºC for another 4 h and at 1425 

ºC for 24 h following the procedure reported in [202]. CaO was also used for AFm, AFt and C-S-H 

syntheses. CaO was obtained by heating CaCO3 at 1000 ºC for 12 h, and cooling it down in a closed 

desiccator to minimize the CO2 uptake.  

Ms was synthesized by mixing CaSO4 2H2O, C3A with a stoichiometric ratio 1:1. Mc and Hc was 

prepared by mixing C3A, CaCO3 and CaO with 1:1 and 1:1/2:1/2 respectively. Sulphate based ettringite 

(3CaO⋅Al2O3⋅Ca3(SO4)3⋅32H2O) was synthesized by mixing CaO and Al2SO4∙16.3 H2O at a molar ratio 

of 6:1 in Milli-Q water. For the same experimental study, C-S-H phases with Ca/Si ratio of 0.8, 1.0, 1.2, 

and 1.4 were synthesized with an initial S/L of 55.3 g/dm3. In order to assess the formation of new 

phases, due to the progressive incorporation of the organic ligand into cement phases, formate-AFm, 

citrate-AFm and gluconate-AFm were synthesized by mixing C3A, CaO and the organic ligand in the 

stoichiometric ratio of 1:1:4 (S/L = 59.6 g/dm3), 1:1:2/3 (S/L = 52.2 g/dm3) and 1:1:2 (S/L=76.3 g/dm3), 

respectively. Following the same approach, formate-AFt, citrate-AFt and gluconate-AFt were 

synthesized with a C3A:CaO:L stoichiometric ratio 1:3:6 (S/L = 50.8 g/dm3), 1:3:2 (S/L = 61.6 g/dm3) 

and 1:3:6 (S/L = 104.8 g/dm3), respectively. Hydrated Portland cement (PC, CEM 42.5 N) was prepared 

by mixing 1 kg of dry cement (c) with 400 g of Milli-Q water (w) (w/c = 0.4). The paste was equilibrated 

for 28 days at controlled temperature (20 ºC) in closed 0.5 dm3 PE bottles and a part was ground by hand 

with an agate mortar to < 63 μm. 2.5 g of ground PC (d ≤ 63 μm) were used for sorption experiments in 

order to get a final S/L = 50 g/dm3. 

For the ternary system investigation (RN-L-C), AFm phases and AFt with an initial S/L of 5 g/dm3 and 

C-S-H phases (C/S = 0.8, 1.4) with a S/L ratio of 1 g/dm3 and 25 g/dm3 were synthesized, using the 

procedures described above.  

All cement phases were equilibrated for one month under continuous shaking (~ 100 rpm). Only for the 

binary system study, solid-liquid phase separation through filtration step was carried out. The separation 

of solid phase was performed through vacuum filtration over 0.45 μm nylon filter. AFm phases and 

ettringite were let dry under vacuum and in presence of oversaturated CaCl2 solution (relative humidity 
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≈ 37%). C-S-H phases were dried in a in a freeze dryer for 7 days under liquid nitrogen in order to 

reduce CO2 contact before further analysis. 

 

2.3. Methods 

2.3.1. Sorption experiments setup 

In order to assess the impact of formate, citrate and gluconate on the retention of Pu(III/IV) and Eu(III) 

by cement phases at the cement degradation stage I conditions (pH ≈ 13.3), this study has been divided 

in two main blocks, i.e. (i) the uptake of formate, citrate and gluconate by cement hydrates, and (ii) the 

impact of formate, citrate and gluconate on the RN retention by cement phases.  

In both steps, the uptake of organic ligand (for the binary system) and of the interest radionuclide (for 

the ternary system) was quantified through the distribution ratio Rd. The Rd coefficient was determined 

as follows: 

𝑅𝑑 =
𝐶𝑖,𝑒𝑞 − 𝐶𝑖,0

𝐶𝑖,𝑒𝑞
∙
𝑉

𝑚
[𝑑𝑚3 ∙ 𝑘𝑔−1] 

where Ci,eq represent the equilibrium concentration [mol dm-3] of the radionuclide / ligand of interest, 

Ci,0 the initial concentration [mol dm-3], m is the mass [kg] of sorbent (cement hydrate) and V is the total 

volume [dm3] of solution. 

 

2.3.1.1. Binary system (Cement-L) 

Batch sorption experiments 

The uptake of formate, citrate and gluconate was investigated via batch sorption experiments on the 

selected cement phases (AFm phases, AFt and C-S-H phases) and PC. All sorption experiments were 

conducted at the same pH conditions (pH ≈ 13.3), which represent the cement degradation stage I 

conditions. For each cement phase, the uptake of formate, citrate and gluconate were investigated in the 

organic concentration ranges of 2·10-4 M ≤ [FOR]tot, aimed ≤ 2·10-1, 2·10-5 M ≤ [CIT]tot, aimed ≤ 3·10-2 M, 

2·10-5 M ≤ [GLU]tot, aimed ≤ 2·10-2 M, respectively, as shown in the Table 1. The aimed organic 

concentration of formate, citrate and gluconate was corrected by the experimental concentration 

determined by measuring blank solutions containing the aimed organic concentration. The results of this 

measurement are reported in the Table 1. Sorption experiments consisted in the addition of Nax-organic 

ligand and 1 M NaOH solutions in order to obtain a total final Na concentration of [Na] = 0.2 M and a 

total volume of 50 cm3 in all experiment. Samples were then sealed with Parafilm in order to reduce 

possible carbonation by CO2 and were equilibrated for 7 days under continuous mixing (100 rpm).  
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Table 1. Aimed and measured concentration of formate, citrate and gluconate with a measurement error of ± 5%. 

Formate 

aimed 

concentration, 

[FOR]tot, aimed, 

[mM] 

Formate 

measured 

concentration, 

[FOR]tot, measured, 

[mM] 

Citrate aimed 

concentration, 

[CIT]tot, aimed, 

[mM] 

Citrate 

measured 

concentration, 

[CIT]tot, measured, 

[mM] 

Gluconate 

aimed 

concentration, 

[GLU]tot, aimed, 

[mM] 

Gluconate 

measured 

concentration, 

[GLU]tot, measured, 

[mM] 

0.2 0.22 0.022 0.022 0.02 0.021 

0.4 0.44 0.067 0.067 0.04 0.042 

1 1.1 0.13 0.13 0.1 0.11 

2 2.2 0.33 0.33 0.2 0.21 

4 4.4 0.67 0.67 0.4 0.42 

10 11 1.3 1.4 1 1.05 

20 22 3.3 3.4 2 2.1 

40 44 6.7 6.8 4 4.2 

100 111 13 13 10 10.5 

200 221 33 34 20 21 

 

Kinetic sorption experiments 

The same experimental approach as described above was applied for the kinetic experiments. For kinetic 

experiment a total initial organic concentration of formate [FOR]tot = 2·10-1 M, citrate [CIT]tot = 3·10-2 

M and gluconate [GLU]tot = 2·10-2 M and an equilibration time, teq = 1, 2, 4, 7 and 14 days were applied 

for all cement phases. 

 

2.3.1.2. Ternary system (Cement-RN-L) 

To study the effect of formate, citrate and gluconate on 242Pu(III/IV) and 152Eu(III) uptake, two series of 

sorption experiments were carried out, accounting for two different sequences in the addition of the 

individual components:  

i) the first set-up consists in the addition of the selected RN (Pu or Eu) to the cement 

suspension, followed after 2 days of contact time before the addition of the corresponding 

organic ligand: (RN+C)+L; 

ii) the second experimental set-up consists in the addition of the organic ligand and 

radionuclide together to the cement pore solution previously separated by centrifugation 

(8000 g, 10 min): (RN+L)+C (investigated only for RN = Pu). 

The concentration of stable europium in the 152Eu commercial stock solution was quantified as [natEu]tot
 

= 4.09×10–7 M, which resulted in a concentration of [natEu]tot
 = 3.1×10–8 M in the individual samples 

after considering the corresponding dilution factors. The solid phase was added to the equilibrated 
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solution after 2 days of equilibration time. The first set-up is applied to investigate the direct impact of 

the different organic ligand and understanding the main mechanisms occurring between the L and the 

sorbed radionuclide on cement phases. The second experimental set-up was considered to understand 

the competitive behavior of the (Ca)-RN-L-OH ternary or quaternary complexes and the retained species 

on the hydrated cement phases. Note that previous studies with Cement-Pu-ISA and Cement-Nb-ISA 

following the second sequence of addition of the individual components resulted in significantly slower 

equilibration kinetics [4, 203]. 

(RN+C)+L 

This order of addition (RN+C)+L was applied for all cement phases and radionuclides. In the case of 

Pu-C-S-H-L experiments, two S/L (1 g/dm3 and 25 g/dm3) ratios were investigated. HQ and Sn(II) were 

used as redox buffers with a total concentration of 2 mM. The predominance of Pu(IV) is expected for 

HQ buffered systems, whereas both Pu(III) and Pu(IV) eventually form in Sn(II)-buffered systems. All 

experiment were conducted at pH ≈ 13.3 (with [Na]tot = 0.2 M) with a total sample volume of Vtot = 13 

cm3. Redox buffer solutions were prepared by dissolving 0.11 g of HQ and 0.19 g of Sn(II) in 10 cm3 of 

2 M NaOH solution. Only for Pu sorption experiments, to set the alkaline and redox conditions prior the 

addition of Pu stock solution, volumes of redox solutions and 2 M NaOH solutions were added to the 

samples, while for Eu sorption experiments only the 2 M NaOH solution was added before the 

introduction of Eu-active and -inactive stock solutions. Before spiking Eu and Pu stock solutions, pHc 

and Eh (only for sorption experiments with Pu) were measured to confirm stable alkaline and redox 

conditions aimed for these experiments. Pu stock solution was spiked in the cement phases suspension 

in order to obtain an initial total concentration of 10-8 M for C-S-Hs and 10-8.5 M for AFm phases and 

AFt. For the Eu sorption experiments, conducted only on C-S-H phases, a total initial concentration of 

[152Eu] = 2·10-9 M was added in combination with 10-7 M of inactive Eu solution. After 2 days of 

equilibration time under continuous shaking, volumes of Na-formate, Na3-citrate, Na-gluconate 

solutions were added to the suspensions. Additional volumes of ultra-pure water were added in order to 

obtain the same final total volume (13 cm3) and therefore keep constant the S/L ratio for all systems. 

For each solid phase and radionuclide series, one sample was prepared containing only the RN (and 

redox buffer for Pu experiments), but without organic ligand. After the initialization of sorption 

experiments, pHc and Eh were monitored at each sampling and [Pu]aq concentration were collected in 

the time-frame of 4 months. Further details on the sorption experiments settings are reported in the Table 

2 (Pu) and Table 3 (Eu). 

 

(RN+L)+C 

The order of addition (RN+L)+C was applied only for Pu sorption experiments on C-S-H 0.8 and 1.4 in 

presence and absence of gluconate and using HQ as redox buffer. The pre-synthesized suspensions were 

centrifuged at 8000 g for 10 mins in order to separate the supernatant solution (pore cement solution) 
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from the solid phase. The solution was transferred in a new vial, and NaOH, HQ, 242Pu, Na-GLU stock 

solution were added to the cement pore water. The solutions were let equilibrate for 2 days. The solids 

were added to the solutions and samples were thoroughly shaken in order to homogenize the system. 

Samples were equilibrated under continued shacking prior sampling steps. After the addition of the solid 

phase, pHc and Eh values and [Pu]aq concentration were monitored at each sampling and collected in the 

time-frame of 4 months. Further details on the sorption experiments settings are reported in the Table 2.  

 

Table 2. Experimental details of 242Pu(III/IV) sorption experiments on C-S-Hs, AFm phases and AFt, with the 

order of addition (Pu+C)+L and (Pu+L)+C 

Cement 

phase 

S/L, 

g∙dm-3 

Nº Sample in 

absence of L 
log[Formate/M]tot log[Citrate/M]tot log[Gluconate/M]tot 

Redox 

Buffera 
log[242Pu]tot 

Order of 

addition 

C-S-H 0.8 1, 25 
2 (per each 

S/L) 
-4,-1.5 -4,-3,-2,-1.5 -4,-3,-2,-1.5 

HQ, 

Sn(II) 
-8 (Pu+C)+L 

C-S-H 1.4 1,25 
2 (per each 

S/L) 
-4,-1.5 -4,-3,-2,-1.5 -4,-3,-2,-1.5 

HQ, 

Sn(II) 
-8 (Pu+C)+L 

C-S-H 0.8 1, 25 
2 (per each 

S/L) 
- -2,-1.5 -4,-3,-2,-1.5 HQ -8 (Pu+L)+C 

C-S-H 1.4 1, 25 
2 (per each 

S/L) 
- -2,-1.5 -4,-3,-2,-1.5 HQ -8 (Pu+L)+C 

Ms 5 1 -4,-1.5 -4,-3,-2,-1.5 -4,-3,-2,-1.5 
HQ, 

Sn(II) 
-8.5 (Pu+C)+L 

Mc 5 1 -4,-1.5 -4,-3,-2,-1.5 -4,-3,-2,-1.5 
HQ, 

Sn(II) 
-8.5 (Pu+C)+L 

Hc 5 1 -4,-1.5 -4,-3,-2,-1.5 -4,-3,-2,-1.5 
HQ, 

Sn(II) 
-8.5 (Pu+C)+L 

AFt 5 1 -4,-1.5 -4,-3,-2,-1.5 -4,-3,-2,-1.5 
HQ, 

Sn(II) 
-8.5 (Pu+C)+L 

a The added redox buffer concentration was equal to 2 mM for all samples according to the procedure reported in [169]. 

 

Table 3. Experimental details of 152Eu(III) sorption experiments on C-S-Hs with the order of addition (Eu+C)+L. 

Cement 

phase 

S/L, 

g∙dm-3 

Nº Sample 

in absence of 

L 

log[Formate/M]tot log[Citrate/M]tot log[Gluconate/M]tot 
log[152Eu-

active]tot 

log[Eu-

inactive]tot 

C-S-H 

0.8 
1, 25 

2a (per each 

S/L) 
-1 -3,-2.5,-2,-1.5 -3,-2.5,-2,-1.5 -8.7 -7 

C-S-H 

1.4 
1, 25 

2a (per each 

S/L) 
-1 -3,-2.5,-2,-1.5 -3,-2.5,-2,-1.5 -8.7 -7 

a One additional sample in absence of organic ligand (S/L= 1 g∙dm-3only) and initial concentration of active and inactive Eu 

log[152Eu-active]tot= -8 and log[Eu-inactive]tot = -7, was carried out. No experimental data were reported to the low efficiency 

of the gamma-counter and high background threshold. 
 

2.3.2. Sample preparation: 248Cm-TRLFS experiments 

TRLFS measurements were carried out to gain insight on the sorption mechanism and the chemical 

speciation of the possible (aqueous and surface) complexes forming in the Ln(III)/An(III)-C-S-H-

systems. For this analysis, Cm(III) is used because of it redox stability as well as the very favorable 

spectroscopic properties. 

TRLFS spectra were collected for the Cm(III)-C-S-H-GLU system and two type of samples defined 

hereafter as suspension and solution. The suspension samples were prepared following the method 

described for the Eu and Pu sorption experiments and using the order of addition (Cm+C-S-H)+GLU. 



 

35 

 

Sample solutions were obtained from the pore water solution of the same sample used in the suspension 

like samples (i.e. C-S-H phases Ca/Si = 0.8, 1.4, S/L = 1 g/dm3). The C-S-Hs pore solution was separated 

from the solid phase by centrifugation (4000 g for 20 minutes). Pre-synthesized C-S-H phases and pore 

solution were set at the total volume of 5 cm3 and transferred in HDPE vials (Zinser analytics). A given 

volume of 2 M NaOH was spiked to both suspension and solution samples in order to set the same 

alkaline conditions applied in the sorption experiments, which resulted in a pH value of ≈ 13.3. A given 

volume of the 248Cm stock solution was spiked to the samples to achieve a concentration of 10-7 M, and 

the sample was let equilibrate for 2 days before the addition of the organic ligand. Gluconate stock 

solution was introduced to the samples by covering the total concentration range 10-3 M ≤ [GLU]tot ≤ 

10-1.5 M. Samples were equilibrated and characterized by TRLFS at teq= 7, 28 and 56 days, as described 

in the section 2.3.6.4.  

 

2.3.3. Pu solubility experiments 

The PuO2(ncr, hyd) solid phase used for solubility experiments was prepared at KIT-INE in 2006 and 

was extensively characterized in a previous study [169, 204]. 

Pu solubility experiments were carried to gain additional insights on the complexation behavior of Pu 

with formate, citrate and gluconate at the same alkaline and redox conditions applied in the sorption 

batch experiments. For each organic ligand, both HQ (pe + pHm ~ 9) and Sn(II) (pe + pHm ~ 1) were 

used as redox buffer. Since formate and citrate were expected to form weak Pu-L complexes within the 

investigated experimental conditions, solution were prepared with a total ligand concentration of 10-2 M 

and 10-1.5 M. Solubility experiments with gluconate as organic ligand were performed within the 

concentration range 10-6 M ≤ [GLU]tot ≤ 10-1.5. All solubility experiments were conducted with the same 

ionic strength and alkaline conditions applied for sorption experiments: the sodium concentration arising 

from NaOH and Na-L solutions was kept constant and equal to 0.2 M. Solutions containing the redox 

buffer and organic ligands were contacted with approximatively 0.2 mg of PuO2(am, hyd). Samples 

were then sealed with Parafilm, and equilibrated for 4 months under Ar-atmosphere, with a periodic 

gentle manual shaking in order to facilitate the attainment of equilibrium conditions. After the 

introduction of the Pu solid phase, pHm, Eh, and [Pu]tot were measured periodically.  

 

2.3.4. Phase separation 

2.3.4.1. Binary system (C+L) 

The phase separation was carried out in order to analyze the aqueous phase and determine the 

concentrations of formate, citrate and gluconate after sorption. 

The suspensions were filtrated under vacuum through 0.45 μm nylon filter. The supernatant solution, 

was filtered through 0.45 μm nylon syringe filters before further analysis. An aliquot of the obtained 
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solution was used for the pH measurements. Two further aliquots were used for the ICP-OES and TOC 

measurements. AFm phases, ettringite and C-S-H phases were then dried as described in the section 2.2 

 

2.3.4.2. Ternary system (RN+L+C) 

The determination of the total aqueous Pu and Eu concentrations in the sorption and solubility 

experiments was carried after phase separation. Sorption samples were firstly centrifuged at 8000 g for 

5 minutes. For both solubility and sorption experiments, 320 – 420 μmm3 aliquots were withdrawn from 

the supernatant solution and transferred in the upper reservoir of 10 kDa Nanosep centrifugal device 

filter (pore size ≈ 2 – 3 nm, Nanosep ®, Pall Life Sciences). The filters were centrifuged at 8000 g for 

10 mins, in order to achieve a complete phase separation. The resulting solution was collected from the 

bottom reservoir of the Nanosep device and acidified in 2 wt. % HNO3 solution, for Pu sorption and 

solubility experiments and for Eu sorption experiments. The acidified samples were analyzed for the 

determination of the total Pu concentration via SF–ICP–MS, and the total Eu concentration via gamma-

counter analyses. In this study, the detection limit for Pu was ~ 10-13 M (SF-ICP-MS, see Section 2.3.5.2) 

and ~ 10-14 M for Eu (see Section 2.3.5.4). 

 

2.3.5. Liquid phase characterization 

2.3.5.1. pH and Eh measurements 

Binary system 

An aliquot of the supernatant solution was used for the pH determination. The pH measurement was 

performed using a Knick pH-meter with a SE 100 pH/Pt 1000 electrode at room temperature. The 

instrument was calibrated with NaOH solution of known concentrations (0.1, 0.2, 0.5 and 1 M) to 

minimize the alkali error [205]. 

 

Ternary system 

The determination of pH (pHm = –log [H+/m]) was achieved by combination pH-electrodes (Orion Ross, 

Thermo Scientific) freshly calibrated against standard pH buffers (pH = 10-13, Merk). The measured 

pH value in aqueous solutions at Im ≥ 0.1 mol kg-1, pHexp, is an operational apparent value related to the 

[H+] (in molal units) by the equation pHm = pHexp+Am, where Am is an empirical parameter including 

the activity coefficient of the proton, γH
+, and the liquid junction potential of the electrode for a given 

background electrolyte and ionic strength (temperature and pressure). The values of Am for NaOH 

(NaCl-NaOH) solutions were taken from Altmaier et al. [140]. 

In alkaline systems with mOH
– > 0.03 m, the H+ concentration was calculated from the given mOH

– and 

the conditional ion product of water (K′w) at the ionic medium used in the experiments. The ion product 

of water K′w was calculated from the standard state constant (K°w) extrapolated using the Specific Ion 

interaction Theory (SIT) approach and the SIT coefficients reported in the NEA-TDB [157]. 
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The redox potential was determined with combined Pt or Au and Ag/AgCl reference electrodes 

(Metrohm). The measured potentials were converted to Eh (versus standard hydrogen electrode: SHE) 

by correcting for the potential of the Ag/AgCl inner-reference electrode with 3 M KCl and T = 22 °C 

(+207 mV). Eh values were converted to pe = –log ae
– according to equation (1). 

 

                                                              Eh = –RT ln(10) F−1 log ae
–                                                        (1) 

 

where R is the ideal gas constant (8.31446 J mol−1 K−1), F is the Faraday constant (96485.33 C mol−1) 

and ae
– is the activity of the electron. Eh values of the solutions were collected following the protocol 

described by (Altmaier 2011), which involved approximately 15-20 min of measurement time. In most 

of the Eh measurements for hydroquinone– (HQ) and Sn(II)− buffered samples, the absolute drift of the 

electrode was < 0.5 mV/min after the indicated time. The uncertainty of Eh values collected within 15 

min of equilibration time ranged between ± 15 and ± 30 mV (calculated as 2σ of repeated Eh readings). 

 

2.3.5.2. ICP-OES and SF-ICP-MS 

The characterization of the aqueous phase in the binary system was performed by ICP-OES analysis. 

Total concentrations of Al, Ca, Na, Si and S were measured on an Agilent 5110 ICP-OES apparatus 

equipped with Agilent SPS 4 autosampler. Ar is used as inert carrier gas. The ICP-OES torch can reach 

temperatures near 10000 K, which allow the complete atomization and ionization of the sample. 

Molecular interferences are reduced due the presence of the cooled cone interface (CCI) located upside 

to the torch. The CCI removes the cool plasma tail from the axial optical path, minimizing the self-

absorption and the recombination interferences. Furthermore, the Dichroic Spectral Combiner allows to 

capture and send to the detector both axial and radial view in one reading. All samples were diluted in 

2 wt. % HNO3 with dilution factors of 10, 100 and 1000.  

The analysis of Pu in the aqueous phase of the binary and ternary systems was carried out by SF-ICP-

MS. The quantification of the total Pu concentration in the sorption and solubility experiments was 

achieved by Thermo Scientific Element XR SF-ICP-MS instrument. This technique allows an optimal 

separation of the analyte ions from the spectral interferences due to the high mass resolution of the 

sector-field mass spectrometer (R = 10000). The combination of a dual-mode SEM with a Faraday 

detector increases the linear dynamic range and enables the analysis of any matrix element. For the 

determination of Pu in sorption and solubility experiments, samples were further diluted by a factor of 

62.5 and 125 in 2 wt. % HNO3.  

 

2.3.5.3. Total organic carbon quantification (TOC) 

The total organic concentration was measured using a Sievers 5310 C TOC analyser. The samples were 

diluted at least by a factor of 5 (for low organic concentrations) with 0.1 M HCl solution, and by a factor 
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of 10, 100 and 1000 with 0.01 M HCl at higher organic concentrations. After the sample is introduced 

into the Analyzer, 6 M phosphoric acid (H3PO4) (acid) is introduced into the sample at the programmed 

flow rate to reduce sample pH between 2 and 3. This step allows the accurate determination of TOC and 

IC. The acidified sample is treated with 15 wt. % ammonium persulfate ((NH4)2S2O8) (oxidizer) to 

promote oxidation of the organics. The sample is split for the measurement of total carbon, TC, and 

inorganic carbon, IC, contents respectively. The TC stream passes to an oxidation reactor where the 

sample is exposed to UV light. The UV lamp emits light at 185 nm and 254 nm resulting in the formation 

of powerful chemical oxidizing agents in the form of hydroxyl radicals (OH·) produced by the photolysis 

of water and persulfate. The hydroxyl radicals will completely oxidize organic compounds, converting 

the carbon atoms of the organic compound into CO2. The TC moves from the oxidation reactor to the 

CO2 Transfer Module, which consist in a gas-permeable membrane and separates the analyzer in two 

sides. One side consists in a closed loop of two conductivity cells (one for the TC stream and one for 

the IC stream) and the other side (DI side), consists of a distilled water pump, a distilled water reservoir, 

and ion exchange resin (resin bed). The CO2 generated from the sample passes through the membrane 

into the distilled water supplied, while interfering compounds and oxidation by-products are blocked by 

the membrane and remain on the sample side. The CO2 forms carbonic acid upon reaction with water, 

and the carbonic acid disassociates into hydrogen ions and bicarbonate ions. The distilled water is 

continuously pumped through the DI side of the analyzer, collecting the H+ and HCO3
- ions and H2CO3 

and CO2 molecules from the CO2 transfer modules. The collected ions and molecules are delivered to 

the conductivity cell for measurement. Then the ion exchange resin removes the HCO3
- and other ions. 

The water is then pumped back to the CO2 transfer module to repeat the sequence. The CO2 from the 

TC and IC sample streams are measured by the respective conductivity cells, and the conductivity 

readings are used to calculate the concentration of TC and IC. Once the values are measured, TOC is 

calculated as the difference of TC and IC. 

 

2.3.5.4. Gamma counter 

The determination of the total Eu concentration in solution was achieved with PerkinElmer 2480 

Wizard2 automatic gamma counter. In general, a gamma counter uses a scintillation crystal surrounding 

the sample to detect gamma rays: gamma rays interact with the crystal, and once absorbed, they produce 

light (photons). The produced light is measured by a light detector (e.g. photomultiplier tube).  

The detector consists of thallium activated sodium iodide crystal (height = 80 mm, diameter = 75 mm). 

The detector is surrounded with 75 mm of lead shielding in order to reduce the background signal and 

the crosstalk from the conveyor. To best ensure the optimal counting efficiency, the detector is based on 

4π geometry-like configuration. The generated γ radiation were sent to the NaI(Tl) crystal, causing the 

excitement of the crystal lattice centers, which relax under the emission of light. The emitted photons 
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are multiplied through a photomultiplier tube and converted into an electrical signal. The multichannel 

analyzer is calibrated in the range 15-2000 keV. 

 

2.3.5.5. Zeta potential 

Zeta potential measurements were carried out on selected binary C+L systems by using a Zeta Probe 

instrument (Colloidal Dynamics Inc., North Attleboro, MA) based on the electroacoustic method on 

stirred suspensions. An alternating high-frequency electric field was applied causing the oscillation of 

charged particle which generate sound waves. The instrument determines the dynamic mobility of 

charged particle present in a suspension, which is subsequently converted in zeta potential by the 

standard software. Prior to each measurement, pH meter (4.01, 7.01 and 10.01 standard solutions) and 

Zeta Probe instrument (KSiW, provided by Colloidal Dynamics Inc.) were calibrated. The zeta potential 

measurements were carried out at 23ºC in suspensions with a solid concentration of 4.8 wt. % in a total 

volume of 270 cm3. The suspensions were titrated with citrate solution (0.09 M) from 3.3 10-4 M to 6.6 

10-3 M with a titration increment step of 3.3 10-4 M. Milli-Q water was used as solvent for all suspensions 

measurement, therefore the pH of the system was not constant but varied at each citrate concentration. 

The zeta potential of the background solutions was measured at the same conductivity for each solution 

in a Teflon small volume static beaker. The zeta potential of each sample was recalculated accordingly 

by the software including the corresponding corrections as detailed in [206, 207]. 

 

2.3.6.  Solid phase characterization 

Solid phase characterization was carried out only on the cement-ligand binary system. Cement phases 

and PC after separation and drying steps were analyzed via XRPD, FT-IR and TGA analyses. 

 

2.3.6.1. X-ray powder diffraction (XRPD) 

XRPD characterization were carried out on the inactive binary system, after the drying method described 

in the section 2.3.4. XRPD analyses for L-AFm, L-AFt, ettringite, AFm phases and PC were performed 

on a Panalytical X'Pert Pro MPD diffractometer with θ-θ geometry, using CuKα radiation (λ = 1.54184 

Å) equipped with a solid X-Celerator detector. XRPD patterns were recorded at room temperature in 

the interval 5º < 2θ < 70º with a step size of 0.017º (2θ) and a total counting time of ~ 2 s for each step. 

Due to the low crystallinity degree, the C-S-H XRPD scans were recorded with step size of 0.013º 2θ 

and with a fixed divergence slit size (0.25º 2θ) and an anti-scattering slit (0.5º 2θ) on the incident beam. 
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2.3.6.2. Fourier–transform infrared spectroscopy (FT-IR) 

Infrared spectroscopy (FT-IR) analysis was carried out on Bruker Tensor 27 FT-IR spectrometer. 

Spectra were recorded in the wavelength range 4000 cm-1 - 400 cm-1 with a resolution of 4 cm-1. This 

analysis was performed on powder samples in order to analyse the possible incorporation or interaction 

of formate, citrate and gluconate with the structure of the cement hydrates. 

 

2.3.6.3. Thermogravimetric analysis (TGA) 

TGA measurements were carried out on a Mettler Toledo TGA/SDTA 851 instrument (Mettler Toledo, 

Switzerland) on ~ 30 mg of sample using a heating rate of 20 ºC/min and a temperature range between 

30 ºC and 980 ºC under N2 atmosphere. The water losses are reported as mass of H2O/mass of initial 

(dried) sample. Portlandite (CH) was quantified based on the weight loss in temperature range 400-500 

ºC using the tangential method as detailed in Lothenbach et al. (Lothenbach, Durdzinski et al. 2016). 

The amount of CH was expressed relative to the mass of the samples at 600 ºC. 

 

2.3.6.4. Time resolved laser fluorescence spectroscopy (TRLFS) 

The fluorescence optical behavior in solution of actinides (Pa(IV), UO2
2+(VI), Am(III), Cm(III), Bk(III) 

and Cf(III))[208] is generated by the transition between the partially occupied electronic states in the f 

shell. In general, such behavior is characterized by a number of weak and sharp emission bands [209]. 

Electron configuration and oxidations state of the actinides are the main determining factor of the 

emission energy. Cm is used for spectroscopic investigation for its stable and reproducible fluorescence 

properties. According to the Cm fluorescence reported by Beitz et al. [210], when curium is irradiated 

with laser light of a wavelength of λ = 396.6 nm, it is excited from its electronic ground state Z (8S’7/2) 

to the F level. This absorption process is followed by a non-radiative decay to the A level (6D’7/2). Level 

A is the first excitation state and lies 16840 cm-1 above the ground state. Under the emission of 

fluorescence, a population of state Z from state A takes place. The stronger the ligand and the higher the 

number of coordinating ligands the stronger is the shift of the fluorescence light to higher wavelengths. 

This characteristic shift of the fluorescent wavelength allows to derive information on the chemical 

environment of the Cm(III) ion (mainly the first coordination sphere) and allows to derive Cm(III) 

speciation depending on different experimental parameters such as pH, nature and concentration of 

ligands, etc.  

The measurement of the fluorescence lifetime of the excited state can provide additional insights on the 

coordination environment of Cm(III). Indeed, the decay of the fluorescence lifetime from the 6D’7/2 to 

8S’7/2 state is characteristic for each species [211] and the decay of a single species can be explained 

with a mono exponential decay. Instead, the presence of different species in the sample, described by a 

bi- or multi exponential decay, has to be taken into account if the lifetime of the excited state is lower 
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than the exchange rate between ligands (as in the case of sorption systems) [212]. The fluorescence 

lifetime of Cm(III) depends on the quenching of its chemical surrounding which is mainly caused by O-

H-vibrations. The substitution of water/OH ligands from the first hydration sphere of Cm(III) by other 

ligands reduces the quenching and increases the fluorescence lifetime [213]. This effect was empirically 

described for a H2O/D2O system by Kimura et al. [214]. A description of the hydration state of the 

Cm(III) ion is thus possible according to the following equation (2): 

 

                                                         𝑛𝐻2𝑂 = 0.65𝑘𝑜𝑏𝑠 − 0.88 =
0.65

𝜏
− 0.88                                       (2) 

 

Where nH2O is the number of H2O molecules in the first coordination sphere, and kobs is the experimental 

delay time (ms-1). 

 

TRLFS measurements were performed with a Nd:YAG (Continuum Surelite II, λ = 355 nm, repetition 

rate: 10 s-1) pumped dye laser system (Radiant dyes Narrow Scan, Dye: Exalite398, Energy: 1-2 mJ), 

operated at a constant excitation wavelength of λ = 396.6 nm (Figure 3.2). The resulting fluorescence 

was detected with an optical multichannel analyser with polychromator unit (Shamrock 303i, Andor, 

Grating: 1200 lines/mm, Range: λ = 580-620 nm) and an ICCD-camera (iStar, Andor; Modell DH720-

18F-63) containing an integrated delay controller. Emission spectra were collected with a delay time of 

1 μs after the laser pulse. To monitor the fluorescence lifetime, series of single spectra measurements 

with increasing delay time between the laser pulse and camera detection (steps: Δt = 10-400 μs) were 

taken. The fluorescence emission lifetime (τ) was obtained by fitting the integrated intensity (I) as a 

function of the delay time (t), according to (3): 

 

                                                                𝐼(𝜆) = 𝐼0(𝜆)𝑒𝑥𝑝(−𝑡 𝜏⁄ )                                                        (3) 

 

Measurements of both suspension and solutions samples were conducted in quartz cuvettes. Suspensions 

samples were measured under continuous mixing determined by magnetic stirring. 

 

2.3.7.  Thermodynamic calculations 

Thermodynamic calculations were carried out to obtain the solubility product of synthesized AFm-

organic and AFt-organic phases based on the measured total concentrations. The thermodynamic 

modelling program GEM-Selektor (GEMS) [215] was used, which takes into account chemical 

interactions involving solids, solid solutions, metal ions, and aqueous electrolyte at once. General 

thermodynamic data were taken from the NAGRA/PSI database [88], data for cement hydrates from the 
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Cemdata18 database [216]. The CSHQ model [216, 217] was used to describe the alkali uptake and the 

composition of C-S-H. 

The complexation of formate, citrate and gluconate with the different cations was considered using 

different complex formation constants as detailed in Table 4, Table 5 and Table 6. 
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Table 4. Thermodynamic data used for thermodynamic calculations on the formate system (HFor = formic acid). 

Species Reaction log β0
m,l Reference 

Aqueous complexes 

HFor0 H+ + For- 
 HFor0 3.75 Calculated from ΔfGº data by [79, 218]  

CaFor+ Ca2+ + For-  Ca(For)+ 1.43 
Calculated from ΔfGº data by [79, 218-

220]  

Ca(For)2
0

 Ca2+ + 2For-  Ca(For)2 2.30 
Calculated from ΔfGº data by [79, 218-

220] 

K(For)2
- K+ + 2For-  K(For)-

2 -0.27 
Calculated from ΔfGº data by [79, 218-

220] 

KFor0 K+ + For- KFor0 0.03 Calculated from ΔfGº data by [218-220]  

Na(For)2
- Na+ + 2For-  Na(For)-

2 -0.23 Calculated from ΔfGº data by [218-220] 

NaFor0 Na+ + For-  NaFor0 0.05 Calculated from ΔfGº data by [218-220] 

Solids 

Ca(For)2 

(formicaite) 
CaFor2  Ca2+  + 2For- 

not 

reported1 
 

1 [221] reports a high solubility of Ca(HCOO)2 of 166 g/dm3 at 20°C. 
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Table 5. Thermodynamic data used for thermodynamic calculations on the citrate system (H3Cit = citric acid).  

Species Reaction log β0
m,l Reference 

Aqueous complexes 

HCit2- Cit3- + H+   HCit2- 6.36 [88]  

H2Cit- HCit2- + H+  H2Cit- 4.78 [88]  

H3Cit0 H2Cit- + H+ 
 H3Cit0 3.13 [88]  

CaCit- Ca2+ + Cit3-
CaCit- 4.80 [88]  

CaHCit0 Ca2+ + HCit2-
 CaHCit0 2.92 [88]  

CaH2Cit+ Ca2+ + H2Cit-  CaH2Cit+ 1.53 [88]  

KCit2- K+ + Cit3-  KCit2- 1.42b [222]  

K2Cit- 2K+ + Cit3-  K2Cit- 1.93b [222]  

NaCit2- Na+ + Cit3-  NaCit2- 1.54b [222]  

Na2Cit- 2Na+ + Cit3-  Na2Cit- 2.38b [222]  

AlHCit+ Al3+ + Cit3-+H+  AlHCit+ 12.90 [223, 224]  

AlCit0 Al3+ + Cit3- 
 AlCit0 9.90 [223, 224] 

AlCitOH- 
Al3+ + Cit3- + H2O  AlCitOH- + 

H+ 
8.10 [223, 224] 

Al(Cit)2
3- Al3+ + 2Cit3-  AlCit2

3- 14.13 [223, 224] 

Al(Cit)2(OH)4- 
Al3+ + 2Cit3- + H2O  

Al(Cit)2(OH)4-+ H+ 
10.19 [223, 224] 

Al3(Cit)3(OH)4
4- 

3Al3+ + 3Cit3-+4H2O  

Al3(Cit)3(OH)4
4- + 4H+ 

20.6 [223, 224] 

Solids 

H3Cit(H2O)(cr) 
H3Cit(H2O)(cr)  H3Cit0 + 

H2O 
1.33 [88] 

Ca3Cit2(H2O)4(cr) 
Ca3Cit2(H2O)4(cr)  3Ca2+ + 

4H2O + 2Cit3- 
-17.9 [88] 

a Sari [225] suggested the formation of CaH(Cit)2
3-, Ca(Cit)2

4- and CaH-1Cit2- complexes, but did not give any 

details on the concentrations used, on the fitting procedure and did not report the experimental data, thus those 

data were not included in the present calculations following the recommendation in the NEA-TDB review on 

organics [88]. A recent study of Gácsi et al. [226] indicated that the formation of CaH-1Cit2- is expected to be 

relevant only for very high pH values (pH > 15). 

b The NEA-TDB review on organics [88] suggested the use of SIT interaction coefficients to describe the 

interaction between Na+ or K+ with citrate3- at high ionic strength. As in the present work the extended Debye-

Hückel was used and ionic strength was in all cases below 0.5 M, complexation constants were used. In all cases, 

less than 0.1% of total Na, K, or citrate in solution were present in those complexes and their consideration had a 

negligible effect on the calculated solubility products (less than 0.01 log units).  
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Table 6. Thermodynamic data used for thermodynamic calculations on the formate system (HGlu = gluconic acid). 

Species Reaction log β0
m,l Reference 

Aqueous complexes 

HGlu0 H+ + Glu-
 HGlu0 3.64 [126] a 

CaGlu+ Ca2+ + Glu-
 CaGlu+ 1.56 [119] a 

Ca(Glu)2
0 Ca2+ + 2Glu-  Ca(Glu)2

0
 2.85 [227] 

CaGluOH 0 Ca2+ + Glu- + OH-
 CaGluOH 0 3.95 [227] 

Ca2Glu(OH)3
0
 2Ca2+

 + 2Glu-+ 4OH-
 Ca2Glu2(OH)4

2- 11.25 [227] 

Ca3Glu2(OH)4
0
 3Ca2+ + 2Glu- + 4OH-

 Ca3Glu2(OH)4
0 16.10 [227] 

Solids 

Ca(Glu)2 Ca2+ + 2Glu-  Ca(Glu)2 -4.19 [12]  
a Values expolated 0 M ionic strength using the WATEQ Debye-Hückel equation from those reported in the 

"Reference" column. Furthere details are reported in [227]. 

 

Activity coefficients of the aqueous species were calculated with the built-in extended Debye-Hückel 

equation and NaOH as a background electrolyte: 

𝑙𝑜𝑔𝛾𝑖 =
−𝐴𝑦𝑧𝑖

2

1 + 𝐵𝑦𝑎𝑖√𝐼
+ 𝑏𝐼 

zi is the charge of species i, I is the effective molal ionic strength, ai = 3.31, is a parameter dependent on 

the size of ion i, b corresponds to 0.98 in NaOH [228, 229], and Ay and By are P,T-dependent Debye-

Hückel solvent parameters.  

The solubility products and saturation indices were calculated from the activity of the species Ca2+, 

Al(OH)4
-, OH-, SO4

2-, CO3
2-, CHO-

2, C6H7O5
3- and C6H11O7

- and H2O, obtained using GEMS based on 

the measured total concentrations.   
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3.1.  Sorption of formate, citrate and gluconate on cement phases and PC under 

hyperalkaline conditions 

In the present chapter, a discussion about the binary system organic ligand (L = formate, citrate, 

gluconate) and cement phases (C) is presented. In a first section the chemical stability (thermodynamic 

study) and structure (solid and liquid characterizations) of reference C-S-H, AFm and AFt phases 

without organic ligands are discussed. In a second step, the kinetics of formate, citrate, and gluconate 

sorption on pre-synthesized C-S-H, AFm, and AFt phases is studied, the possible sorption mechanism, 

complex speciation and, finally the sorption is quantified by distribution ratios, Rd values. 

 

3.1.1. Reference phases without organics 

3.1.1.1. Calcium silicate hydrates  

In this section, the chemical features and structure of the reference C-S-H phases are described. These 

phases were used later in uptake experiments for formate, citrate and gluconate, which will be described 

in later sections including the effect of organics on C-S-H chemical structure and composition. Figure 8 

shows the XRPD patterns of C-S-H phases with 0.8 ≤ C/S ≤ 1.4 and with a total sodium concentration 

[Na]tot = 0.2 M. C-S-H phases were the main phase present for all C/S ratio investigated. Due to the high 

hydroxide concentration, portlandite was detected for the two highest C/S ratios as also reported in 

[230]. With the increase of the C/S ratio, the interlayer distance (002) at ≈ 8 2θ° shifts towards higher 

2θ° values, and thus to smaller interlayer distances. The increase of the Ca concentration enhances the 

electrostatic forces between the positively charged interlayer region with the two negatively charged 

main layers [231, 232]. The reflection (101) at ≈ 17 2θ° is visible only for the C/S ratio of 0.8 and 1.0. 

This reflection is related to the bridging silica tetrahedra within the silica chain [230, 231], which are 

occupied at low C/S but empty at higher C/S in C-S-H. The TGA analysis (see Figure 1 in the Appendix 

3.1) allowed determining a water loss of ≈ 0.20 g H2O per g dry weight in agreement with the data 

reported by Lothenbach et al. and Yan et al. [230, 233]. 
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Figure 8. XRPD of C-S-H phases synthesized with a Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4 and equilibrated for 2 

months. CSH: C-S-H; P: portlandite. 

 

The FT-IR analysis conducted on the reference C-S-H phases is reported in the Figure 9. The 

wavenumber range of 1400-800 cm-1 represents the stretching vibration bands of the Si-O bond, while 

the second range from 800 to 400 cm-1 is representative of the Si-O bending vibrations. The band at ~ 

950 cm-1 is the result of the overlapping of several stretching Si-O bands. As observed by Yan et al. 

[230], the position of this band shifts toward lower wavenumber numbers if the silica chains are 

depolymerized. In the enlargement of the main peak region on the left side of Figure 9, no significant 

differences were detected for the band position of C-S-H phases with C/S of 1.2 and 1.4. The signals at 

810 cm-1 and 500 cm-1 indicate stretching (i.e. [230, 234]) and bending vibration of the chains-end-sites 

of the silica tetrahedral, Q1, respectively. The intensity of the signal at ~ 650 cm-1, assigned to the Si-O-

Si (O-Si-O) bending and water vibrations [235], increases with the increase of C/S ratio. 
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Figure 9. FT-IR spectra of C-S-H phases with a Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4 in the wavenumber region 

(1400 – 400 cm-1). 

 

3.1.1.2. AFm phases  

As for C-S-H phases, different AFm phases (Ms, Mc, Hc), and ettringite were synthesised as references 

phases and used in later sections to study the formate, citrate and gluconate uptake on AFm phases and 

ettringite.  

AFm have a layered structure consisting of positively charged main layers, [Ca4Al2(OH)12]2+, and anions 

and water present in the interlayer region, [Xx·nH2O]2-. AFm phases form hexagonal or pseudo 

hexagonal crystals: Ms and Hc have a trigonal geometry [236, 237], while Mc has triclinic symmetry 

[31]. For well-crystalline phases, the XRPD analysis allows to determine the unit cell dimensions based 

on the position of the main basal reflections, which occur at low 2θ degrees as for AFm phases (Figure 

10). Ms is characterised by a main basal reflection at ≈ 9.9º 2θ (8.9 Å), which corresponds to the 

interplanar distance (003), typical of crystalline monosulfate with 12 waters with a chemical formula 

Ca4Al2(SO4)(OH)12·6H2O (C4AsH12). The smaller reflection which appears at ≈ 9.4º 2θ (7.9 Å), 

indicates the formation of different hydrated forms of Ms, C4AsH14, predominant in suspension [36]. 

For the Hc phase, the characteristic (006) reflection at 10.9º 2θ (8.3 Å) indicates the formation of 

Ca4Al2(CO3)0.5(OH)13·5.5H2O. For this system, a secondary phase detected was tentatively assigned to 

carbonated hemicarbonate, C4Ac0.8H10.2 [238] and labelled as cHc. Eventually, Mc defined with a 

triclinic structure, present a main basal spacing at 11.2 2θ angles which corresponds to interlayer 

distance of 7.9 Å [31, 32]. In addition, AFm phases have a characteristic reflection at ≈ 31º 2θ (d(110), Ms 

≈ 2.8, Å, d(110), Mc = 2.9 Å; d(110), Hc = 2.9 Å) related to the main layer (110 or 220 plane).  
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Figure 11. XRPD pattern diffraction of synthesized AFm phases, Ms, Hc, and Mc after 2 months of equilibration 

time. cHc: carbonated hemicarbonate; Hc: hemicarbonate; K: katoite (Ca3Al2(OH)12); Mc: monocarbonate 

(C4AcH11); Ms12: monosulfate-12 (C4AsH12); Ms14: monosulfate-14 (C4AsH14): P: portlandite   

 

The FT-IR spectra of Ms, Mc and Hc are shown in the Figure 12. The absorption bands from 3000 cm−1 

to 3600 cm−1 are related to OH- stretching vibrations resulting from the interlayer water within the AFm 

phases. The bands of Mc are narrower than those of Hc or Ms indicating more coordinated interlayer 

water in Mc. The main OH- signal of Ms occurs at lower wavenumber than that of Hc indicating a 

stronger coordination of water in Ms than in Hc. The FT-IR spectrum of Ms is characterized by the 

vibration bands of the sulphate group SO4
2-, with two vibration bands: ν3 at ≈ 1100 cm-1 and ν'3 at ≈ 1150 

cm-1. The latter band is visible as a shoulder of ν3 (Figure 12). The vibration bands ν2 and ν4 are observed 

at ≈ 460 cm-1 and at ≈ 980 cm-1 respectively. In general the sulphate group in water has a higher 

symmetry and only the vibration modes ν1 and ν3 are visible [239]. In addition, the splitting of the 

vibration mode ν3 has also been observed in [202]. For Mc, in the interlayer anion bond (CO3
2-) to the 

main layer is defined by the stretching vibration vibration ѵ1 is observed at ≈ 1070 cm-1 [32]. Since in 

Hc the CO3
2- is weakly bound to the main layer, the same stretching vibration occurs at ≈ 1090 cm-1 

[34]. Additional bands visible for Hc are the bending vibration ν4 at ≈ 750 cm-1 and ν3 at ≈ 1400 cm-1 of 

the carbonate group. 
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Figure 12. FT-IR spectra of the synthesized AFm phases in the frequencies ranges of 3800 – 400 cm−1. 

 

3.1.1.3. Ettringite  

The hexagonal structure of ettringite structure consists of two elements: calcium aluminate hydrated 

columns [Ca6[Al(OH)6]2·24H2O]6+ and intra-channel sulfate ions and water molecules [240]. The XRPD 

patterns of the synthesized ettringite are shown in Figure 13. The XRPD spectra of ettringite is 

characterized by narrow well defined reflections including a main (100) signal at 9.7 Å in a direction 

(perpendicular to the columns) and a small (002) reflection (parallel to the column) at 10.7 Å.  
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Figure 13. XRPD pattern diffraction of sulfate-AFt after 2 months of equilibration time. E: ettringite, P: 

portlandite. 

 

For high wavenumbers, the FT-IR analysis (Figure 14) shows OH- stretching vibrations of Al(OH)6
3- 

units at ≈ 3650 cm-1 [241]. The stretching vibration of H2O with a maximum at ≈ 3390 cm-1 is well 

visible. The bending vibrations of hydroxyl groups related to Ca-OH and to the intra-channel water, are 

visible at 1660 cm-1 and 1633 cm-1 [241], and those of the Al-OH group at ≈ 880 cm-1 and 850 cm-1. The 

sulfate group generates two symmetric stretching vibrations ν1 and ν3 at 1090 cm-1 and 989 cm-1 [241, 

242]. The broad bands at ≈ 530 cm-1 and ≈ 610 cm-1 have been assigned by Myneni et al. [241] and 

Scholtzová et al. [242] to SO4
3- symmetric and asymmetric bending vibrations (ν2 and ν4). Generally, 

these bands are difficult to distinguish due to the overlapping with Ca/Al-OH bending vibrations.  
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Figure 14. FT-IR spectra of the synthesized ettringite samples in the wavenumber region (3800 – 400 

cm−1). 

 

3.1.1.4. L-AFm phases: FOR-AFm, CIT-AFm and GLU-AFm 

In general, the structure of AFm phases (and C-S-H phases) depends on the electrical charge 

compensation between the positive charged main layers and the negatively charged intercalated anions. 

Consequently, the interlayer distance of the AFm phase is affected if organic molecules are intercalated. 

Furthermore, the distance between the AFm main layers depends on the size and spatial configuration 

of the intercalated anions and molecules and can be conventionally followed by measuring the basal 

distance by XRPD analysis. 

The XRPD spectra of FOR-AFm, CIT-AFm and GLU-AFm are given in Figure 15. The XRPD of FOR-

AFm (Figure 15a) indicates the formation of a well-crystalline layered structure with high intensity 

bands at 10.9º and at 21.8º 2θ corresponding to the interlayer distance (003) and (006) respectively. A d 

spacing of 8.1 Å was obtained in agreement with [35], who suggested the substitution of 2OH- with 

2HCOO-.Pöllman [35] equilibrated tetracalcium aluminate hydrate phases (C4AH19) with increasing 

formate concentration, and described for formate molar fraction higher than 0.6 mol.% a phase with the 

general formula 3CaO·Al2O3·Ca(HCOO)2·11H2O. A main layer reflection (110) at 31.03º 2θ is 

characteristic for AFm-phases with trigonal geometry [30] as e.g. Ms or Hc, while for AFm with 
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monoclinic structure such as Mc, this reflection is shifted towards slightly higher 2θ values. In the case 

of formate-AFm, this reflection occurs for ≈ 31º 2θ values, pointing towards a trigonal geometry. In 

addition, traces of portlandite were detected (reflection at ≈ 18º 2θ).  

The XRPD pattern of citrate-AFm, shown in the Figure 15b, also indicates the presence of a layered 

structure and thus towards an AFm-phase with a high intensity reflection at 7.2º 2θ (d(003) = 12.3 Å), 

which is in agreement with the values reported by [35] for tetracalcium aluminate hydrate phases 

(C4AH19) equilibrated with increasing citrate concentrations (0 ≤ xmol,citrate ≤ 0.66). The reflections at ≈ 

14.5º 2θ (6.1 Å) related to the basal spacing (006) and the overlapped reflection at ≈ 23º 2θ (dspacing = 

4.0 Å), which is likely correlated to the (009) reflection, are less intense. These broad reflection shapes 

indicate an only poorly ordered citrate-AFm structure as previously reported by [35]. In the case of 

citrate-AFm the characteristic (110) main layer reflection for AFm phases, is overlapped by the 

reflections of katoite (Ca3Al2(OH)12). The presence of katoite indicates a rather low stability of citrate 

AFm and the detection of traces of tricalcium aluminate (Ca3Al2O6) indicate the incomplete conversion 

of initial reagents used for the synthesis. In addition, some ill-ordered Ca3(Cit)2(H2O)4 (main reflections 

at 11º and 22º 2θ) was observed as also reported by [35]. 

The XRPD of gluconate-AFm, shown in the Figure 15c, again indicates the formation of layered phase 

structure with a main basal spacing at 8.6º 2θ, which correspond to an interlayer distance of 10.9 Å. The 

reflection (006) expected for ≈ 17º 2θ (dspacing = 5.1 Å), is again overlapped by the reflection of katoite. 

The typical (110) reflection is visible for ≈ 32º angles. The presence of katoite indicates a low stability 

of gluconate AFm phase, while the detection of C3A indicates that initial reagents used for the synthesis 

were not fully converted in the final product. In addition, traces of Ca(C6O7H11)2·H2O were also 

observed.  

In the case of formate-AFm phase, the interplanar distance of 8.1 Å is comparable to those observed for 

the reference AFm phases, Ms: 8.9 Å, Hc: 8.3 Å and Mc: 7.9 Å, such that no increase of the basal 

spacing is observed if formate is present in the interlayer due to the small dimension of the formate 

group, as also reported by [35]. However, an increase of the interlayer distance can be expected due to 

the larger size of citrate and gluconate, if compared to carbonate or sulphate ions, as previously observed 

for different organic containing AFm phases [243-246]. A comparable d-spacing (12.1 Å) and 

disordered structure in the stacking direction has been reported for citrate intercalated Ca-Al based LDH 

(AFm) phases [243] as well as for citrate containing Mg/Al layered double hydroxide (LDH) phases, 

which have similar to AFm phases a positively charged main layer and an interlayer containing anions 

and water, where basal spacing of d = 11.8 Å to 12.2 Å [243, 247, 248] were reported. In terms of spatial 

configuration, Zhang et al. [248] and [243] postulated a perpendicular orientation of citrate molecules 

in Mg-LDH resulting in "pillared" LDH. Although the linkage of two main layers by the terminal 

carboxylate groups in citrate is a possible coordination mode, also a 5-bond ring structure formed by 

coordination of a carboxylate and the deprotonated α-hydroxyl group with calcium could be possible as 
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observed by [249] for citrate sorbed on calcite. The potential role of the interaction of calcium-

carboxylic groups of polycarboxylates with AFm phases has also been discussed by [250].  

 

 
Figure 15. XRPD pattern diffraction of synthesized formate-AFm (a), citrate-AFm (b) and gluconate-AFm (c) after 

2 months of equilibration time. C3A: Ca3Al2O4; Ca-CIT: calcium citrate (Ca3(C6O5H7)2·4H2O); Ca-GLU: calcium 

gluconate hydrate (Ca(C6O7H11)2·H2O); CIT-A: citrate-AFm; FOR-A: formate-AFm; GLU-A: gluconate-AFm; K: 

katoite (Ca3Al2(OH)12); P: portlandite (Ca(OH)2). 

 

The total concentrations measured for the different elements in the aqueous solution (seeTable 7) were 

used to calculate the ion activity products (IAP) for AFm phase (monosulfate (Ms), monocarbonate 

(Mc), hemicarbonate (Hc)) as well as for formate-, citrate-, and gluconate-AFm. The calculated ion 

activity products (IAP) of Ms, Mc and Hc are comparable to those reported in [251, 252] as indicated 

in Table 7. The solubility product, log KºS, of formate- and citrate-AFm is comparable to Ms and Hc, 

but higher than that of monocarbonate. In the case of gluconate-AFm, the solubility product is higher 

than those of AFm phases. Although the value of the solubility product is comparable due to the different 

number of anions in the dissolution equations, the solubility of citrate-AFm and gluconate-AFm is 
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higher than that of monosulfate and hemicarbonate, as also evidenced by the higher ion concentrations 

and the formation of katoite for both ligand-AFm phases. 

 

Table 7. Measured pH (measurement error ± 0.1 pH units), Na, K, Ca, Al, sulfate, carbonate (measurement error 

± 5 %) and formate, citrate and gluconate (measurement error ± 7%) content for pure AFm phases and formate-, 

citrate-, gluconate-AFm phase, used to calculate the ionic activity products (IAP) at 20 ºC. The solubility products 

of pure phases available in literature at 25 ºC are reported in italic for comparison in the second last column. 

Phases observeda pH 
Na 

(K) 
Ca Al Sulfate Carbonate 

FOR/ 

CIT/ 

GLU 

IAP b 

log KºS
c 

(this 

study) 

log KºS
c 

 

[mmol/dm3] 

Ms, monosulfate: Ca4Al2(SO4)(OH)12·8H2O → 4Ca2++2Al(OH)4
− +SO4

2− +4OH−+8H2O 

Ms 13.2 220 0.30 1.9 1.0 - -/-/-  
30.21±0.15

d 

-29.26 

[251] 

Mc, monocarbonate: Ca4Al2(CO3)(OH)12·5H2O → 4Ca2+ +2Al(OH)4− +CO3
2− +4OH−+5H2O 

Mc 
Mc, 

Cc 
13.4 216 0.55 0.15 0.38e -/-/-  

-

32.00±0.15
d 

-31.47 

[251] 

Hc, hemicarbonate:  Ca4Al2(CO3)0.5(OH)13·5.5H2O → 4Ca2+ +2Al(OH)─
4+0.5CO3

2−+5OH−+5.5H2O 

Hc 
Hc, 

Mc 
13.2 218 1.8 0.15 0.016f -/-/-  

-

29.26±0.17
d 

-29.13 

[251] 

Formate-AFmg: Ca4Al2(CHO2)2(OH)12·6H2O → 4Ca2++2Al(OH)4
− +2(CHO2)-+4OH−+6H2O 

FOR-A, P 13.1 262 3.4 0.25 - - 415/-/- -27.6   

FOR-A, P 13.1 125 6.8 0.11 - - 219/-/- -28.0   

Mean        -27.8±1.2l   

Citrate-AFmh: Ca4Al2(C6H5O7)2/3(OH)12·6H2O → 4Ca2++2Al(OH)4
− +2/3(C6H5O7)3-+4OH−+6H2O 

CIT-A, K, CA, C 13.3 213 0.69 6.1  - -/1.5/- -27.94  - 

CIT-A, K, CA, C 13.1 213 5.1 0.90 - - -/12.7/- -27.91 -  

CIT-A, CIT-E, C 13.4 265 152 6.9 -  -/20.5/- -27.86 -  

CIT-A, P 13.7 671 0.42 4.03 - - -/37/- -29.98 -  

CIT-A, CH, KC 13.8 (697)i 2.81 1.08 - - -/49/- -27.80 -  

Mean        -28.3±2.8l   

Gluconate-AFmm: Ca4Al2(C6O7H11)2 (OH)12·6H2O → 4Ca2++2Al(OH)4
− +2(C6O7H11)-+4OH−+6H2O 

GLU-A, CA, K, Ca-GLU, P 13.1 182 41.9 41.8 - - -/-/33.1 -24.50±0.4   

a C: Ca3(C6H5O7)2·4H2O; CA: tricalcium aluminate; CIT-A: citrate AFm; CIT-E: citrate-AFt; Cc: calcite; FOR-A: 

formate AFm; GLU-A: gluconate AFm; Ms: monosulfate; Mc: monocarboate; Hc, hemicarbonate; K: katoite, KC: 

potassium citrate monohydrate, P: portlandite. 
b Ion activity product calculated in this study. 
c log KºS reported by [251] for comparison. 
d Mean of citrate free sample and samples containing ≤ 0.02 mM citrate. 
e Assuming saturation with respect to calcite [251]. 
f Assuming saturation with respect to monocarbonate[251]. 
g d-spacing 8.13 Å, molar volume 280 cm3/mol (trigonal structure). 
h d-spacing 12.27 Å, molar volume 424 cm3/mol (trigonal structure). 
i Value in the brackets correspond to the total potassium concentration is solution. 
l Uncertainties were calculated as three times the standard deviations of the mean value (3σ). 
m d-spacing 10.87 Å, molar volume 376 cm3/mol (trigonal structure). 

 

3.1.1.5. L-AFm phases: FOR-AFt, CIT-AFt and GLU-AFt 

The XRPD spectra of FOR-AFt, CIT-AFt and GLU-AFt are shown in the Figure 17. The XRPD of 

FOR-AFt (Figure 17a) is characterized by the same spectral peaks found for formate-AFm shown in the 

Figure 16 indicating that formate-AFt was not stable. 

The XRPD spectrum of citrate-ettringite is characterized by two main reflections between 7o to 9o 2θ 

(dCIT-A = 12.3 Å, dCIT-E = 10.2 Å) indicating the presence of two phases. The broad reflections are 

associated with citrate-AFm with a basal spacing of 12.3 Å as shown in Figure 17. The reflections of 

citrate-AFt are much narrower with a main (100) signal at 10.2 Å, and a very small (002) reflection 

again at 10.7 Å in c-direction. The substitution of sulfate by citrate is expected to increase the distance 
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along the a-axis (x00, perpendicular to the columns) as in fact observed for citrate-AFt (Figure 17). In 

addition, unreacted C3A (due to the possible retardation of dissolution by citrate) as well as of traces of 

calcium citrate were observed. The XRPD spectra of gluconate-AFt, shown in the Figure 17c, indicate 

the formation of mostly amorphous phases and precipitation of calcite. In this case, it is not possible to 

discuss the crystal geometry of gluconate-AFt phase, since a well-defined structure is not visible from 

XRPD analysis. In addition, no traces of the so-called M-phases, (Ca6(Al(OH)6)2(HCOO)6), whose 

structure was recently studied by [253], were identified in the obtained XRPD spectrum. 

 
Figure 17. XRPD pattern diffraction of synthesized formate-AFt (a), citrate-AFt (b) and gluconate-AFt (c) after 2 

months of equilibration time. C3A: Ca3Al2O4, Ca-CIT: calcium citrate (Ca3(C6O5H7)2·4H2O); Cc: calcite (CaCO3); 

CIT-E: citrate-AFt; FOR-A: formate-AFm; P: portlandite (Ca(OH)2). 

 

The concentration of the aqueous solution in equilibrium with ettringite, formate-AFt, citrate-AFt and 

gluconate-AFt (see Table 8) were used to calculate the ion activity products (IAP) for sulfate-ettringite 

and formate-, citrate-, gluconate- AFt. The IAP of citrate-AFt is slightly higher than the solubility 

product of pure ettringite [252], which indicates a lower stability of citrate- AFt than that of ettringite 

due to lower number of anions in the dissolution equations. This is also evidenced by the higher ion 

concentrations and the formation of additional solids in the presence of citrate-AFt. 
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Table 8. Measured pH (measurement error ± 0.1 pH units), Na, K, Ca, Al, sulfate (measurement error ± 5 %) and 

formate, citrate and gluconate (measurement error ± 7%) content for pure ettringite and formate-, citrate- and 

gluconate-AFt, used to calculate the ionic activity products (IAP) at 20°C. The solubility products of pure phases 

available in literature at 25°C are reported for comparison. 

Phases observeda pH 
Na 

(K) 
Ca Al Sulfate FOR/CIT/GLU 

IAPb 

(this study) 
log10 KºS

c 

[mmol/dm3] 

AFt, ettringite: Ca6Al2(SO4)3(OH)12·26H2O→6Ca2++2Al(OH)4
− +3SO4

2-+4OH− +26H2O 

E 13.1 205 0.09 6.87 11.61 - -45.42±0.30d 

-44.9 

[251, 

252]  

Formate-AFt: Ca6Al2(CHO2)6(OH)12·26H2O → 6Ca2++2Al(OH)4
− +6(CHO2

−) +4OH−+30H2O 

FOR-A, P 12.8 249 10.9 0.044 - 182/-/- -89±25f this study 

Citrate-AFte: Ca6Al2(C6H5O7)2(OH)12·26H2O → 6Ca2++2Al(OH)4
− +2(C6H5O7)

3-+4OH−+30H2O 

CIT-A, CIT-E, C 13.4 265 152.3 6.9 - -/20.5/- -41.1±2.8f this study 

Gluconate-AFt: Ca6Al2(C6H11O7)6(OH)12·26H2O → 6Ca2++2Al(OH)4
− +6(C6H11O7)

-+4OH−+30H2O 

GLU-E(?), Cc 12.6 173 18.0 12.8 - -/-/107 -38.9±3.5f this study 

a C: Ca3(C6H5O7)2·4H2O; Cc: calcite; CIT-A: citrate-AFm; CIT-E: citrate-AFt; E: ettringite, FOR-E: formate-AFt; 

GLU-E: gluconate-AFt, P: portlandite.  
b Ion activity product calculated in this study.  
c log KºS reported in literature at 25°C for comparison. 
d Mean of citrate free sample and samples containing ≤ 0.02 mM citrate. 
e (100) unit-cell dimension 10.16 Å, molar volume 775 cm3/mol (hexagonal structure). 
f Error for formate, citrate, and gluconate AFt calculated assuming an analytical error of 5% in the measured 

concentrations. 
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3.1.2. Formate uptake by C-S-H, AFm phases, ettringite and PC 

3.1.2.1. Kinetic experiments: uptake of formate 

3.1.2.1.1. C-S-H phases 

The kinetics of the sorption reaction was investigated for equilibration times ranging from 1 to 14 days. 

Formate was added to a C-S-H suspension synthesized as described in the chapter 2 with a total 

concentration of 221 mM. The samples were then further equilibrated under continuous shaking until 

separation and characterization. The presence of formate lowered the pH values for all phases at 1 day 

of contacting time (Figure 18). While the pH value remained constant for C-S-H 1.2 and 1.4, the pH 

further decreased by ca. 0.2 pH units in the case of C-S-H 0.8 and for t > 7 days. The lower pH in the 

presence of formate destabilized the portlandite originally present in the C-S-H phases at C/S > 1.0 (see 

section 3.1.1.1). The XRPD spectra (Figure 4 in the Appendix 3.1) reported in the Appendix 3.1, 

confirms that the portlandite is destabilized within 1 day after the formate was added. For C/S = 1.2 the 

presence of a small amount of Ca-formate, Ca(HCO2)2(s), is observed (Figure 4 in the Appendix 3.1). 

The aqueous concentration of formate shown in the Figure 18 is lower than the initial total concentration 

for all C/S ratio indicating some uptake of formate in the solid. The formate uptake is comparable at low 

and high C/S although the pH values are considerably lower in the presence of low C/S C-S-H. The pH 

decrease compared to the target pH value (pH ≈ 13.3), lowers the negative surface charge of C-S-H 

[254] and increases the calcium concentrations in solution, which would be expected to facilitate the 

uptake of anions such as formate by C-S-H phases. In general, the formate concentration presents a 

similar kinetic trend for all C-S-H phases within the experimental concentration error, which is likely to 

the unspecific uptake process due to the weak sorbent-sorbate interactions (e.g. Van der Walls bond). 
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Figure 18. (a) pH values (measurement error ± 0.1 pH units) and (b) formate aqueous concentrations 

(measurement error ± 5 %) in the presence of C-S-H phases (Ca/Si = 0.8 – 1.4) measured at different equilibration 

times (t = 1 – 14 days) in the presence of initial [FOR]tot = 221 mM and [Na]tot = 0.2 M as discussed in the chapter 

2. Empty crossed symbols indicate the pH values in the absence of formate.  
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3.1.2.1.2. AFm phases and ettringite 

The kinetic of formate uptake on AFm phases and ettringite was investigated in the time interval of 1 ≤ 

t(days) ≤ 14 (Figure 19). Formate was added to the pre-synthesized Ms, Mc, Hc and AFt phases to obtain 

a total concentration of 221 mM formate. For all kinetic experiments a constant total concentration of 

Na was used, in order to reproduce the alkaline conditions relevant for the Stage I of cement degradation 

(pH  ≈ 13.3). Again, the addition of 221 mM formate strongly lowered the pH of ettringite from initially 

≈ 13.1 by ca. 4 pH units and by ≈ 2 pH units for Mc. A more moderate pH decrease of about ≈ 1 pH unit 

was observed for Ms and Hc (both from an initial value of ≈ 13.2). In general, pH values remained 

constant after the first day and no further changes were observed for longer equilibration times (14 days). 

The pH decrease is due to the presence of high formate concentrations in solution while the sodium 

concentration was kept constant and equal to 0.2 M in all cases. The formate uptake slightly increased 

during the first days, but remained (within the measurement error) rather constant afterwards.  

In parallel to the pH values and formate concentration, an increase (with a maximum detected at 7 days) 

of aluminium concentration was observed for all phases with the exception of Hc, while the variations 

in the sodium, calcium and sulphate concentrations in the case of Ms and AFt (see Table 9,13 and 15 in 

the Appendix 3.1) were minor. Together these data indicate that a steady state sorption was reached 

within 7 days and little variations occurred between 4 to 14 days. Thus, all further sorption experiments 

were carried out using an equilibration time of 7 days. In all cases, no additional solids formed due to 

the addition of citrate (see XRPD data in Figures 6-9 in the Appendix 3.1). 
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Figure 19. (a) pH values (measurement error ±0.1 pH units) and (b) formate aqueous concentration (measurement 

error ± 5 %) in the presence of AFm phases (Ms. Mc, and Hc) and AFt measured at different equilibration time (t 

= 1 – 14 days) in the presence of initial [FOR]tot = 221 mM and [Na]tot = 0.2 M. Empty crossed symbols indicate 

the pH values in the absence of formate. 
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3.1.2.2. Sorption experiments: uptake of formate 

3.1.2.2.1. C-S-H phases 

Figure 20 compares the XRPD pattern of C-S-H in the presence of 221 mM of formate with C-S-H 

samples without formate. In the absence of formate, the interplanar distance decreases with the increase 

of C/S as previously reported, e.g. in [255]. In the presence of formate a broadening of the basal signal 

is observed, indicating a decrease in the degree of ordering and/or a decrease in the number of layers 

stacked in c-direction [231, 256]. A slight shift of the main basal spacing towards lower 2θ values 

(increase of d-spacing) of about 0.10 2θº units was observed for C-S-H 0.8 and C-S-H 1.4 and of 0.3 2θº 

units (d(002) = 11.9 Å, d(002), [FOR] = 0.200 M = 12.2 Å) for C-S-H 1.0. Such increase of d-spacing in the 

presence of formate may be due to the decrease in number of stacked layers (indicating by the broadened 

signal of the basal spacing [231, 256].  

The presence of formate has also clearly an effect of the sodium and calcium uptake for low C/S ratio. 

Quantitative calculations of the C-S-H composition in presence of formate (Figure 10, Appendix 3.1), 

indicate a small decrease of the C/S for formate concentrations higher than 100 mM, due to the formation 

and precipitation of Ca-formate (Figure 20). The amount of portlandite originally present in C-S-H 1.2 

and 1.4 is destabilized in the presence of 221 mM of formate, which led to the precipitation of calcium 

formate as also found in the kinetic sorption experiments (see Figure 4, Appendix 3.1). In addition, the 

sodium concentration increases at higher formate concentrations and lower pH values, which indicates 

less uptake of sodium by C-S-H. This decrease of Na uptake at high formate concentrations is related to 

the increase of Ca concentrations, which lowers alkali uptake on C-S-H, as Na and Ca compete for the 

same cation exchange sites on C-S-H [15, 257]. 
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Figure 20. XRPD characterization of C-S-H phases (C/S = 0.8 – 1.4) in the presence 221 mM and in the absence 

of formate after 7 days of contacting time. C: C-S-H, Cf: calcium formate, Ca(HCO2)2, P: portlandite. 

 

Figure 21 shows the FT-IR spectra of C-S-H phases with a C/S = 0.8-1.4 equilibrated with a 221 mM 

of formate concentration. The band at ≈ 950 cm-1 shifts towards lower wavenumbers with the increase 

of the C/S ratio, as also observed in the absence of formate, see Figure 9. Especially for low C/S ratio, 

the presence of formate results in higher wavenumbers (e.g. 962 cm-1 instead of 950 cm-1 for C/S = 0.8 

in the absence of formate), which could indicate a further polymerization of C-S-H in the presence of 

formate. Furthermore, the intensity of the Q1 band is weaker in the presence of formate than in its 

absence, again indicating less Ca in C-S-H, due to the formation of solid Ca-formate as well as due to 

the increased Ca-concentration in solution. In addition, the carbonate bands visible in the wavenumber 

region 1550 and at 1400 cm-1 indicate the presence of formate in C-S-H phases. 
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Figure 21. FT-IR characterization of C-S-H phases (Ca/Si=0.8–1.4) equilibrated with 221 mM of formate 

concentration for 7 days of contacting time, in the wavenumber region 2000 – 400 cm-1. 

 

Figure 22 shows the total Ca concentration in solution and the pH values as a function of the equilibrium 

formate concentration. The Ca concentration (Figure 22a) is roughly constant for the formate 

concentration range 10-1 mM ≤ [FOR]eq,sol ≤ 40 mM and increases for higher formate concentration for 

all C-S-H phases, where also the pH decreased considerably. For [FOR]eq,sol ≥ 100 mM, the calcium 

concentrations increase and Si concentrations decrease due to the decrease of pH value, in agreement 

with the trends reported in literature, where lower pH result in more Ca and less Si in solution as well 

as in a decalcification of C-S-H [230, 258, 259]. This is in agreement with the decreasing amount of Q1 

sites observed in the FT-IR analysis. The pH decreases with increasing addition of formate as shown in 

the Figure 22b. The decrease is pronounced for a formate concentration higher than 100 mM, and for 

low C/S the effect is higher. As observed in the kinetic experiments, the decrease of pH is due the high 

concentration of formate in solution. The minor pH decrease observed for C/S > 1.0 compared to C-S-

H 0.8 is due to the presence of portlandite (see Figure 20) which buffers the pH to higher values for 

formate concentration higher than 100 mM.  



 

65 

 

 
Figure 22. (a) [Ca] aqueous concentration and (b) pH values for C-S-H phases (Ca/Si=0.8 – 1.4) as function of 

formate concentration in solution measured after 7 days of contacting time. Shaded grey areas indicate the regions 

where Ca-formate formation is probable based on SI calculation and XRPD characterization. 
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Figure 23 shows the sorption isotherms calculated for the uptake of formate on C-S-H phases expressed 

as moles of formate sorbed per kg of C-S-H phases. The C-S-H weight is calculated by combined mass 

balance calculation and water content obtained from TGA analysis (see Table 25, Appendix 3.1).  

For formate concentrations [FOR]eq,sol < ~ 10-3 M, the uptake occurs on all C-S-H phases and increases 

linearly with the increase of formate concentration, independent on the Ca/Si ratio of the C-S-H, in 

contrast to the observation for citrate and gluconate discussed in section 3.1.3.2.1 and 3.1.4.2.1. This 

indicates that the formation of Ca-formate complexes plays a minor role in formate sorption, in 

agreement with the weak aqueous Ca-formate complexes described in literature [79, 218-220]. For 

[FOR]eq,sol > ~10-3  M, the uptake of formate on C-S-H phases deviates from the linear formate uptake 

trend observed on PC. Such uptake decrease may hint towards to saturation of sorption sites on the 

surface of C-S-H phases particle. 

 

 
Figure 23. Sorption isotherms calculated as moles of formate sorbed per kg of solid phase, for C-S-H phases with 

a ratio of 0.8 ≤ C/S ≤ 1.4 and Portland cement (PC), after 7 days of contacting time the formate adding.  

 

For an equilibrium formate solution concentration lower than 2 mM, a distribution coefficient Rd values 

of (25.6 ± 15.7) dm3·kg-1, (12.3 ± 5.6) dm3·kg-1, (12.5 ± 8.3) dm3·kg-1 and (34.4 ± 16.6) dm3·kg-1 for C/S 

of 0.8, 1.0, 1.2 and 1.4 respectively were determined, which is considerably lower than the Rd values of 
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190 and 102 dm3·kg-1 determined by Wieland et al. [3] for low and high Ca C-S-H, respectively. The 

lower uptake observed in the present study is probably related to the higher pH values present in our 

experiments (pH > 13), which increases the negative charge on C-S-H [255] and thus decreases anion 

sorption, compared to the experiments of Wieland et al. (pH 10.5 to 12.5), where no additional NaOH 

had been added.  

The uptake of formate on hydrated Portland cement paste increases linearly with the increase of formate 

concentration and for a formate equilibrium concentration below ≈ 10-3 M, the same linear trend is 

comparable with the sorbed formate concentration obtained for the C-S-H phases. Further details about 

the composition and quantitative analysis of PC used in this study are reported in the Appendix 3.1 

(Table 100). The Rd of (8.6 ± 10.1) dm3·kg-1 observed here on hydrated cement paste (pH ≈ 13.3), is 

slightly higher than the Rd values of ≈ 1 dm3·kg-1 determined by Wieland et al. [3] for hydrated cement 

pastes at a pH of 12.9. The slightly lower Rd value observed for longer equilibration times by Wieland 

et al. might be related to the higher S/L ratio used (i.e. 333 g/dm3) compared to the S/L ratio of 50 g/dm3 

used in this study.  

 

3.1.2.2.2. AFm phases and ettringite 

Formate affects the chemical composition and the structure of Hc. Figure 24 shows the shift of the 

position of the main basal spacing of Hc in presence of formate. The increase of formate concentration 

results in a shift of the main basal spacing towards lower 2θº values (higher d-values). Both interlayer 

distances of hemicarbonate (Hc) and carbonated hemicarbonate (cHc, C4Ac0.8H10.2 [238] increase clearly 

with the formate concentration (Figure 24). For formate concentrations equal or higher than 100 mM, 

only the reflections of cHc is present, but shifted towards lower 2θº values, while the signal of Mc is no 

longer visible. The decrease of the intensity of the main basal reflection with the increased formate 

concentration may indicate a decrease in ordering in c-direction and/or a more variable interlayer 

distance. Note that the main layer signal at ≈ 31º 2θ related to the 110 plane did not broaden or decrease 

in intensity.  

The XRPD characterization carried out on Ms, Mc and ettringite showed little effect of formate (see 

Figure 12-14 in the Appendix 3.1). Ms shows a peak broadening in the presence of formate, which could 

indicate the decrease of number of stacked layers in c-direction, which also would result in a small shift 

of the observed (003) signal to slightly higher 2θº values [231, 256] for very high formate concentration 

(221 mM). This could indicate that some formate could be bound to the (outer) surface of Ms. In contrast, 

the basal spacing of Mc does not exhibit a clear effect in the presence of formate and no broadening is 

observed. These findings are in agreement with the observation previously described in the kinetic 

experiments section, where a broadening of the basal reflection was observed for Hc, but not for Mc, 

which is also in agreement with observations of Nedyalkova and co-workers [202]. The authors 
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observed that the anion exchange reaction occur preferentially on AFm phases with a trigonal structure 

such as Hc and Ms, but not on Mc, with its rigid triclinic structure and narrow basal spacing.  

Despite the different structure, AFt exhibits a slight increase of the distance (100) in presence of formate. 

In particular, for a formate initial concentration higher than 10 mM, the signal initially at 9.1º 2θ (d = 

9.7 Å) in absence of formate, shifted towards lower angles by reaching d(100) = 9.8 Å. 

 
Figure 24. XRPD patterns of hemicarbonate after sorption of formate and for contacting time t = 7 days. The 

figure describes the shift of basal spacing of Hc (hemicarbonate) in presence of formate. cHc indicates carbonated 

hemicarbonate. 

 

In general, the uptake of formate is clearly visible for Hc in the FT-IR spectra, in the wavenumber region 

2000-1000 cm-1 as reported in Figure 25, while the uptake seems lower on Ms (Figure 26) and very low 

for Mc (Figure 15 in the Appendix 3.1). In the case of Hc (Figure 25), the stretching vibrations bands of 

the carboxylate group (C=O) increase with the increase of formate concentration, while the carbonate 

stretching band does not show a significant effect in presence of formate. Also, in the case of Mc, no 

significant effect on the intensity of the bending vibrations of CO3
2- (1450 – 1400 cm-1, see Figure 15 in 

the Appendix 3.1) and only a very minor increase of the signal associated with the carboxylate group 

(C=O) was observed. In the case of Ms, the intensity of the vibration band of the sulfate group decreased, 

and for formate concentration of 221 mM the presence of the carboxylate group of formate is clearly 

observed. In the case of ettringite (see Figure 16 in the Appendix 3.1), the stretching vibrations of the 

formate carboxylate group  overlap with the bending vibrations of Ca=OH2 (1660 cm-1) [241], and 
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similarly to Ms, a small shoulder to the Ca=OH2 signal appears at high formate concentration. The 

intensity of the sulfate stretching vibration at ≈ 1100 cm-1 decreases for formate concentration lower 

than 1 mM. 

 

 
Figure 25. Effect of the initial formate concentration on the FT-IR spectra Hc, hemicarbonate at 7 days of 

contacting time after the formate adding. 
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Figure 26. Effect of the initial formate concentration on the FT-IR spectra Ms, monosulfate at 7 days of contacting 

time after the formate adding. 

 

Figure 27 shows the evolution of Ca and sulfate in solution and activity of protons (pH) as a function of 

the formate concentration. In general, at formate concentrations below 100 mM, both calcium and 

sulfate concentrations and pH values remain constant, indicating a very low replacement of sulfate by 

formate. Higher formate concentrations result in a decrease of pH, which results also in increased Ca-

concentrations. For formate concentrations higher than 100 mM, also sulfate concentrations of AFt 

increase. The pH values are lowered slightly for Hc and Ms and by 1 pH unit for Mc and 4 pH units for 

AFt. Although a low Ca concentration is visible in the experiment with ettringite at low formate 

concentrations, the Ca concentrations increase steeply and reached higher calcium concentrations at 

high formate concentrations as compared to the respective experiment with AFm phases. Reversely, the 

sulfate concentration trend of AFt, in the case of Ms the sulfate concentration decreases by one order of 

magnitude at the highest formate concentrations. 
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Figure 27. (a) Measured Ca aqueous concentration and (b) pH values of AFm phases (Ms. Mc, and Hc) and AFt, 

with [Na]tot = 0.2 M and a contacting time of 7 days. Shaded grey areas indicate the regions where Ca-formate 

formation is expected based on XRPD characterization. 
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The sorption isotherms for formate uptake on AFm phases and ettringite are shown in Figure 28. The 

overall sorption capacity, reported only for AFm phases (see horizontal lines in Figure 28), refers to the 

sum of surface sorption sites and interlayer sorption capacity and for all phases correspond to ≈ 3 mol 

per kg solid. For ettringite, a total sorption capacity of 1.6 mol per kg solid is calculated in this study. 

Assuming that the main sorption uptake mechanism occurs via electrostatic interaction between the 

positive charged layer and the accommodating anion, the total molar capacity per kg of solid for formate 

is based on the valence of formate in the anionic form (-1) and the total positive charge (+2) of the main 

layer Ca4Al2(OH)12
2+ per formula unit. The uptake on the external surfaces of AFm phases has been 

observed to be 40 to 1000 times lower [39, 260] (see section 3.1.3), corresponding to ≈ 0.003 mol per 

kg solid.  

The batch experiments, carried out at pH ≈ 13.3, show that formate uptake on Hc, Mc and AFt is low 

and comparable to each other at low formate concentrations. For [FOR]eq, sol > 10-2 M, the uptake on AFt 

deviates downwards from the reference sorption isotherm with a slope of 1 with the increase of formate 

concentration (Figure 28), while for Hc higher uptake is observed at higher concentrations following the 

linear isotherm line. The limited sorption of formate on ettringite and Mc seems to indicate that formate 

mainly sorbs on the outer surface, but is not able to replace the anions in the interlayer or the channels 

of ettringite. Similar to our observations, Nedyalkova et al. [13] observed that also iodide ions sorption 

occurred in the case of Mc on the outer surface only and reported a ratio of outer to total surface sites 

for AFm phases of 1:1000. Assuming the same outer to total surface sites ratio of 1:1000, as indicated 

by the second horizontal line in Figure 28, explains the observed upper limit of formate sorption on Mc. 

In the case of Ms a sorption step was observed at a higher outer to total surface sites ratio of 1:100, while 

for ettringite an upper limit of ≈ 0.01 mol per kg solid was observed. Therefore, it seems that in the case 

of Mc and AFt, formate sorbs mainly at the outer surface. These observations are also in agreement with 

the results obtained from the XRPD analysis. Only for Hc, formate sorption increases linearly with 

formate concentration, suggesting that both the inner and outer surface sites of Hc can be occupied by 

formate. The monovalent nature of interlayer anion (OH-) present and structure (larger d-spacing) of Hc 

may justify the higher uptake capacity of formate on Hc. 

For AFm phases, Rd values of ≈ 1.5 dm3/kg and ≈ 3 dm3/kg for Mc and ettringite, respectively, were 

derived for formate solution concentrations < 2 mM, while the Rd of Hc and Ms were 2.3 ± 0.1 dm3/kg 

93 ± 93 dm3/kg respectively, over the entire range of values measured. Except for the case of Ms, these 

values are comparable to the values reported by Wieland et al [3]. (Rd Ms ≈ 2 dm3/kg, Mc ≈ 0.3 dm3/kg, 

ettringite ≈ 1 dm3/kg and Hc ≈ 20 dm3/kg at ≈ 3 mM formate and lower pH values of ≈ 12). The 

comparable values also seem to indicate that in the case of ettringite and AFm phases, where anions 

compensate the positive charge of the main layer, the pH has a minor effect on the Rd values, with the 

exception of Hc, where formate competes with OH- and a clearly lower uptake was observed in the 

present study at pH 13.2 than by Wieland et al at pH ≈ 12. 
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Figure 28. Experimental formate sorption isotherm for monosulfate (Ms), monocarbonate (Mc), hemicarbonate 

(Hc) and ettringite (AFt) after an equilibration time of 7 days. The upper and lower horizontal lines indicate the 

overall potential uptake and the uptake on the outer surface of Mc, Hc, and Ms respectively. 
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3.1.3. Citrate uptake by C-S-H, AFm phases, ettringite and PC 

3.1.3.1. Kinetic experiments: uptake of citrate 

3.1.3.1.1. C-S-H phases 

Kinetic sorption experiments were investigated on pure C-S-H phases for equilibration times ranging 

from 1 to 14 days. 34.5 mM of citrate were added to the suspensions and samples were let equilibrate 

under continuous shaking. The pH values (Figure 29) of C-S-H 1.2 and 1.4 were constant over time, 

while for C/S = 0.8 and 1.0 the pH decreased by ca. 0.2 pH units. Furthermore, for C/S > 1.0, the 

portlandite was destabilized in the presence of [CIT]tot = 34.5 mM, due to the formation of the aqueous 

complex CaCit-. The XRPD characterizations (see Figure 17-Figure 20 in the Appendix 3.1) for this 

system showed the destabilization of portlandite 1 day after the citrate addition. The citrate concentration 

in solution was found to be lower than the initial citrate concentration for all C/S ratios. With the 

exception of C-S-H 1.4, the citrate concentration decreased over time, which is probably linked to the 

precipitation of Ca-citrate, Ca3(C6O5H7)2·4H2O, as observed by XRPD analysis for longer equilibration 

times (Figure 20 in the Appendix 3.1) and also suggested from the calculation of saturation indices 

reported in the Appendix 3.1 (see Table 35, 37, 39 and Table 41). 
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Figure 29. (a) pH values (measurement error ± 0.1 pH units) and (b) citrate aqueous concentrations (measurement 

error ± 2 %) in the presence of C-S-H phases (Ca/Si = 0.8 – 1.4) measured at different equilibration times (t = 1 

– 14 days) in the presence of initial [CIT]tot = 34 mM and [Na]tot = 0.2 M. Empty crossed symbols indicate the pH 

values in the absence of citrate. 
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3.1.3.1.2. AFm phases and ettringite 

The results of time dependent sorption experiments are shown in Figure , where citrate was added to the 

pre-synthesized and equilibrated AFm phases and ettringite. All experiments were performed with the 

same total sodium concentration of 200 mM (pH ≈ 13.3). The presence of citrate lowered the pH values 

of AFm phases (from initially ≈ 13.3) and ettringite (from initially 13.1), to pH = 12.9 (Ms and Mc) and 

pH = 12.7 for ettringite (Figure a). In the case of Hc, the pH was decreased by 0.2 units (from 13.2 to 

13.0) only after 1 day, due to the uptake of citrate on Hc. In general, pH values increased between 1 and 

4 days of equilibration, while citrate concentrations decreased up to 4 days (Figure ) significantly in the 

case of Hc, and moderately for Ms and AFt. In the case of Mc, small variations of both pH and citrate 

were observed, indicating a very weak uptake. In parallel with the changes in pH values and citrate 

concentrations, some variations in aluminium and calcium concentrations were observed during the first 

4 days (see Table 41, Table 44, Table 46 and Table 47 in the Appendix 3.1). In general, citrate enhances 

the dissolution of Ca2+ from the solid phase, due to the formation of stable Ca-citrate complexes and/or 

to the precipitation of Ca-citrate salts (e.g. Ca3Cit2·4H2O) (Figure 32 in the Appendix 3.1). The data 

shown in the Figure  indicate that a steady state sorption was reached within 4 days. Thus, all further 

sorption experiments were conducted with an equilibration time of 7 days. No additional solids formed 

due to the presence of citrate (see XRPD spectra, Figure 21-Figure 24 in the Appendix 3.1). 
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Figure 28. (a) pH values (measurement error ±0.1 pH units) and (b) gluconate aqueous concentration 

(measurement error ± 2 %) in the presence of AFm phases (Ms. Mc, and Hc) and AFt measured at different 

equilibration time (t = 1 – 14 days) in the presence of initial [CIT]tot = 34 mM and [Na]tot = 0.2 M. Empty crossed 

symbols indicate the pH values in the absence of citrate. 
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3.1.3.2. Sorption experiments: uptake of citrate 

3.1.3.2.1. C-S-H phases 

Figure  shows the comparison of the XRPD spectra of C-S-H phases in presence ([CIT]tot, = 34 mM) and 

in absence of citrate. As mentioned in the section 3.1.1.1, the interplanar distance between the two main 

calcium layers decrease with the increase of the C/S [15, 230, 255]. Lothenbach and Nonat [15] indicate 

that the reduction of the interplanar distance is due to the attraction between Ca2+ ions in the interlayer 

and the negatively charged main layers. Citrate sorption has a negligible effect on the d-spacing (002) 

for C/S ≤ 1.0, while for C/S equal to 1.2 and 1.4 a shift of the main peak position of (002) distance 

towards higher 2θº (decrease of interplanar distance) is visible. A similar result has been found for C-S-

H with lower C/S and low pH values [230]: the decrease of the interplanar distance was due to the higher 

Ca-concentration present in the interlayer region, which determines the attraction of the two main layers. 

Since the pH conditions are different and the Ca concentration in presence of citrate is lower, it is not 

possible to apply the observations reported by [230] to the interplanar distance decrease observed in this 

study. However, a decrease of the layer distance could be related to the increase of ionic strength from 

⁓0.2 in 0.2 M NaOH in the absence of citrate to I ⁓ 0.25 M in the presence of 0.034 M citrate, which 

lowers the thickness of the diffuse layer. A small decrease of Ca bulk concentration was observed for 

equilibrium citrate concentration higher than ~ 0.003 M, due to the formation and precipitation of 

Ca3Cit2·4H2O as also suggested for saturation indices (see Table 51, Table 53, Table 55 and Table 57 in 

the Appendix 3.1). Furthermore, the portlandite present in the pure C-S-H phase with a C/S = 1.2 and 

1.4 is destabilized by citrate, due to the formation of aqueous CaCit- complexes (see Figure 32 in the 

Appendix 3.1). 
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Figure 29. XRPD characterization of C-S-H phases (C/S = 0.8 – 1.4) in presence ([CIT]tot= 34 mM) and in absence 

of citrate after 7 days of contacting time. 

 

The typical stretching vibration of the Si-O bond at ≈ 950 cm-1 of C-S-H phases equilibrated in presence 

of [CIT]tot = 34 mM, (Figure 30) shifts systematically towards lower wavenumbers, as for the system in 

absence of citrate. Compared to the solid phases equilibrated in absence of organics, citrate leads to the 

stretching vibration towards higher wavenumbers especially for low C/S. The band at 840 – 810 cm-1, 

labelled as Q1 increases in intensity and the peak position shifts towards lower wavenumbers with the 

increase of C/S ratio. By comparing the intensity of the Q1 band for the systems in presence and in 

absence of citrate, the Q1 sites are less in presence of citrate (less Ca in C-S-H) in particular for C/S = 

1.0. This observation is in agreement with the increase of Ca concentration in solution discussed in the 

next section. The presence of citrate for all C-S-H phases is also observable in the wavenumber range 

1550-1400 cm-1, where additional bands (of carboxylate group) occur. 
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Figure 30. FT-IR characterization of C-S-H phases (Ca/Si=0.8–1.4) equilibrated with [CIT]tot, = 34 mM for 7 days 

of contacting time in the wavenumber region 2000–400 cm-1. 

 

Figure 31 shows the total Ca concentration in solution and the pH values as a function of the equilibrium 

citrate concentration. The Ca concentration (Figure 31a) increases linearly for all C-S-H phases with the 

increase of citrate concentration. A small effect on the calcium concentration is observed for citrate 

concentration [CIT]eq, sol < ≈ 0.1 mM. For [CIT]eq, sol ≥ 1 mM, the calcium concentrations increases due 

to the formation of aqueous CaCit- complexes. This observation is in agreement with the argumentation 

reported above regarding the effect of citrate on the C-S-H phase composition: citrate enhances the 

dissolution of Ca2+ by lowering the C/S ratio of C-S-H and consequently decreasing the fraction of Q1 

sites as observed in the FT-IR analysis. The pH values shown in the Figure 31b decrease with increasing 

addition of citrate, in particular for low C/S, since Na+ is sorbed strongly in ion exchange sites of C-S-

H phases [261].The increased uptake of Na+ at low C/S C-S-H lowers the aqueous Na+ concentrations 

and thus the pH values in the solution, while at higher C/S values, where less Na+ is bound, this effect 

is less pronounced. In contrast to formate, where the pH values as well as Na sorption on C-S-H 

decreased strongly, the effect of citrate on pH values and Na sorption was less strong due to the strong 

sorption of citrate on C-S-H. 
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Figure 31. (a) [Ca] aqueous concentration and (b) pH values for C-S-H phases (Ca/Si=0.8 – 1.4) as function of 

citrate concentration in solution measured after 7 days of contacting time. Shaded grey areas indicate the regions 

where Ca-citrate formation is probably based on SI calculation. 

 

The uptake of citrate on C-S-H is reported in Figure 32 as moles of citrate adsorbed per kg of C-S-H. 

Details about weight quantification (mass balance equations) are reported in the Table 58 in the 
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Appendix 3.1. Reversely to the case of formate, citrate uptake increases with increasing Ca/Si ratio and 

with increasing calcium concentration in solution (Figure 32).  

For citrate concentrations higher than 2 mM, where the CaCit- complex dominates the Ca speciation in 

solution, the isotherm for citrate sorption onto C-S-H phases deviates from the “ideal” isotherm with a 

slope of 1. Sorption data suggest some kind of saturation and at C/S = 0.8, where little calcium is 

available, even a partial decrease of sorption is visible. From this observation, it is possible to deduce 

that the uptake of citrate is mediated by the presence of Ca2+ at the surface [136, 138]. In particular the 

uptake decrease at higher concentrations of anionic organic ligands, found also in gluconate sorption 

experiments [138], is caused by the depletion of Ca2+ at the surface being responsible for citrate sorption. 

Such a behavior was predicted by Turesson and coworkers [262] based on Monte-Carlo simulations for 

the Ca2+ mediated adsorption of polymers on negatively charged surfaces. 

 

 
Figure 32. Sorption isotherms calculated as moles of citrate sorbed per kg of solid phase, for C-S-H phases with 

a ratio of 0.8 ≤ C/S ≤ 1.4 and Portland cement (PC) after 7 days of contacting time the citrate adding. Symbols 

marked with (*) indicated the possible formation of Ca3Cit2·4H2O as suggested by the calculated saturation 

indices.  

 

For citrate concentrations lower than 2 mM, distribution coefficients (Rd) of (3.0 ± 1.1) dm3·kg-1, (16.2 

± 7.0) dm3·kg-1, (39.5 ± 13.7) dm3·kg-1 and (52.6 ± 11.5) dm3·kg-1 were determined for C/S of 0.8, 1.0, 
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1.2 and 1.4, respectively. The uptake of citrate on PC is about one order of magnitude higher than the 

uptake by C-S-H 1.4, with a Rd of (154 ± 16) dm3·kg-1. As discussed above for formate, the higher 

uptake on PC may be caused by the additional sorption occurring on secondary phases such as AFm and 

AFt present in hydrated cement (see Table 100 in the Appendix 3.1). In addition, the steep sorption 

isotherm observed for very low citrate concentrations on PC, may incate that the uptake of citrate could 

take a place via multilayer sorption mechanism.  

 

3.1.3.2.2. AFm phases and ettringite 

The presence of citrate affected the structure and composition of Hc, Ms and AFt. As observed for 

formate uptake experiments, the interlayer distance (006) of Hc and cHc C4Ac0.8H10.2 [238] increases 

clearly with the citrate concentration (Figure 33). At the highest citrate concentration ([CIT]tot = 34 mM), 

only one of the two reflections related to Hc and cHc is present. The decrease of the intensity of the 

main basal reflection with increasing citrate concentration may indicate a decrease in ordering and/or 

more variable interlayer distance. Note that the main layer signal at ≈ 31º 2θ related to the 110 plane did 

not broaden or decrease in intensity. In the case of Ms, the basal reflections of both Ms12 and Ms14 

(monosulfate with 12 or 14 H2O moles of water) show a slight shift towards lower 2θº angles with the 

increase of citrate concentration. Such small interlayer distance increase is a consequence of the 

intercalation of citrate or more likely, due to a decrease of the number of stacked layers, which shifts 

the XRPD signal at a constant basal spacing to lower 2θ° values [231, 256]. In the case of Mc, no clear 

effect of citrate on the interlayer distance is observed (Figure 26 Appendix 3.1), indicating no significant 

uptake of citrate in the interlayer of Mc. These findings agree with the observation reported for the 

kinetic sorption experiments, where a similar broadening of the basal reflection was observed. As 

observed for the broadening of AFm phases' d-spacing in presence of formate, also for citrate the 

interlayer uptake via anion exchange reaction is discriminated by the structure of crystal solid phase 

[202]. Citrate exhibits a slight effect on the ettringite structure. The main (100) signal at 9.1º 2θ (d = 9.7 

Å) in a direction (perpendicular to the columns) shows an increase of 0.06º increase with increasing 

citrate concentration (Figure 27, in the Appendix 3.1). In addition, for the small (002) reflection (parallel 

to the column) at 8.2º 2θ (d = 10.7 Å) no significant variations are observed.  
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Figure 33. XRPD patterns of hemicarbonate after sorption of citrate and for contacting time t = 7 days. The figure 

shows the shift of basal spacing of Hc (hemicarbonate) in the presence of citrate. cHc indicates carbonated 

hemicarbonate. 

 

The uptake of citrate in the AFm phases and AFt structure is also visible through the FT-IR analysis, as 

shown for Hc in Figure 34. In particular, the wavenumber range 2000-1000 cm-1 shows how the intensity 

of stretching vibration band of the citrate carboxylate group grows with the citrate concentration. The 

increase of the signal of the carboxylate group of citrate is much more intense for Hc than for Ms, 

indicating a more intense uptake of citrate in agreement with XRPD results. As also observed for the 

Ms-formate system, the intensity of the sulfate group decreases with increasing citrate concentrations 

(Figure 28, Appendix 3.1). For Mc, the slight decrease of the bending vibrations of CO3
2- (1450 – 1400 

cm-1, see Figure 29 in the Appendix 3.1) with the increase of citrate concentration, indicate a lower 

tendency of citrate sorption via anion exchange reaction for Mc than for Ms and Hc. 

In the case of ettringite the stretching vibrations of the carboxylate groups of citrate are covered by the 

bending vibrations of Ca=OH2 (1660 cm-1) [241], while the intensity of the sulfate stretching vibration 

at ≈ 1100 cm-1 shows some variations (see Figure 30 in the Appendix 3.1), but no systematic decrease 

with citrate concentration indicating no or only very little replacement of sulfate by citrate.  
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Figure 34. Effect of the initial citrate concentration on the FT-IR spectra of, Hc, hemicarbonate at 7 days of 

contacting time after the citrate adding. 

 

All measured data and calculated saturation indices are provided in Table 59, Table 61, Table 63 and 

Table 65 in the Appendix 3.1. Figure 35 shows that the addition of citrate increases the calcium and 

sulfate concentrations but lowers the pH values in the presence of AFm phases and ettringite. The 

increase of the sulfate concentration for Ms and ettringite in the presence of citrate indicates a partial 

replacement of sulfate by citrate. The increase of the calcium concentration with citrate addition is 

mainly due to the formation of aqueous CaCit- complexes, which dominate Ca speciation at citrate 

concentrations at > 1 mM as reportes in Figure 32 (see the Appendix 3.1). CaCit- has been found as the 

most stable aqueous Ca complex in the presence of 2 mM citrate and above in the presence of all AFm 

phases and ettringite studied here. Citrate is present in solution mainly as fully deprotonated Cit3- 

species. At high calcium concentrations and low citrate concentrations a significant fraction of CaCit- is 

calculated to form, while the fraction of citrate complexes with Na, K or Al are negligible (< 0.1% of 

citrate) under all conditions considered. Although ettringite samples have the lowest Ca concentration 

at low citrate concentrations, the Ca concentrations increase steeply and reach comparable calcium 

concentrations at high citrate concentrations as observed for the AFm phases. In the case of Hc and AFt, 

however, the Ca concentrations drop at the highest citrate concentrations, where the solutions are 

oversaturated with respect to Ca3(Cit)2·4H2O(s), as detailed in Table 64 (hemicarbonate) and Table 66 



 

86 

 

(ettringite) in the Appendix 3.1, pointing towards the possible precipitation of this solid phase. The 

saturation indices calculated from the measured aqueous concentrations show also a strong 

oversaturation with respect to citrate-AFm and citrate-AFt indicating a kinetic hindrance of their 

formation in the sorption experiments conducted.  
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Figure 35. (a) Measured Ca aqueous concentration and (b) pH values of AFm phases (Ms. Mc, and Hc) and AFt, 

with [Na]tot = 0.2 M and a contacting time of 7 days. Shaded grey areas indicate the regions where Ca-citrate 

formation is expected based on SI calculation. 
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The sorption of citrate on AFm phases and ettringite is shown in Figure 36. Assuming that the main 

uptake occurs via electrostatic interaction between the positive charged layer and the accommodating 

anion, the total molar capacity per kg of solid for citrate is based on the valence of citrate in the anionic 

form (-3) and the total positive charge (+2) of the main layer Ca4Al2(OH)12
2+ per formula unit. Figure 

36 shows that citrate sorbs at low concentrations significantly on Hc and on Ms and weakly on Mc and 

AFt. The citrate sorption on Mc, Ms and ettringite increases with citrate concentrations up to ≈ 10-2 mol 

citrate per kg solid, while at higher citrate concentrations, little uptake is observed. In the case of AFt, 

saturation indices calculations indicate that the precipitation of Ca-citrate (Ca3(Cit)2·4H2O(s)) is 

expected for citrate concentrations higher than 6 mM (symbols marked with “*” in Figure 36). The 

limited sorption of citrate on Ms, ettringite and Mc observed for citrate equilibrium concentrations in a 

range of 10-3 M < [CIT]eq, sol < 10-2 M might be related to the predominant uptake of citrate by solid 

phase outer surface sites over the uptake on other sorption sites (e.g. interlayer sites, edge-sites). The 

sorption studies carried out by Ma et al. [39] and Nedyalkova et al. [13], reported a ratio of outer to total 

surface sites for AFm phases of 1:1000 and 1:60 respectively. The large difference of outer to total 

surface sites ratios determined by [13] and [39] may depend on the different experimental methods, the 

pH values or ionic strength used: in the case of [13] the ratio is empirically determined for the uptake of 

iodide on AFm phases, and in the case of [39] is calculated by means of the specific surface 

charachterization through BET analyses of the synthesized phases. As observed for the uptake of iodide 

on Mc [13], it is possible to deduce that citrate sorption occurs for Mc and AFt exclusively and in the 

case of Ms predominantly at at outer surface sites. In this case, the horizontal lines labelled as outer 

surface sorption capacity were obtained by assuming a ratio of outer surface sites to total (outer and 

interlayer) surface sites of 1:200 (Figure 36). This value has been accordingly chosen taking into account 

the plateau of the sorption isotherms observed for all phases approximately in the citrate concentration 

range 10-4 M < [CIT]eq, sol < 10-2 M. Only in the case of Hc, sorption increases with citrate concentration 

with a slope of 1, indicating a high affinity of citrate on Hc sorption sites, both located on outer and 

interlayer regions. For Ms also a strong uptake is observed at low citrate concentrations, indicating that 

only outer surface sites of Ms can be occupied by citrate. This observation is also in agreement with the 

strong decrease of the zeta potential of Ms up to ≈ 0.01 mol/kg Ms (see Figure 31 in the Appendix 3.1). 

For AFm phases, Rd values of ≈ 10 (Mc), ≈ 40 (Hc) and ≈ 200 dm3/kg (Ms) were derived for citrate 

concentrations < 0.1 mM, while the Rd of ettringite was in the range of 1 to 18 dm3/kg. At higher citrate 

concentrations, these values decreased strongly by about ≈ 2 orders of magnitude (Mc, Ms and AFt) due 

to limited accessibility of the available sorption sites by citrate. 
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Figure 36. Experimental citrate sorption isotherm for monosulfate (Ms), monocarbonate (Mc), hemicarbonate 

(Hc) and ettringite (AFt) after an equilibration time of 7 days. The upper and lower horizontal lines indicate the 

overall potential uptake and the uptake on the outer surface of Mc, Hc, and Ms respectively. Symbols marked with 

(*) indicate the potential precipitation of Ca3Cit2·4H2O based on the calculated saturation indices in the Appendix 

3.1. 
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3.1.4. Gluconate uptake by C-S-H, AFm phases, ettringite and PC 

3.1.4.1. Kinetic experiments: uptake of gluconate 

3.1.4.1.1. C-S-H phases 

The kinetics of gluconate sorption to C-S-H phases were investigated for times ranging from 1 to 14 

days. As for the others organic ligands, a known concentration of gluconate ([GLU]tot = 21 mM) was 

added to the suspensions. The sample were further equilibrated under continuous shaking, prior to 

separation and analysis (see details in the chapter 2). The pH values (Figure 37a) remained constant for 

all C-S-H phases in the interval of time 1-7 days, but decreased slightly by 0.2 pH units for C-S-H 0.8 

and 1.0 at contacting times > 7 days. As observed for formate and citrate, portlandite was destabilized 

in the presence of gluconate for C/S equal to 1.2 and partially for the system with a C/S = 1.4 (see Figure 

35 and Figure 36, Appendix 3.1) due to the formation of CaGluOH0, Ca2(Glu)2(OH)4
2- and 

Ca3(Glu)2(OH)4
0 aqueous complexes, in agreement with the results obtained in the study of Bouzouaid 

et al. [138]. The XRPD spectra (see Figure 33 – Figure 36 in the Appendix 3.1) indicate that portlandite 

was destabilized in the presence of [GLU]tot = 21 mM. The aqueous gluconate concentration is shown 

in the Figure 37b: the gluconate concentration was found lower than the initial concentration for all C/S 

ratio. The decrease of gluconate concentration is probably due to the gluconate sorption onto C-S-H 

phases, which was found directly dependent on the Ca bulk concentration in the solid phase.  
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Figure 37. (a) pH values (measurement error ± 0.1 pH units) and (b) gluconate aqueous concentrations 

(measurement error ± 2 %) in the presence of C-S-H phases (C/S = 0.8 – 1.4) measured at different equilibration 

times (t = 1 – 14 days) in the presence of initial [GLU]tot =21 mM and [Na]tot = 0.2 M. Empty crossed symbols 

indicate the pH values in the absence of gluconate. 
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3.1.4.1.2. AFm phases and ettringite 

As for formate and citrate, experiments were carried out by adding a total gluconate concentration of 21 

mM and, in order to have the same alkaline conditions for all samples, a total sodium concentration of 

200 mM was applied. The addition of gluconate lowered the pH value of all AFm phases and ettringite 

by about 0.1-0.2 pH units. For equilibration times ranging from 1 day to 7 days, Figure 38a shows an 

increase of gluconate sorption with time for all systems concomitant with an increase of pH. In general, 

the observed pH varations for Ms, Mc, Hc and AFt occur within the experimental uncertanities. The 

gluconate solution concentrations are lowest in Hc experiments indicating a higher gluconate uptake on 

Hc, followed by ettringite and Ms and a more moderate uptake on Mc. The solution composition 

reported in the Table 75, Table 77, Table 79 and Table 81 (see in the Appendix 3.1) indicate that the 

presence of gluconate increases also the concentration of calcium and aluminium for Ms, Mc and AFt, 

while for Hc, a slight decrease of Al and Ca concentrations was observed. Overall, these data indicate 

that a steady state concerning gluconate sorption was reached within 7 days and little variations occurred 

between 4 to 14 days. In all cases, no additional solids formed due to the addition of gluconate (see 

XRPD data in Figure 37 - Figure 40 in the Appendix 3.1).  
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Figure 38. (a) pH values (measurement error ± 0.1 pH units) and (b) gluconate aqueous concentration 

(measurement error ± 2 %) in the presence of AFm phases (Ms. Mc, and Hc) and AFt measured at different 

equilibration time (t = 1 – 14 days) in the presence of initial [GLU]tot = 21 mM and [Na]tot = 0.2 M. Empty crossed 

symbols indicate the pH values in the absence of gluconate. 
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3.1.4.2. Sorption experiments: uptake of gluconate 

3.1.4.2.1. C-S-H phases 

The XRPD spectra of C-S-H phases with a C/S = 0.8 – 1.4 equilibrated in presence of 21 mM of [GLU]tot 

are shown in the Figure . The presence of gluconate has a negligible effect on the interplanar distance 

for C-S-H phases with 0.8 ≤ C/S ≤ 1.2, while a peak broadening is observed, in particular at higher C/S, 

probably related to a decrease in the number of layers stacked in c-direction [231, 256]. A decrease in 

the number of stacked layers would also explain the apparent decrease in basal spacing from 11.1 Å (no 

gluconate) to 9.7 Å visible for C-S-H 1.  

The determination of C/S of the bulk C-S-H phase indicates a slight decrease of Ca content at high 

gluconate concentrations (Figure 41, Appendix 3.1). Also, gluconate destabilized the portlandite found 

in the sample in absence of gluconate, mainly due the formation of calcium-gluconate(-hydroxide) 

aqueous complexes. 

 
Figure 39. XRPD characterization of C-S-H phases (C/S = 0.8 – 1.4) in presence ([GLU]tot = 21 mM) and in 

absence of gluconate after 7 days of contacting time. 

 

The FT-IR of C-S-H phases (Ca/Si = 0.8 – 1.4) equilibrated for 7 days with 21 mM of gluconate in 

Figure 39 shows the typical stretching band of the Si-O bond at ≈ 950 cm-1, which shifts systematically 

towards lower wavenumbers with higher C/S as also observed in the absence of gluconate (Figure 9). 

The presence of gluconate led to somewhat higher wavenumbers in particular for the low C/S C-S-H 

samples. The Q1 band (840 – 810 cm-1) is well visible for C/S 1.2 and 1.4. The comparison with the 

citrate-free C-S-H samples indicates less Q1 sites in the presence of gluconate and thus less Ca in C-S-
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H, in particular for C/S = 1. This is consistent with the increased Ca concentration in the aqueous phase, 

as discussed in the next section. In the presence of gluconate, additional bands occurred in the 

wavenumber region of 1550 and at 1400 cm-1 indicating the presence of citrate in C-S-H for all Ca/Si 

ratios. 

 

 
Figure 39. FT-IR characterization of C-S-H phases (C/S=0.8–1.4) equilibrated with 21 mM of gluconate 

concentration for 7 days of contacting time in the wavenumber region 2000–400 cm-1. 

 

Figure 40 shows the total Ca concentration in solution and the pH values as a function of the equilibrium 

gluconate concentration. The Ca concentration (Figure 41a) increases significantly for all C-S-H phases 

with the increase of gluconate concentration, in agreement with the observations reported in Bouzaid et 

al., 2022 [138]. Such an increase of Ca in solution is in agreement with the observed slight 

decalcification of C-S-H in the presence of gluconate observed in the FT-IR analysis. The pH decreases 

with the increase of gluconate concentration, in particular for low C/S, since Na+ strongly sorbs to ion 

exchange sites of C-S-H phases by simultaneously releasing protons [230]. This effect is less 

pronounced with the increase of C/S ratio. 
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Figure 42. (a) [Ca] aqueous concentration and (b) pH values for C-S-H phases (C/S=0.8 – 1.4) as function of 

gluconate concentration in solution measured after 7 days of contacting time. 
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Figure 43 shows the sorption isotherms calculated as moles of gluconate sorbed per kg of C-S-H phases. 

The quantification of C-S-H weight, calculated by combining mass balance calculation and water 

content obtained from TGA analysis, is reported in the Table 91 (see the Appendix 3.1). The uptake of 

gluconate occurs on all C-S-H phases and shows a linear increase with the increase of gluconate 

concentration.  

Gluconate seems to sorb similarly on C-S-H phases with a C/S = 0.8 - 1.0, while for C/S > 1.0, the 

gluconate-C-S-H phase interactions are stronger: for a fixed [GLU]eq,sol value, the concentration of 

sorbed gluconate per kg of C-S-H phase increases with the increase of C/S ratio. The uptake of gluconate 

is, therefore, mediated by complexation with Ca at the surface of C-S-H phases [136].  

 

 
Figure 43. Sorption isotherms calculated as moles of gluconate sorbed per kg of solid phase, for C-S-H phases 

with a ratio of 0.8 ≤ C/S ≤ 1.4 and Portland cement (PC) after 7 days of contacting time the gluconate adding.  

 

Considering all gluconate concentrations, the gluconate uptake increases with the C/S ratio of the solid 

phase and Rd values of (3.9 ± 2.1) dm3·kg-1, (3.9 ± 1.4) dm3·kg-1, (17.6 ± 0.7) dm3·kg-1 and (35.8 ± 23.5) 

dm3·kg-1 were obtained for C/S = 0.8, 1.0, 1.2 and 1.4, respectively. The uptake of gluconate on PC 

occurs with a distribution ratio of (131 ± 55) dm3·kg-1. This latter result indicates that gluconate sorbs 
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strongly on C-S-H phases, although the potential uptake on the other secondary hydrated phases present 

in PC cannot be excluded. 

 

3.1.4.2.2. AFm phases and ettringite 

The uptake of gluconate affects both chemical composition and moderately the structure of AFm phases 

and ettringite. Figure 44 shows the shift of the position of the main basal spacing of Hc in presence of 

gluconate. The increase of gluconate concentration results in a slight shift of the main basal spacing 

towards lower 2θº values (higher d-values). Both interlayer distances of hemicarbonate (Hc) and 

carbonated hemicarbonate (cHc, C4Ac0.8H10.2 [238]) increase with the gluconate concentration 

(Figure 44). Furthermore, the small decrease of peak intensity may indicate a decrease in ordering of 

the stacking structure in the presence of gluconate. The XRPD characterization carried out on the other 

phases (see Figure 43-Figure 45 in the Appendix 3.1), indicates only a small effect on the dimensions 

of the interplanar distance for AFm phase and for the distance d(100) of AFt. In addition, a broadening of 

the main signal associated with the basal spacing is observed mainly for Hc and Ms, and less for Mc, 

which may indicate less effect of gluconate Mc. Since the presence of gluconate enhances the 

concentration of calcium and sulfate (for Ms and AFt) in solution (see below), it is possible to assume 

that gluconate may sorb in a different sorption site, like edge-layer sites [39] or at the surface of AFm 

phases and ettringite particles. Also AFt exhibits a slight variation of the distance (100) in the presence 

of gluconate, and in addition exhibits a much stronger signal intensity in the a direction (perpendicular 

to the columns) than in the absence of organics or in the presence of formate or citrate. 
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Figure 44. XRPD patterns of hemicarbonate after sorption of gluconate and for contacting time t = 7 days. The 

figure shows the shift of basal spacing of Hc (hemicarbonate) in the presence of gluconate. cHc indicates 

carbonated hemicarbonate. 

 

In general, the uptake of gluconate is visible for all phases in the FT-IR spectra, in the wavenumber 

region 2000-1000 cm-1, as shown in the Figure 25 for Hc. In Figure 45 it is possible to notice the increase 

of the stretching vibrations bands of the carboxylate group (C=O) with the increase of gluconate 

concentration while the carbonate stretching band changes not systematically with the gluconate 

concentration. For Mc the bending vibrations of CO3
2- (1450 – 1400 cm-1, see Figure 46) in the ESM) 

increase for high gluconate concentration and moderately also the stretching vibrations bands of the 

carboxylate group. The intensity of the vibration band of the sulfate group increases with gluconate 

concentration, and for gluconate concentration of 21 mM, it is clear the presence of an additional 

vibration band related to the carboxylate group of gluconate. In the case of ettringite the stretching 

vibrations of carboxylate group of formate are covered by the bending vibrations of Ca=OH2 (1660 cm-

1) [241], a small shoulder to the Ca=OH2 signal appears in presence of gluconate. The intensity of the 

sulfate stretching vibration at ≈ 1100 cm-1 remains nearly constant with the increase of gluconate (see 

Figure 48 in the Appendix 3.1). 
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Figure 46. Effect of the initial aimed gluconate concentration on the FT-IR spectra of Hc, hemicarbonate at 7 days 

of contacting time after the gluconate adding.  

 

The presence of gluconate increases the calcium and sulfate concentrations of AFm phases and 

ettringite, but lowers the pH in Ms and AFt suspensions by 1 pH unit and slightly lowers the pH in the 

Hc suspension (Figure 47).  

The increase of the sulfate concentration in presence of Ms and ettringite after addition of gluconate 

indicates a partial replacement of sulfate by gluconate. As observed for formate and citrate, gluconate 

enhances the dissolution and increases the calcium concentration in solution. Such increase is mainly 

due to the formation of the aqueous complex Ca3(Glu)2(OH)4, which dominates the Ca speciation at 

[GLU]tot > 1 mM as shown for C-S-H 1.4 in the Figure 42 (Appendix 3.1). For high calcium 

concentration and low gluconate concentration a significant fraction of the complex Ca3(Glu)2(OH)4 is 

predicted to form. In the case of ettringite, the Ca concentration slightly increases for gluconate 

concentrations 10-1 mM < [GLU]eq, sol < 101 mM, and only for higher gluconate concentration, a steep 

increase of Ca concentration is observed. 
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Figure 47. (a) Measured Ca aqueous concentration and (b) pH values of AFm phases (Ms. Mc, and Hc) and AFt, 

with [Na]tot = 0.2 M and a contacting time of 7 days. 

 

The sorption of gluconate on AFm phases and ettringite is shown in Figure . The overall sorption 

capacity of AFm phases refers to the sum of surface sorption sites and interlayer sorption capacity. The 

gluconate sorption experiments show that gluconate sorbs on Ms, Hc and AFt.  
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In contrast to the uptake of formate or citrate, no clear sorption step was observed for gluconate, which 

could indicate that it adsorbs both on inter and outer surface sites in the case of Ms and Hc, in agreement 

with the small widening of the interlayer distance in the XRPD spectra. Also, on ettringite, gluconate 

sorption seems not to be limited, which might be related to the strong ordering observed in a direction 

of the XRPD signal. For the uptake of gluconate on AFm phases the Rd values of (17.7 ± 11) dm3/kg 

(Ms) and (114 ± 83) dm3/kg (Hc) were derived, while the Rd of (30.5 ± 37.3) dm3/kg for ettringite was 

determined.  

Following the same approach discussed in the sections 3.1.2.1.2 for formate and 3.1.3.2.2 for citrate, 

and based on the limited uptake observed for Mc a ratio of outer surface sites to total (outer and 

interlayer) surface sites equal to 1:300, as indicated by the horizontal lines labelled as outer surface 

sorption capacity in Figure  is applied. 

 

 

Figure 46. Experimental gluconate sorption isotherm for monosulfate (Ms), hemicarbonate (Hc) and ettringite 

(AFt) after an equilibration time of 7 days. The upper and lower horizontal lines indicate the overall potential 

uptake and the uptake on the outer surface of Ms, and Hc respectively.  
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3.1.5. Summary 

In this chapter, the uptake of formate, citrate, and gluconate by various cement hydrates: C-S-H phases, 

AFm phases, ettringite and hydrated PC was investigated. Formate sorbed significantly weaker than 

citrate and gluconate. Formate had also little effect on the solid structure of C-S-H phases, AFm phases, 

and ettringite. As the major fraction of formate remained in solution, a decrease in pH was observed for 

ettringite, Mc, and C-S-H phases with low C/S ratio. 

Citrate and gluconate sorb strongly on the C-S-H phases with high C/S ratio, hinting towards sorption 

mechanism driven by Ca complexation at the surface. Strong citrate and gluconate uptake was also 

observed on Hc and Ms, while very limited sorption was observed on Mc. Gluconate and citrate had 

little effect on the structure of C-S-H, Ms, Mc or ettringite. In the case of Hc an increase of the interlayer 

distance was observed, suggesting a possible sorption both on the outer surface of Hc as well as in its 

interlayer.  

A slightly stronger uptake of formate, citrate, and gluconate was observed on hydrated PC than on C-S-

H, underlining that also AFm phases and ettringite contribute to the binding of organics in hydrated 

cements.  
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3.2. Sorption of Pu in presence of formate, citrate and gluconate on cement phases, 

under reducing and hyperalkaline conditions 

In the present chapter the uptake of Pu in the redox, hyperalkaline conditions in presence of formate, 

citrate and gluconate will be discussed. The uptake is investigated for C-S-H phases with a low (0.8) 

and high (1.4) C/S ratio, AFm phase and ettringite.  

 

3.2.1. (pe + pH) measurements. Solubility and aqueous speciation 

The measured pHm and Eh (converted into pe) values of all the evaluated samples are plotted in the 

Pourbaix diagram of Pu shown in Figure . The Pourbaix diagram was prepared taking into account the 

equilibrium constants and SIT parameters as described in [169]. All pHm and Eh values of solubility 

experiments in presence of formate, citrate and gluconate showed stable readings within the timeframe 

of this study (180 days). 

Previous studies conducted under similar conditions in the presence and absence of organic ligands have 

reported (pe + pH) values for HQ- and Sn(II)-buffered systems [169]. The (pe + pH) values determined 

in this work for solubility and sorption experiments with HQ or Sn(II) in the presence of formate, citrate 

and gluconate agree well with previously reported data. Hence, the use of HQ as redox buffer sets 

moderately reducing conditions with (pe + pH) = (9 ± 1), which corresponds to the stability field of 

Pu(IV)s and Pu(IV)aq. This system is accordingly considered as the reference case to assess the 

interaction of Pu(IV) with FOR, CIT and GLU. The use of Sn(II) sets strongly reducing conditions (pe 

+ pHm = 1.5 ± 0.1), which can eventually promote the coexistence of both Pu(IV) and Pu(III) redox 

states.
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Figure 47. Pourbaix diagram of Pu calculated for m(Pu) = 10-5 m and I = 0.1 m NaCl using the thermodynamic 

data and (SIT) parameters as described in the text. pHm and Eh values experimentally determined for Pu(IV) 

sorption experiments in the presence of formate, citrate and gluconate and redox-buffering agents: hydroquinone 

(■) and Sn(II) (▲). Bold lines define the regions the redox reactions between Pu(IV) and other Pu redox states: 

the solid line are applied to define redox states of Pu solid phases while the dashed line of Pu aqueous species. 

Colored regions indicate equilibrium between Pu(IV)s and Pu(III)aq (red), Pu(V)aq (green) and Pu(VI)aq (blue). 

The borderlines of the stability field of water at (pe + pHm) = 20.77 and (pe + pHm) = 0, the “redox-neutral” line 

at (pe + pHm) = 13.8 and the lines at (pe + pHm) = 1.54 and 9 (blue and green respectively) are shown for 

comparison.
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Figure  shows the solubility of PuO2(ncr, hyd) as function of the organic ligand (formate, citrate and 

gluconate) concentration at constant pHm = 13.3 measured for a contact time of t ≤ 180 days. Solubility 

experiments conducted in the presence of formate and citrate show very low Pu concentrations both for 

HQ and Sn(II) systems, in good agreement with solubility calculations in the absence of organic ligands. 

These results reflect that both ligands cannot outcompete Pu(IV) hydrolysis in the hyperalkaline 

conditions investigated in this work. Although this observation appears evident for formate, one may 

expect a strong complexation of citrate with a hard Lewis acid like Pu(IV). Indeed, previous studies 

have shown the enhanced stability of the An(IV)-CIT complexes in acidic to moderately alkaline 

conditions [180, 263]. Hence, Felmy and co-workers showed that the solubility of ThO2(am, hyd) 

dominated by Th(IV)-CIT complexes steadily decreased from below pH ~ 8.5, reaching the same 

concentration as citrate-free systems at pH ~ 12 (see Figure ). Data shown in Figure  confirm that in the 

hyperalkaline conditions investigated in this work, An(IV) hydrolysis is expected to dominate over 

An(IV)-OH-CIT complexes in the aqueous phase. 

In the Pu-GLU system (see Figure c), plutonium concentration increases steadily with increasing 

gluconate concentration. This observation strongly supports the formation of stable Pu-GLU complexes 

in the aqueous phase. Some differences in solubility are identified for the HQ and Sn(II) systems, with 

slightly higher Pu concentrations measured in HQ-buffered samples. Differences are remarkable at low 

ligand concentration, whereas Pu concentrations measured at high [GLU]tot overlap within their 

corresponding uncertainties. Although these differences may reflect differences in the oxidation state of 

Pu, the possible complexation of gluconate with Sn(II) (or Sn(IV)) should be also considered. Note that 

the formation of binary Sn(II)-GLU and ternary Sn(II)-OH-GLU complexes was recently reported by 

Bretti and co-workers [264]. The possible formation of Sn(II)-OH-GLU complexes in the conditions of 

this study expectedly result in the decrease of free at [Sn(II)]tot > [GLU]tot. 

A slope of ~ 1 (log [Pu] vs. log [GLU]tot) may be assumed in the Figure c even though not fully 

compatible with the plotted experimental data. This assumption supports the formation of aqueous 

complex with a stoichiometry (Pu : GLU) ~ 1 : 1 as prevailing species. In this study, solubility was 

investigated at constant pH, and thus no information on the (Pu : OH) ratio in the aqueous complexes 

could be derived. The solubility of ThO2(am, hyd) in the presence of gluconate was previously 

investigated by Colàs et al. and Adam et al. [177, 191]. Based on the pH-independent behaviour of the 

solubility data, both studies suggested the predominance of the complex Th(OH)4GLU– (or 

Th(OH)2GLU-2H
–) at pH < 12. An increase of the solubility of Th(IV) with a slope of ~ 1 (log [Th] vs. 

pHm) was observed by Adam and co-workers at pH > 12, which supports the formation of the complex 

Th(OH)5GLU2– (or Th(OH)3GLU-2H
2–). The comprehensive thermodynamic and spectroscopic study of 

[186] supported by DFT calculations on Pu-ISA system suggested the formation of two Pu(IV) 

complexes in the HQ buffered system, Pu(IV)(OH)3(ISA–H)–
 and Pu(IV)(OH)3(ISA–2H)2–, which involve 

the deprotonation ion of both α– and γ–OH groups of ISA. 
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Figure 48. Experimentally measured 242Putot concentration in equilibrium with PuO2(ncr,hyd) at pHm  = 13.3 and equilibration times teq < 180 days, as function of the total ligand 

concentration (a) formate; (b) citrate; (c) gluconate. Solubility data obtained in the presence of HQ (full symbols) and Sn(II) (empty symbols). Solid and dashed lines represent the 

solubility of Pu(IV) and corresponding uncertainties calculated for the equilibrium reaction PuO2(ncr, hyd) + 2H2O(l)  Pu(OH)4(aq). 
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Figure 49. Solubility of ThO2(am, hyd) in the presence of [CIT] tot = 0.01 M at I = 0.5 M NaNO3 as reported in 

[180], and solubility of PuO2(ncr, hyd) as determined in this work at pH ~ 13 and various citrate concentrations. 

Solid blue line shows the solubility of Th(IV) calculated for CIT-free systems using the NEA-TDB thermodynamic 

selection. Solid and dashed green lines represent the solubility of Pu(IV) and corresponding uncertainties 

calculated in this work. 

 

Based on the results reported for the Th(IV)-GLU system, and considering the analogy with the Pu(IV)-

ISA system, the following equilibrium reaction is proposed to control the solubility of the investigated 

Pu-GLU system: 

PuO2(ncr, hyd) + GLU– +H2O(l) ↔ Pu(OH)3(GLU-2H)2– + H+     Eq. 1 

A conditional solubility constant can be calculated for this equilibrium reaction on the basis of the 

experimental values of [Pu] and pHm, and assuming [GLU]tot = [GLU] free, i.e. log K’s,(1,3,1,-2) (I = 0.2 M) 

= –(19.1 ± 1.2). Considering (Pu(OH)3(GLU-2H)2–, Na+) = (Pu(OH)3(ISA-2H)2–, Na+) = –(0.10 ± 0.10) 

kg∙mol–1, the conditional constant can be extrapolated to the reference state, resulting in log K°s,(1,3,1,-2) 

= –(19.8 ± 1.2). The combination of this value with log K°s,0(PuO2(ncr, hyd)) = –(2.33 ± 0.52) as reported 

by Tasi and co-workers [186] for the same solid phase, results in: 

Pu4+ + 3H2O(l) + GLU– ↔ Pu(OH)3(GLU-2H)2– + 5H+      Eq. 2 

log °(1,3,1,-2) = –(17.4 ± 1.3) 

 



 

109 

 

This value shall be considered tentative, until solubility experiments under varying pHm are conducted 

to validate the proposed stoichiometry (Pu : OH) of the complex. 

 

3.2.2. Ternary systems: C-S-H / Pu / Formate and C-S-H / Pu / Citrate 

The effect of formate on the uptake of Pu by C-S-H phases in alkaline reducing conditions is shown in 

the Figure 48. Considering the ligand-free system as reference, no significant differences were 

evidenced for the systems containing [FOR]tot = 10–4 and 10–1.5 M. This observation underlines the weak 

interaction of formate with Pu for both HQ and Sn(II) buffered systems and therefore the small relevance 

of the complexing capacity of this organic ligand under the chemical conditions applied. These 

observations are consistent with the solubility data described in Section 3.2.1 for the system Pu-FOR. 

Similarly, to the system C-S-H-Pu-FOR, citrate does not affect the retention behavior of Pu on C-S-H 

phases under alkaline and reducing conditions. Most of the [Pu]aq data collected for this system are 

located at the detection limit and are not affected by changes in the C/S ratio of the redox buffer. As 

mentioned in the solubility experiments section, the negligible effect of citrate retention on Pu by C-S-

H phase (Figure 51) is mainly due to the weak complexing capacity of citrate with respect to An(IV) 

under hyperalkaline conditions [180]. Similar results in presence of formate and citrate were observed 

for the system investigated with higher S/L ratio (i.e. 25 g/dm3).
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Figure 48. Distribution ratios, Rd, determined for the system (Pu-C-S-H)+FOR, for (a) C-S-H with C/S = 0.8; and (b) C-S-H with C/S = 1.4. In both cases data corresponding to 

pH ≈ 13.3, S/L = 1 g·dm-3 and 90 days of contact time. X crossed symbols refers to values at the detection limit.  
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Figure 49. Distribution ratios, Rd, determined for the system (C-S-H-Pu)+CIT (teq < 90 days) and the system (Pu+CIT)+C-S-H (teq < 60 days), for (a) C-S-H with C/S = 0.8; and 

(b) C-S-H with C/S = 1.4. In both cases data corresponding to pH ≈ 13.3, S/L = 1 g·dm-3. X crossed symbols refers to values at the detection limit.  
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3.2.3. Binary and ternary systems C-S-H / Pu and C-S-H / Pu / Gluconate  

The effect of gluconate on the uptake of Pu by C-S-H phases is shown in the Figure 50. The average 

distribution ratio determined in the absence of gluconate, log Rd,0 = (6.1 ± 1.2), is in excellent agreement 

with the value previously reported by [4] for the uptake of Pu by HCP, i.e. log Rd,0 = (6.3 ± 0.6). This 

observation confirms the key role of C-S-H phases in the uptake of actinides by HCP, as extensively 

discussed in the literature [1, 168]. 

Figure 52 shows that gluconate strongly decreases the uptake of 242Pu by C-S-H phases, both for C/S = 

0.8 and 1.4. No significant differences can be observed for the two redox buffers, HQ and Sn(II), except 

at log[GLU]tot = –1.5. At this ligand concentration and notably for C-S-H phase with a C/S = 1.4, the 

decrease in sorption is less pronounced when Sn(II) is used as a redox buffer. This last observation may 

could reflect differences in the oxidation state of Pu in HQ and Sn(II) systems. Although such 

differences were not observed in the solubility experiments described in Section 3.2.1, it can be 

speculated that the different behavior of the Pu retention for the Sn(II) buffered system may hint towards 

the formation of stable surface complexes possibly involving the quaternary system >Ca(II)–Pu(III)–

OH–GLU. Note that the formation of analogous surface complexes were proposed by Tasi and co-

workers to explain their experimental observations in the system HCP–Pu–ISA [4]. The lack of reliable 

thermodynamic models for the Ca(II)-Pu(III/IV)-OH-GLU systems hinders a conclusive interpretation 

of the sorption data in the current study. Another uncertainty comes from the potential impact of Sn-

GLU complex formation, which has already be discussed for the solubility studies in Section 3.2.1.  

The effect of the order of addition of the individual components on the retention of plutonium in the presence of 

citrate and gluconate was investigated for contact times < 60 days (see  

Figure 49 and Figure 50). The order of addition (Pu + L) + C-S-H does not affect Pu retention in presence of 

citrate, and thus similar log Rd values as those reported in  

Figure 49 are obtained for both Ca/Si ration 0.8 and 1.4. This observation reflects again that citrate 

cannot outcompete Pu hydrolysis in the hyperalkaline conditions investigated in this work. In the case 

of gluconate, comparable log Rd values are quantified for the order of addition (Pu + GLU) + C-S-H, 

with respect to (C-S-H + Pu) + GLU as well. Note that Tasi and co-workers reported a kinetic hindrance 

of sorption for the sequence (Pu + ISA) + HCP [4]. These results were explained by the transient 

stabilization of Pu-ISA aqueous moieties / colloids in the sorption studies following the sequence (Pu + 

ISA) + HCP, which however decompose with time expectedly resulting in similar Rd values obtained 

for the sequence (HCP + Pu) + ISA. In spite of the chemical similarities between ISA and GLU, they 

show also clear differences in terms of sorption properties (significantly stronger uptake of GLU than 

ISA by cement and C-S-H) and complexation behaviour (significantly stronger RN-GLU than RN-ISA 

complexes), which may also explain the differences between the corresponding ternary systems.
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Figure 50. Distribution ratios, Rd, determined for the system (C-S-H + Pu) + GLU, for (a) C-S-H with C/S = 0.8; 

and (b) C-S-H with C/S = 1.4. In both cases data corresponding to pH ≈ 13.3, S/L = 1 g·dm-3 and 90 days of 

contact time (teq). X crossed symbols refers to values at the detection limit. 
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3.2.4. Binary and ternary systems AFm-AFt / Pu and AFm-AFt / Pu / FOR 

In the absence of organic ligands, an average log Rd,0 of (5.6 ± 1.0) for AFm phases and of (5.7 ± 1.1) 

for AFt were measured. This highlights that the uptake of Pu is very strong not only in the case of C-S-

H phases but also for AFm and AFt phases. There are virtually no previous studies in the literature 

investigating the uptake of An(III) or An(IV) by AFm / AFt phases. On-going work at CIEMAT (Spain) 

on the uptake of 238Pu(IV) by ettringite resulted in log Rd values of 4.6–5.0, in line with experiments 

conducted in the present work with 242Pu (T. Missana, personal communication). Farr and co-workers 

studied the uptake of Pu(IV) by brucite Mg(OH)2 by means of sorption experiments and X-ray 

photoelectron spectroscopy (XPS) [195]. The authors observed a strong uptake within the investigated 

pH-range (9 – 12), and proposed that surface sorption and incorporation (into the crystal structure) are 

the most relevant uptake processes of Pu(IV) on brucite.  

Figure 51 shows the effect of formate on the uptake of plutonium on AFm phases and ettringite. The 

comparison with the Rd values obtained in the absence and presence of formate indicates that the uptake 

of plutonium by AFm / AFt phases is not affected by formate. This observation is valid for both HQ and 

Sn(II) buffered-systems. Furthermore, the Ca aqueous concentration measured for longer equilibration 

times (see Table 4 and Table 5 in the Appendix 3.2) does not show any increasing trend at high formate 

concentration. These results indicate the weak complexation capacity of formate with respect to Pu and 

Ca in the hyperalkaline conditions investigated in this work. These observations are consistent with 

sorption experiments conducted for the ternary system C-S-H / Pu / FOR (see Section 3.2.2), as well as 

with solubility data discussed in Section 3.2.1. 
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Figure 51. Distribution ratios, Rd, determined for the systems (AFm+ Pu) + FOR and (AFt+ Pu) + FOR. In both 

cases data corresponding to pH ≈ 13.3, S/L = 5 g·dm-3 and 120 days of contact time. X crossed symbols refers to 

values at the detection limit. 

 

3.2.5. Ternary systems: AFm-AFt / Pu / CIT 

The distribution coefficients determined for the uptake of Pu by AFm phases and ettringite in presence 

and absence of citrate are shown in Figure 52. The sorption of Pu remains unaffected up to log [CIT/M]tot 

< 2, but decreases at higher ligand concentrations, both for HQ and Sn(II) systems. Although the 

mechanism responsible for the uptake of Pu by AFm / AFt phases remains ill-defined, changes in the 

surface / structural properties of the latter phases may lead to a differential sorption behaviour with 

respect to Pu.  
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Figure 52. Distribution ratios, Rd, determined for the systems (AFm+ Pu) + CIT and (AFt+ Pu) + CIT. In both 

cases data corresponding to pH ≈ 13.3, S/L = 5 g·dm-3 and 120 days of contact time. X crossed symbols refers to 

values at the detection limit. 

 

3.2.6. Ternary systems: AFm-AFt / Pu / GLU 

The distribution ratios determined for the uptake of plutonium by AFm/AFt phases in absence and 

presence of gluconate and for the HQ- and Sn(II)- buffered systems are shown in the Figure 53 and 

Figure 54 respectively. For both HQ and Sn(II) systems, gluconate decreases the Pu retention by AFm 

/ AFt phases at ligand concentrations even lower than log[GLU]tot ~ –4. This effect is even more 

remarkable than such observed for C-S-H phases. Although the values of log Rd,0 for C-S-H, AFm and 

AFt phases in the absence of organic ligands are similar, the trends in the distribution coefficients with 

increasing ligand concentration are significantly different for C-S-H and for AFm / AFt phases. As 

discussed for citrate, this observation highlights that in addition to the complexes possibly forming in 

the aqueous phase, gluconate has a significant impact on the surface / structural properties of AFm / AFt 

phases, and thus on their sorption properties.  
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Figure 53. Distribution ratios, Rd, determined for the HQ-buffered systems (AFm+ Pu) + GLU and (AFt+ Pu) + 

GLU. In both cases data corresponding to pH ≈ 13.3, S/L = 5 g·dm-3 and 120 days of contact time. X crossed 

symbols refers to values at the detection limit. 
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Figure 54. Distribution ratios, Rd, determined for the Sn(II)-buffered systems (AFm+ Pu) + GLU and (AFt+ Pu) 

+ GLU. In both cases data corresponding to pH = 13.3, S/L = 5 g·dm-3 and 120 days of contact time. X crossed 

symbols refers to values at the detection limit 

  



 

119 

 

3.3. Uptake of Eu(III) by C-S-H phases in the absence and presence of formate, citrate 

and gluconate 

The first part of this chapter focuses on the uptake behavior of Eu(III) by C-S-H phases in the absence 

and presence of formate, citrate and gluconate. As described in the chapter 2, for these systems only one 

order of addition was investigated: (C-S-H + RN) + L. C-S-H phases with a C/S of 0.8 and 1.4 were 

considered for the study of the three ligands.  

The second part of this chapter is dedicated to the TRLFS (Time Resolved Laser induced Fluorescence 

Spectroscopy) analysis on the binary Cm(III) – GLU and ternary C-S-H – Cm(III) – GLU systems. The 

corresponding results complement the observations obtained from the sorption study, in particular, on 

the different sorption behavior observed for C-S-H phases with low and high C/S and the Ln(III) / 

An(III) speciation in presence of GLU. 

 

3.3.1. Ternary systems: C-S-H / Eu(III) / FOR and C-S-H / Eu(III) / CIT 

Figure 58 shows the uptake behavior of Eu(III) in the absence and presence of formate on C-S-H phases 

with a C/S = 0.8 and 1.4. In the absence of organic ligands, most of the measured data were found at the 

detection limit, resulting in very high Rd values, i.e. ≈ 103.5 m3/kg. These values are in line with previous 

studies investigating the uptake of Eu(III) by C-S-H phases and HCP, for which Rd values of ≈ 102–104 

m3/kg and fast sorption kinetics were reported [1, 5, 24, 265, 266]. The formation of stable complexes 

of Eu(III) with the investigated organic ligands would result in a decrease of RN sorption on the solid 

phase. Formate has a negligible effect on Eu(III) uptake by C-S-H phases (see Figure 58), which is in 

line with the tendency of Eu(III) to form weak complexes with formate under hyperalkaline conditions 

[79]. The latter complexes can neither compete with hydrolysis nor with the strong Eu(III) sorption on 

C-S-H phases. A negligible effect on the uptake of Eu(III) by C-S-H phases with a C/S of 0.8 and 1.4 

was also observed for citrate (Figure 59). Only for high C/S ratio (Figure 59b), a decrease of ≈ 0.5 log 

(Rd) units occurred for citrate concentration [CIT]tot = 10-2 M and contacting times shorter than 60 days, 

while for longer equilibration times no effect on Eu(III) retention was observed. Considering the high 

affinity of citrate to sorb on the surface of C-S-H phases (Rd = 10 dm-3·kg-1 for C/S = 1.4), as discussed 

in the chapter 3.1, it is possible to assume that for longer equilibration times, the C-S-H-CIT interactions 

prevails over the Ca-Eu-CIT complexes formation. Note as well that thermodynamic calculations 

conducted using the ThermoChimie database indicate the predominance of Eu(III) hydrolysis species at 

10 ≤ pH ≤ 13.5, [CIT]tot = 10–1.5 M and [Ca] = 10–3 M (see Figure 60). Note however, that no ternary 

and quaternary complexes (Ca)-An(III)-OH-CIT are currently selected in the ThermoChimie database, 

whose formation may affect aqueous speciation and thus sorption, especially in C-S-H systems with 

high C/S ratios and higher [Ca] in the aqueous phase. The formation of quaternary complexes Ca-

An(III)-OH-EDTA was recently proposed by DiBlasi and co-workers based on a combined solubility 

and TRLFS study [178], and similar complexes might be expected for the citrate system.  
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Figure 58. Distribution coefficients, Rd, for the uptake of 152Eu in absence and in presence of formate (log([FOR]tot/M) = -1.5) on C-S-H phases with a C/S of 0.8 (a) and 1.4 (b) 

for a contacting time teq < 120 days under hyperalkaline conditions (pH ≈ 13.3). 
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Figure 59. Distribution coefficients, Rd, for the uptake of 152Eu in absence and in presence of citrate (-3 ≤ log([CIT]tot, in/M) ≤ -1.5) on C-S-H phases with a C/S of 0.8 (a) and 1.4 

(b) for a contacting time teq < 120 days under hyperalkaline conditions (pH ≈ 13.3).  



 

122 

 

 
Figure 60. Species distribution diagram of Eu(III) calculated for [CIT] tot = 30 mM, [Ca]tot = 1 mM and I = 0.2 

M. The ThermoChimie database is used for calculations, considering the analogy Am(III)-CIT and Eu(III)-CIT 

systems. 

 

3.3.2. Ternary system: C-S-H / Eu(III) / GLU 

The effect of gluconate on Eu(III) retention on C-S-H phases with a C/S of 0.8, for gluconate total 

concentration -3 ≤ log([GLU]tot/M) ≤ -1.5 is shown in the Figure 61. Negligible impact on the sorption 

is observed for total gluconate concentrations below 10-2 M. A slight decrease in log Rd values is 

quantified for log [GLU]tot = –1.5, although long equilibration times are required to attain steady-state.  
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Figure 61. Distribution coefficients, Rd, for the uptake of 152Eu in presence of gluconate (-3 ≤ log([GLU]tot/M) ≤ -

1.5) on C-S-H phases with a C/S of 0.8 for a contacting time teq < 120 days under hyperalkaline conditions (pH ≈ 

13.3). The black solid line labelled as log Rd max indicate the maximum Rd coefficient quantifiable in the series of 

sorption experiments. 

 

The effect of gluconate (-3 ≤ log([GLU]tot/M) ≤ -1.5) on the retention of Eu(III) by C-S-H phases with 

a C/S of 1.4 is shown in Figure 62. In contrast to the C-S-H 0.8 system, a significant decrease of Eu(III) 

sorption is visible for total gluconate concentrations above 10-3 M. Experimental observations reported 

by Wieland and co-workers [1] for the uptake of Eu(III) by C-S-H 0.97 and 1.09 are in good agreement 

with data obtained in the present work (see Figure 62). The decrease in Rd values observed in this work 

for C-S-H 1.4 and in Wieland et al. [1] for C-S-H 0.97 / 1.09 is attributed to the formation of stable 

aqueous complexes of Eu(III) with GLU.  
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Figure 62. Distribution coefficients, Rd, for the uptake of 152Eu in presence of gluconate (-3 ≤ log([GLU]tot/M) ≤ -

1.5) on C-S-H phases with a C/S of 1.4 for a contacting time teq < 120 days under hyperalkaline conditions (pH ≈ 

13.3). The black solid line labelled as log Rd max indicate the maximum Rd coefficient quantifiable in the series of 

sorption experiments. 

 

The apparently discrepant behaviour of data obtained in this work for the C-S-H 0.8 system can be 

properly rationalized by considering the concentration of Ca in the investigated systems, and its possible 

role in the formation of aqueous complexes with Eu(III) and GLU. Hence, Figure 63 shows the evolution 

of Ca concentration in the C-S-H 0.8 and 1.4 systems investigated in this work. The figure clearly shows 

that the system C-S-H 0.8 investigated in this work at pH ≈ 13.3 is the one with lowest Ca concentration, 

which is about one order of magnitude lower than in the C-S-H 1.4 system. Note that the concentration 

of Ca in the experiments by Wieland et al.[1] was similar to the one obtained in the present study at C/S 

= 1.4, i.e. ≈ 1.6∙10–3 M. In a recent study combining Nd(III) solubility with Cm(III) TRLFS in 

hyperalkaline systems containing gluconate, Rojo and co-workers confirmed the key role of Ca and the 

formation of quaternary complexes Ca-Ln(III)/An(III)-OH-GLU [159]. Although no thermodynamic 

data are available so far for these complexes, it is evident that they play a role in cementitious systems 

and provide a consistent explanation for the experimental observations in this work and in Wieland et 

al. [1].  
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Figure 63. Comparison of Ca concentrations in the C-S-H 0.8 and 1.4 systems at pH ≈ 13.3 and increasing 

gluconate concentration.  
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3.3.3. TRLFS study on the ternary system C-S-H/ Cm /GLU 

Cm(III) TRLFS analysis focuses on the identification of the aqueous (Ca)-Cm-OH-GLU complexes and 

on the understanding of the relevant uptake mechanism occurring on the two C-S-H phases with a 

different chemical composition in terms of Ca content (or C/S ratio). TRLFS spectra were collected for 

the aqueous samples, which replicate the same chemical conditions of the two C-S-H phases (pH ≈ 13.3, 

[Ca]eq ≈ 10–5–10–4 M (C/S = 0.8) or [Ca]eq ≈ 10–3–10–2 M (C/S = 1.4), [Na]tot = 0.2 M) investigated in 

the sorption experiments. In this case, the role of gluconate in the C-S-H-Cm-GLU system was 

investigated in the gluconate concentration interval ranging from 10-3 M and 10-1.5 M. The uptake 

mechanism over time was investigated on suspension samples, where the same chemical parameters of 

solution samples were applied. All samples have the same initial calcium concentration of the reference 

solid phases synthesized with an initial S/L ratio of 1 g/dm3. The collected normalized emission spectra 

of both solution and suspensions samples are summarized in the Figure 64. Figure 64a shows the TRLFS 

spectra of the solution sample for C-S-H with a C/S = 0.8 in presence of -3 ≤ log[GLU]tot ≤ -1.5 and pH 

≈ 13.3. For the gluconate concentration below 10-2.5 M, the spectra are characterized by two main peaks, 

with a wavelength position of 616.5 nm and 610.5 nm (less intense peak), which can be attributed to 

two different (Ca)-Cm-OH-GLU species. Under similar experimental conditions, Rojo and co-workers 

observed a peak at  ≈ 617 nm only in those Cm(III)-GLU systems containing Ca (with [Ca] = 1∙10–3 

M) [159] (see  

Table ). The appearance of a new band at λ ≈ 610.5 nm is observed for gluconate concentration [GLU]tot 

= 10-1.5 M, likely due to the formation of a new Ca-Cm-OH-GLU species containing two GLU ligands 

at higher GLU concentrations. Similar observation were obtained in the TRLFS emission spectra carried 

out by Rojo et al. [159] with a total calcium concentration of 0.01 M and pH ≈ 12, for gluconate 

concentration 10-5M < [GLU]tot < 10-3M. For the same pH and gluconate concentration, these authors 

reported a shift of almost ≈ 7 nm between Ca-free and Ca-containing systems [159]. These observations 

underpin the formation of Ca-Cm-OH-GLU complexes in those systems containing sufficiently high Ca 

concentrations.  

Figure 64b-d show the fluorescence emission spectra of the suspensions containing Cm(III) in C-S-H 

phases with C/S= 0.8 in absence and in presence of gluconate (-3 ≤ log([GLU]tot) ≤ -1.5) and for different 

contacting times (teq 7-56 days). Two different peak maxima at ≈ 606 nm and 621 nm are visible in the 

spectra. The same peaks were previously reported by Tits and co-workers for C-S-H-Cm(III) systems 

in the absence of GLU [24]. The authors indicated that the peak at 606 nm is the result of visible 

transitions from thermally populated states at room temperatures and therefore, does not represent any 

Cm complex. The peak at λ ≈ 620-621 can be assigned to a Cm(III) complex sorbed onto or incorporated 

in the C-S-H structure, as previously discussed in Tits et al. [24]. No significant differences are 

detectable in the suspension samples after 28 days of equilibration time. At t = 56 days, a slight blue 

shift of ~1 nm is observed for the samples in the presence of gluconate. A more accurate interpretation 
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is provided below on the basis of lifetime measurements conducted for the same samples, also in 

connection with the observations discussed by Tits and co-workers. 

TRLFS spectra collected for aqueous samples in porewater solutions corresponding to C/S = 1.4 (Figure 

64e) show well-defined peaks at λ ≈ 610 nm and ≈ 616 nm. These two main features agree very well 

with those observed for C-S-H 0.8 systems. Note however that the appearance of the band at λ ≈ 610 

nm occurs at [GLU]tot = 10-1.5 M for C-S-H 0.8, whereas the peak at λ ≈ 610 nm is observed already at 

tot = 10-3 M for C-S-H 1.4. Again the Cm(III) species appearing at λ ≈ 616 nm disappears at increasing 

GLU concentration. In connection with Eu(III) sorption data discussed in Section 3.3.2, this observation 

suggests the formation of a quaternary complex Ca-Cm-OH-GLU occurring at lower [GLU]tot in C-S-H 

1.4 systems as compared to C-S-H 0.8 systems. This observation hints that the higher concentration of 

Ca concentration in solution (see Figure 63) expected for C-S-H phases with C/S of 1.4, promotes the 

earlier formation of calcium-containing quaternary complexes.  

Figure 64e-h show the normalized fluorescence emission spectra of Cm(III) in C-S-H phases with C/S 

= 1.4 in absence and in presence of gluconate (-3 ≤ log([GLU]tot) ≤ -1.5) for different contact times (teq 

7-56 days). The fluorescence spectra in absence of gluconate is characterized by peak maxima at ≈ 620 

nm and the peak shape is comparable with the main peak found in the spectra collected for the C-S-H 

(C/S = 0.8)-Cm-GLU system shown in the Figure 64b-d, although slightly shifted towards lower 

wavelength number. As elaborated above, this peak can be assigned to the Cm(III) incorporated in the 

C-S-H structure. The slightly different peak position observed for incorporated Cm(III) in C-S-H 0.8 

and 1.4 may relate on the structural differences between both solid phases. The presence of gluconate 

induces the formation of a new band at λ ≈ 610, while the band at 620 nm observed for the gluconate-

free system is strongly reduced. Such behavior is observed for all spectra collected for C-S-H 1.4 with 

gluconate. Moreover, no significant changes in the peak position were observed for equilibration times 

longer than 28 days. Taking into account the observations reported for the solution sample, the result 

reasonably indicate the predominance of aqueous complexes Ca-Cm(III)-OH-GLU, even in the presence 

of C-S-H 1.4. This observation qualitatively agrees with Eu(III) sorption data, for which a significant 

decrease in the uptake was only observed in the system C-S-H 1.4. However, for the lowest ligand 

concentration (log([GLU/M]tot) = -3), a strong uptake of Eu(III) by C-S-H 1.4 was observed, and thus 

for this particular sample most of the Cm(III) would be expected as incorporated species instead of as 

aqueous complex. This inconsistency is so far not understood, although it might be explained by 

differences in the equilibrium constants of Eu(III)-GLU and Cm(III)-GLU. In general trends, wet-

chemistry and TRLFS data give a consistent picture for the interpretation of the Ln(III)/An(III) uptake 

by C-S-H in the presence of gluconate, also with respect to differences in C/S ratios. 
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Figure 64. TRLFS normalized emission spectra of Cm(III)-C-S-H-GLU system for solution (a,e) and suspension (b, c, d, f, g, h) samples (S/L = 1 g/dm3) in presence and in absence 

of gluconate as a function of the contacting time. The peaks are normalized with regard to the peak height.  
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The fluorescence lifetime provides information on the composition of the first coordination sphere of 

Cm(III) on the basis of the method developed by Horrocks and Sudnick for Eu(III) [267] and applied to 

Cm(III) by Kimura and Choppin [154]. The fluorescence emission of each system was measured by 

successively increasing the delay time after the laser pulse. The results of the lifetimes and determination 

of number of water molecules in the first coordination sphere of Cm are reported in the Table . Note 

however that these methods were derived for ideal systems looking at the exchange of H2O/D2O. The 

effect of other ligands like carboxylates or alcohol groups in the measured lifetimes is not fully 

understood, and thus the calculated lifetimes should be taken as orientative.  

For the Cm-C-S-H 0.8 system, the fluorescence signal follows a mono-exponential decay law (see 

Figure 68 in the Appendix 3.3) indicating the formation of one Cm-species. For equilibration times 

below 28 days, one species has been identified in absence of gluconate with a lifetime of (833 ± 42) μs. 

This species has no water molecules in the first coordination sphere, and thus corresponds to an 

incorporated species into C-S-H phase. For the Cm-C-S-H 0.8-GLU systems a bi-exponential decay law 

is observed indicating the formation of two different species. In addition to the presence of an 

incorporated species with no water molecules in the first coordination sphere and a lifetime of (1250 ± 

62) μs, a second species with a lifetime of ≈ 400 μs and ≈ 0.5 water molecules coordinated is observed 

for [GLU]tot = 10-3 M.  

For longer equilibration times (see Table ) the sample in absence of GLU is characterized by two species 

with a lifetime of ≈ 800 μs and ≈ 400 μs respectively. These species are characterized by the complete 

or almost complete loss of water molecules in the first coordination sphere, thus indicating that they are 

mainly incorporated into the C-S-H structure. In the presence of gluconate, species with lifetimes of ≈ 

1700 μs, 1250 μs, 1000 μs and ≈ 400 μs are observed. Nevertheless, all of the individuated species have 

a very low number of coordinating waters (0 – 1), which again supports the predominance of 

incorporated species in the C-S-H structure (C/S = 0.8). The obtained spectroscopic result are in line 

with the spectra and results obtained by [24] for C-S-H (C/S =1.09) – Cm system investigates under 

hyperalkaline conditions. The authors observed the formations of two complexes with a lifetime of 1482 

± 200 μs (F2, peak maxima at 618.8 nm) and 289 ± 11μs (F1, peak maxima at 620.9 nm). The low 

number of water molecules in the first coordination sphere of the two complexes indicated that both 

complexes were incorporated in the C-S-H phase structure. In particular, the authors suggested that the 

complex F2 may substitute one of the Ca ions present in the octahedral Ca in the main layer, while F1 

may substitute one Ca in the interlayer region. In addition the spectroscopic TRLFS investigation for 

Eu uptake on C-S-H phase with a C/S = 0.83 (pH 11.6) conducted by [265] pointed towards the presence 

of two sorption sites: one species with a longer lifetime (990 μs) sorbs into the framework of C-S-H 

phase structure, the second species instead, sorbs on the surface of C-S-H phase with a lifetime of 390 

μs. In conclusion, taking into account the minor effect of gluconate on Eu(III) retention observed in 

batch sorption experiments (section 3.3.2) for teq < 120 days, it is possible to assume Eu(III) sorbs 

strongly on the C-S-H phases with C/S = 0.8 structure, and that complexes formed with gluconate are 
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not strong enough as to stabilize Eu(III) or Cm(III) in the aqueous phase. As discussed for the sorption 

experiments with Eu(III), Ca plays a key role in the complex formation with Cm(III) and gluconate. The 

relatively low concentration of Ca in equilibrium with C-S-H 0.8 at pH = 13.3 (10–4–10–3 M, see Figure 

63) prevents the significant formation of ternary / quaternary complexes Ca-Eu(III)/Cm(III)-OH-GLU. 

The fluorescence lifetimes and determination of number of water molecules in the first coordination 

sphere of Cm(III) for Cm(III)-C-S-H (C/S = 1.4)-GLU system are also reported in the Table . In most 

of the cases, the fluorescence signal follows a bi-exponential decay law (see Figure 70 in the Appendix 

3.3) indicating the formation of at least two Cm species. In few cases, a tri-exponential decay law was 

applied. In absence of gluconate and teq ≤ 28 days, three lifetime components, i.e. at least three species 

were observed: two species with a lifetime of 294 μs (n(H2O) = 1.3) and 833 μs, and one species with a 

longer lifetime τ ≈ 1700 μs and no water molecules in the first coordination shell of Cm. The two species 

with longer lifetime clearly correspond to Cm(III) species incorporated into the C-S-H structure. The 

lifetime of the third species (τ = 294 μs) is in excellent agreement with the second species reported by 

Tits et al. [24] (τ = 289 μs). Note that based on the calculation of the coordination waters, these authors 

concluded that this species with shorter lifetime is also incorporated in the C-S-H structure. Similar 

observations were obtained at teq = 56 days, thus indicating that steady state conditions are reached 

already at teq = 28 days.  

For a gluconate concentration log([GLU]tot) = -3, the complex with a lifetime of ≈ 700 μs may indicate 

the presence of the same incorporated species found in the absence of GLU. This observation is in line 

with the results obtained for Eu(III) sorption at log([GLU]tot) = -3, for which a significant retention was 

observed. In presence of gluconate (log([GLU]tot) = -3 to -1.5), different species with different lifetimes 

ranging from  of ≈ 140 μs to ≈ 650 μs were determined. Since there is so far no definitive information 

available about the complexes speciation that could possibly form with this chemical conditions, it is 

possible to speculate that these complexes may originate from the Ca-Cm(III)-OH-GLU interactions. 

Taking into account the observations for the Eu sorption batch experiments with the results reported 

from the TRLFS analysis, it is possible to deduce that the strong decrease of Eu(III)/Cm(III) retention 

by C-S-H 1.4 in the presence of log([GLU]tot) ≥ -2.5 is clearly caused by the formation of very stable 

aqueous Ca-Eu(III)/Cm(III)-OH-GLU complexes. According to data in Figure 65, Eu(III) is still mainly 

bound to C-S-H in the presence of log([GLU]tot) = -3, so that TRLFS appears to point to quarternary 

Cm(III) complexes still being associated to the solid phase. The different retention observed for the two 

different C-S-H phases (in terms of C/S), highlights the key role of Ca in the complex formation for the 

C-S-H-Ln(III)/An(III)-OH-GLU ternary/quaternary system. Similar observations were reported by Rojo 

and co-workers for the solubility of Nd(III) in the presence of gluconate, both in the absence and 

presence of Ca. 
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Table 9. Calculated lifetime (± 5% measurement error)  and number of coordinated water molecules in the first coordination sphere of Cm(III) [154] for the Cm-C-S-H (C/S = 0.8, 

1.4)-GLU system, with [248Cm]tot = 2∙10-7 M and for contacting time teq = 28 days and teq = 56 days. 

aThe determination of the number of water (H2O/OH-) molecules is based on the empirical equation determined for H2O/D2O systems conducted by [154] and [213]. Therefore, the 

possible quenching contribution of the functional groups of the ligand (i.e. gluconate) are disregarded for the C-S-H-Cm-GLU ternary system. b Observed in this study, c [24], d 

[25]. 

Phase  Time/ days 

No ligand log([GLU]tot/M) = -3 log([GLU]tot/M) = -2.5 log([GLU]tot/M) = -1.5 

Lifetime, τ/[μs] N(H2O)
a Lifetime, τ/[μs] N(H2O)

a Lifetime, τ/[μs] N(H2O)
a Lifetime, τ/[μs] N(H2O)

a 

C-S-H 0.8 28 833 ± 42 b - 476 ± 24 b 0.48 909 ± 45 b - 833 ± 42 b - 

C-S-H 0.8 28 - - 1250 ± 62b - 1250 ± 62b - 1250 ± 62b - 

C-S-H 0.8 56 833 ± 42 b - 454 ± 23 b 0.55 435 ± 22 b 0.61 1000 ± 50 b - 

C-S-H 0.8 56 417 ± 21 b 0.68 1250 ± 62b - 1250 ± 62b - 1667 ± 83 b - 

C-S-H 1.09 58 1482 ± 200c -       

C-S-H 1.09 58 289 ± 11c 1.4       

C-S-H 1.4 28 294 ± 15 b 1.3 238 ± 12 b 
1.9 

385 ± 19 b 0.81 370 ± 18 b 0.90 

C-S-H 1.4 28 833 ± 42 b - 
667 ± 33 b 0.095 

588 ± 30 b 0.22 625± 31 b 0.16 

C-S-H 1.4 28 1667 ± 83 b - 
  

    

C-S-H 1.4 56 286 ± 14 b 1.4 244± 13 b 1.8 322 ± 16 b 2.1 131 ± 7 b 4.1 

C-S-H 1.4 56 714 ± 36 b 0.030 500 ± 25 b 0.42 526 ± 26 b 0.36 625± 31 b 0.16 

C-S-H 1.4 56 1428 ± 71 b -       

HCP 48 66 ± 1 d 9       

HCP 48 1208 ± 600 d -       

HCP 358 
70 ± 7 d 

8.5       

HCP 358 
226 ± 26 d 

2       

HCP 358 
1375 ± 207 d 

-       
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Table 10. Summary of TRLFS peak maxima positions, species assignments, experimental conditions for Cm aqueous species, curium hydrolysis products and Ca-Cm-OH-(GLU) 

species. 

a Described in [158] as Ca2[Cm(OH)4]3+ and b Ca3[Cm(OH)6]3+. c Observed in this work for equilibration times, teq = 28 days. d Observed in this work for equilibration times, teq = 

56 days.

Species Peak maxima position, [187] pH [Ca]tot, [M] log([GLU]tot/M) Reference 

Cm3+ 593.8 ≤ 8 - - [268, 269] 

Cm(OH)2+ 598.8 8-9 - - [268, 269] 

Cm(OH)2
+ 603.5 8-12 - - [269] 

Cm(OH)3 607.5 9-12 - - [268] 

Cm(OH)4
- a 609.9 10-12.5 1 - [268] 

Cm(OH)6
3- b 614.7 ≥ 11 2.5, 3.5 - [268] 

 

Ca-Cm-OH-GLU 616 12 0.1 -5 [159] 

Ca-Cm-OH-GLU 608 12 3.5 -3.2 [159] 

Ca-Cm-OH-GLU 611 12 3.5 -3.2 [159] 

 

Ca-Cm(incorporated species) 

(from C-S-H 0.8-Cm-GLU series) 
621.1c, 620d ≈ 13.3 ≈ 10-5 - This study 

Ca-Cm(incorporated species) 

(from C-S-H 0.8-Cm-GLU series) 
621c, 620d ≈ 13.3 ≈ 10-5 -3 This study 

Ca-Cm(incorporated species) 

(from C-S-H 0.8-Cm-GLU series) 
621c, 621.1d ≈ 13.3 ≈ 10-5 -2.5 This study 

Ca-Cm(incorporated species) 

(from C-S-H 0.8-Cm-GLU series) 
621c, 621d ≈ 13.3 ≈ 10-4 -1.5 This study 

Ca-Cm(incorporated species) 

(from C-S-H 1.4-Cm-GLU series) 
620c, 619.8d ≈ 13.3 ≈ 10-3 - This study 

Ca-Cm-OH-GLU 

(from C-S-H 1.4-Cm-GLU series) 
609.1c, 613.8d, 609c,d ≈ 13.3 ≈ 10-3 -3 This study 

Ca-Cm(incorporated species) 

(from C-S-H 1.4-Cm-GLU series) 
619.2c, 619.9d ≈ 13.3 ≈ 10-3 -3 This study 

Ca-Cm-OH-GLU 

(from C-S-H 1.4-Cm-GLU series) 
610.3c, 610.2 d ≈ 13.3 ≈ 10-3 -2.5 This study 

Ca-Cm(incorporated species) 

(from C-S-H 1.4-Cm-GLU series) 
619.2d ≈ 13.3 ≈ 10-3 -2.5 This study 

Ca-Cm-OH-GLU 

(from C-S-H 1.4-Cm-GLU series) 
610.5c, 610.3d ≈ 13.3 ≈ 10-2 -1.5 This study 

Ca-Cm(incorporated species) 

(from C-S-H 1.4-Cm-GLU series) 
619.7d ≈ 13.3 ≈ 10-2 -1.5 This study 
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Summary and conclusions 

This Ph.D. study has investigated retention processes within the binary and ternary systems cement 

phases / organic ligands / radionuclides in cementitious systems relevant for low and intermediate level 

waste (L/ILW) repositories. The three organic ligands investigated (formate, citrate and gluconate) are 

expected in L/ILW and / or used as additives in cement formulations. Experiments tackle 242Pu(III/IV) 

and 152Eu(III), as representative and analogues of the actinide oxidation states foreseen to form in the 

very reducing conditions expected to develop after the closure of the repository due to the anoxic 

corrosion of Fe. Three main cement phases (C-S-H, AFm and ettringite) are taken into account in the 

sorption studies, which have been previously identified as relevant sinks for the uptake of cationic (C-

S-H) and anionic (AFm, ettringite, and to less extent C-S-H) species. Within this study, the following 

points were addressed: 

a) Sorption of formate, citrate and gluconate on cement phases and hydrated PC.  

b) Retention of Pu(III/IV) in presence of formate, citrate and gluconate in cementitious systems, 

including solubility phenomena and (primarily) retention on cement phases. 

c) Sorption of Eu(III) in the presence of formate, citrate and gluconate on C-S-H phases. This wet-

chemistry study is complemented with advanced spectroscopic methods to gain insights on the 

retention mechanism. For this purpose, a TRLFS study of Cm(III) uptake on C-S-H phases in 

presence and in absence of gluconate was conducted. 

The three points have been comprehensively investigated under controlled alkaline conditions (pH 

≈13.3), ionic strength (I = 0.2 M) and reducing conditions (only for the point (b)). Sorption experiments 

of the binary system were conducted on pre-synthesized cement suspensions by varying the organic 

concentration. The uptake behavior of Pu(III/IV) on C-S-H phases, AFm phases and ettringite, carried 

out by varying the organic ligand concentration and the redox conditions, was supported by the solubility 

investigation of Pu(III/IV) under the same chemical and redox conditions applied in the sorption 

experiments (but in absence of Ca). Like wise, the sorption of Eu(III) by C-S-H phases was also 

investigated by varying the ligand concentration. The observations obtained by a TRLFS study on the 

C-S-H-Cm(III)-GLU system were used to understand and describe the uptake of Eu(III) by C-S-H 

phases in presence of L and as a function of the Ca concentration (i.e. C/S ratio of C-S-H). The main 

achievements of this study can be summarized as follows: 

 

1. Sorption of formate, citrate and gluconate on cement phases and hydrated PC 

The uptake study of formate, citrate and gluconate by AFm phases (Ms, Mc, Hc), ettringite and C-S-H 

phases with a C/S = 0.8-1.4 was investigated by sorption experiments and characterization of both solid 

and liquid phase separated after an equilibration time of 7 days. In order, to discriminate the possible 

formation of new organics-cement phases, also pure FOR-, CIT- GLU-AFm or AFt phases were 

synthesized and characterized (after an equilibration time of two months). The XRPD analysis of L-
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AFm (where L is FOR, CIT, and GLU), indicated the formation of a layered structure in all cases as 

typical for AFm phases. In the case of FOR-AFm a d-spacing d(003) = 8.1 Å for low 2θº angles was 

observed. The presence of a signal at ≈31º 2θº angles points towards the formation of a trigonal structure. 

A similar structure was found in the case of CIT-AFm, with a d-spacing of d(003) = 12.3 Å. The broader 

reflection and the presence of traces of katoite indicate a poorly ordered crystalline phase and low 

stability of the formed phase respectively. For GLU-AFm a d-spacing, d(003) = 10.9 Å was observed. The 

presence of tricalcium aluminate (Ca3Al2O6) indicated the traces of unreacted reagent and the detection 

of katoite, as for CIT-AFm, hints towards a relatively low stability of GLU-AFm phase. The lower 

stability of CIT-AFm and GLU-AFm was also confirmed by the comparison of the calculated ionic 

activity product with the solubility product of pure AFm phases. The XRPD pattern diffraction of the 

sample FOR-AFt, showed the formation of FOR-AFm, indicating a very low affinity of formate towards 

AFt phases. The X-ray diffraction of CIT-AFt showed the presence of two peaks at low 2θº values: one 

sharp peak with a d-spacing of 10.2 Å (presumably belonging to the aimed CIT-AFt phase), and one 

broader peak with a d-spacing of 12.3 Å associated to CIT-AFm. In addition, the presence of katoite 

confirmed a relatively low stability of CIT-AFt, also suggested by thermodynamic calculations. In the 

case of GLU-AFt, the formation of an amorphous phase has been observed. 

 

1. Formate uptake by C-S-H, PC, AFm phases, and ettringite  

The uptake of formate by C-S-H phases was visible in XRPD by a slight shift of the peak related to the 

interplanar distance (002) towards slightly lower 2θº values, which could be related to a decrease of the 

number of layers stacked or a decrease of degree of ordering. The portlandite detected at C/S = 1.2 and 

1.4 was destabilized in the presence of higher formate additions. In addition, the FT-IR analysis 

indicated that less Ca is bound in the solid phase in the presence of formate and an increase of the Ca 

concentration in solution for [FOR]tot > 100 mM, where the addition of formate strongly lowered the pH 

values, while only weak aqueous Ca-formate complexes formed. The uptake of formate on C-S-H phases 

increases linearly with the formate concentration, while no relationship with the C/S ratio has been 

observed. This result suggests that Ca-formate complexes play a minor role on the overall uptake of 

formate. Also the uptake on Portland cement (PC) increases linearly with the formate concentration and 

was found with an Rd of 8.6 ± 0.3 dm3/kg slightly higher than the uptake by C-S-H phases Rd of 3 to 7 

dm3/kg (Figure 66a). 

The presence of formate has a negligible effect on the structure of Mc, Ms and AFt. Only in the case of 

Hc a clear shift of the XRPD signal of the main basal spacing towards lower 2θº angles indicates an 

increase of the interplanar distance due to the uptake of formate. All solutions clearly show an increase 

of Ca concentration at formate concentrations higher than 100 mM due to the strong decrease of pH in 

those samples and in the case of ettringite and Ms, also an increase of SO4
2- concentration, indicating 

the partial substitution of sulphate at the surface by formate. The sorption study indicates a comparable 
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uptake of formate on Mc, Hc and AFt at low formate concentration. However, the formate sorption on 

Ms, Mc and AFt is limited to ≈ 0.005 mol/kg solid indicating that formate sorbs only on the outer surface 

sites of particle. In contrast, in the case of Hc, which has a larger basal spacing, formate uptake increases 

linearly with the formate concentration up 1 mol/kg with an average Rd value of 2.3 dm3/kg, indicating 

that formate is taken up both on the surface as well as in the interlayer sites of Hc.  

 

2. Citrate uptake by C-S-H, PC, AFm phases, and ettringite  

The X-ray diffraction showed that uptake of citrate has a small effect of the interplanar distance (002) 

(distance between the two main layers) of the C-S-H phases for C/S ≤ 1.0. However, some decrease of 

the d-spacing (002) is observed for C/S = 1.2 and 1.4 and high citrate concentrations, which could be 

due to an increase of the attraction between the two main layers at higher ionic strength at higher citrate 

concentrations. The presence of citrate also destabilized any portlandite formed at high C/S ratios. The 

quantification of the C/S of the bulk phase and the evolution of the Ca concentration as function of the 

citrate concentration clearly indicates the formation of aqueous Ca-citrate complexes such as CaCit-. In 

addition, in some cases, the precipitation of solid Ca3Cit3·4H2O has been observed. Sorption 

experiments on C-S-H phases clearly indicate that the uptake is mediated by the Ca2+ ions at the surface 

of the C-S-H phases as the citrate uptake clearly increases with the increase of the C/S ratio. The slight 

decrease of uptake observed for high citrate concentration is probably due to the depletion of Ca2+ at the 

surface resulting in a reduction of citrate uptake. The uptake of citrate on PC (Figure 66b) (Rd = (154 ± 

16) dm3·kg-1) was comparable or slightly higher than that found on high C/S C-S-H phases, indicating 

some citrate uptake also by the other hydrates present in hydrated cement. The solid phase 

characterization carried out on AFm phases and ettringite indicates that citrate an increase of the 

interplanar distance of Hc and, slightly, of Ms phases; while negligible effects were observed for Mc 

and ettringite. The increase of Ca concentration in solution in the presence of citrate, hints again towards 

the complexation of citrate with Ca ions (CaCit- dominates the aqueous speciation), and likewise the 

increase of sulphate concentration (for Ms and ettringite phases) indicates the potential replacement of 

SO4
2- with Cit3- groups. 

For low citrate concentration, the uptake of Ms and Hc is higher than one observed for Mc and AFt. As 

for formate, citrate sorption on Ms, Mc and AFt is limited to ≈ 0.005 mol/kg solid indicating citrate 

sorption on the outer surface sites only. Only in the case of Hc, the uptake of citrate on Hc increases 

linearly with the citrate concentration up to ≈ 0.5 mol/kg, suggesting that the uptake occurs on both outer 

and inner surface sites. For [CIT] < 0.1 mM, the citrate uptake on Mc, Ms, Hc and ettringite occurs with 

Rd coefficients ranging from 10 dm3·kg-1 to 100 dm3·kg-1, while for high citrate concentration, the 

retention of CIT decreases of two orders of magnitude for Ms, Mc and ettringite. 
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3. Gluconate uptake by C-S-H, PC, AFm phases, and ettringite 

The solid phase characterization on the C-S-H phases in presence of gluconate indicates that for C/S ≤ 

1.2, gluconate has a negligible effect on the structure of C-S-H phases. Only for C/S = 1.4, a small 

decrease of the interplanar distance is observed, indicating increase of the attractive forces between the 

two main layers. Furthermore, the portlandite detected at high C/S ratio in absence of gluconate, is 

destabilized by the presence of gluconate and FT-IR indicates the decalcification of C-S-H in the 

presence of gluconate. The addition of gluconate increases the Ca concentration in solution, indicating 

the formation of aqueous Ca-gluconate complexes. The sorption study of gluconate on C-S-H phases, 

indicates that the sorption mechanism on C-S-H phase with a C/S = 0.8, 1.0 is comparable, while for 

higher C/S ratio, stronger gluconate uptakes were observed in agreement with other studies [136, 138]. 

The slight decrease of gluconate uptake detected for high gluconate concentrations is due to the possible 

depletion of the Ca concentration at the surface. [138]. The uptake on HCP (see Figure 66c) increases 

linearly with the gluconate concentration with an Rd coefficient of (11.2 ± 1.0) dm3·kg-1 which is very 

close to the distribution coefficient obtained for C-S-H phase with a C/S of 1.4. The X-ray diffraction 

analysis carried out on AFm phases and ettringite, indicates a negligible effect of gluconate on Ms, Mc 

and ettringite and just a small increase of the interplanar distance of Hc in presence of gluconate. The 

increase of the Ca and sulphate concentrations as a function of the gluconate concentration, clearly 

suggest the complexation (with Ca ions) and substitution of SO4
2- groups on the surface of AFm phases 

and ettringite. In addition, thermodynamic calculation indicates that Ca3Glu2(OH)4 dominates the 

aqueous speciation for [GLU]tot > 1 mM. Gluconate uptake was observed only on Ms, Hc and ettringite 

in particular at low concentrations indicating that gluconate sorbs mainly on the outer surface sites of 

Ms, Hc and ettringite with an Rd of ≈ 10 dm3·kg-1. 

 

 
Figure 66. Distribution coefficients for the uptake of formate (a), citrate (b) and gluconate (c) on C-S-H phases 

with a C/S of 0.8 and 1.4, and on PC, after 7 days of contacting time (pH ≈ 13.3). 
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2. Solubility and sorption of Pu(III/IV) in presence of formate, citrate and gluconate in ce-

mentitious systems 

The uptake of plutonium by cement phases (C-S-H, AFm and ettringite) was investigated under 

controlled hyperalkaline (pH ≈ 13.3) and reducing condition, which were set by means of two different 

redox buffers: HQ (with pe + pH ≈ 9) and Sn(II) (with pe + pH ≈ 1.5). These (pH + pe) values agree 

well with the values previously published either in presence and in absence of organic ligand. The 

solubility investigation of Pu in presence of organic ligands, was performed by replicating the same 

redox and alkaline conditions of sorption experiment (pH ≈ 13.3, [Na]tot = 0.2 M, [Sn(II)]tot = [HQ]tot = 

2 mM). In the case of solubility experiments in the presence of formate, the low and comparable Pu 

concentrations measured for formate-free systems hint towards the weak interaction between formate 

and Pu for both HQ and Sn(II) buffered systems. This is in line with solubility calculations performed 

with available thermodynamic data. A similar outcome was observed for citrate-Pu solubility 

experiments, indicating a weak complexing behavior of citrate under very alkaline conditions. Although 

ternary complexes An(IV)-OH-CIT have been described for Th(IV), they become outcompeted by 

hydrolysis in the hyperalkaline conditions investigated in this work (pH = 13.3). In the case of gluconate, 

the strong increase of plutonium concentration as function of the gluconate concentration clearly 

supports the formation of Pu-GLU complexes. At very low gluconate concentrations, differences in Pu 

solubility are rationalized by the decrease of -free concentration in the presence of Sn(II). At greater 

gluconate concentrations, where the ligand is found in excess with respect to Sn(II), the Pu 

concentrations determined in HQ and Sn(II) systems overlap with each other when considering the 

corresponding uncertainties. A linear trend with a slope of ≈ 1 can be tentatively proposed, which 

suggests the formation of a Pu-OH-GLU complex with a stoichiometry Pu : GLU = 1 : 1. By considering 

the results reported for the Th(IV)-GLU system [191], and considering the analogy with the Pu(IV)-ISA 

system [4], the formation of the complex Pu(OH)3(GLU-2H)2– was proposed. Furthermore, an 

equilibrium constant log β°(1,3,1,-2) = –(17.4 ± 1.3) (Pu4+ + 3H2O(l) + GLU– ↔ Pu(OH)3(GLU-2H)2– + 

5H+), was determined. This value shall be considered tentative, until solubility experiments under 

varying pHm are conducted to validate the proposed stoichiometry (Pu : OH) of the complex. The 

remarkably different complexation behaviour of the three investigated ligands emphasizes the key role 

of the multiple alcohol groups in the stabilization of complexes with An(III/IV) and Ln(III) in 

hyperalkaline conditions. Even a strong chelating ligand like citrate cannot outcompete hydrolysis, in 

contrast to observations obtained for gluconate. 

Sorption experiments with the Pu-C-S-H system in the absence of organic ligands show the strong 

retention of plutonium with log Rd,0 of 6.1 ± 1.2, in line with data available in the literature for plutonium 

and An(IV) in general. Formate and citrate do not show any effect on the retention of plutonium by C-

S-H phases with C/S = 0.8 and 1.4 (see Figure 67a). This is in agreement with the solubility experiments, 

and further supports that these ligands can compete neither with hydrolysis nor with sorption on the C-

S-H phases. In contrast to formate and citrate, gluconate decreases Pu uptake in C-S-H phases for both 
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low and high C/S ratios (Figure 67b). No differences were observed for the two redox buffers used, 

except at log[GLU/M]tot = -1.5, which may be due to the different redox state of Pu in Sn(II) and HQ. 

Considering that no clear differences were observed in the solubility experiments, these results may hint 

towards the possible formation of stable surface complexes of the type > Pu(III)-OH-GLU.  

Strong uptake of Pu in absence of any ligands was observed for AFm and AFt phases, with log Rd of 

(5.6 ± 1.0) and (5.7 ± 1.1), respectively. This is one of the first experimental evidences available in the 

literature supporting the strong uptake of plutonium by AFm and AFt, which supports its strong retention 

even beyond C-S-H phases. Similarly, to the C-S-H phases, formate has no effect on the uptake of Pu 

on AFm phases and ettringite. On the other hand, citrate does induce a decrease on Pu retention at 

log[CIT]tot > -2, in contrast to C-S-H phases. Considering the negligible effect observed for solubility, 

this finding can be possibly explained by the impact of citrate on the surface and structural properties of 

AFm phases and ettringite. Gluconate decreases the uptake of Pu for gluconate concentrations higher 

than 10-4 M on AFm phases and ettringite for both redox buffers. The decrease of Pu retention was found 

more marked than the uptake trend observed for C-S-H phases. Considering the results obtained for the 

binary systems as well as for the solubility experiments with gluconate, these observations possibly 

reflect the impact of gluconate on the aqueous speciation of Pu as well as the on the structural and 

surface properties of AFm phases and ettringite. 

 

3. Sorption of Eu in the presence of formate, citrate and gluconate on C-S-H phases 

Europium sorbs very strongly on C-S-H phases in the absence of organic ligands (Rd,0 = 10-6.5 dm3·kg-

1) under the chemical conditions investigated in this study. This value is in line with previous studies 

available for the uptake of Eu(III) and Am(III) by C-S-H phases [1]. Formate has a negligible impact on 

Eu(III) retention on C-S-H phases due to the weak complexes forming under hyperalkaline conditions. 

Similarly to formate, citrate has also a negligible impact on Eu(III) uptake on C-S-H phase with a C/S 

of 0.8 and 1.4. The only effect on Eu(III) retention was observed for contacting times shorter than 60 

days and for [CIT]tot > 10-2 M, for C-S-H(C/S=1.4)-Eu(III)-CIT system. The latter result may indicate 

that for longer equilibration times the incorporation of Eu(III) in the structure of the C-S-H phases is 

occurring, as previously described for ligand-free Eu(III) and Nd(III) systems [24, 27]. Although under 

the experimental conditions of this study the formation of Ca-Eu(III)-CIT complexes does not play a 

role on the uptake of Eu on C-S-H phases, the possible formation of quaternary complexes has been 

recently proposed by [178] for the Ca-An(III)-OH-EDTA system. 

Gluconate has a negligible effect on Eu(III) retention on C-S-H 0.8 at [GLU]tot < 10-2 M, whereas a 

moderate decrease in the retention is observed for gluconate concentrations [GLU]tot = 10-1.5 M and for 

longer equilibration times. For C-S-H 1.4, a strong decrease of Eu retention was observed for [GLU]tot 

> 10-3 M (see Figure 67c). These observations support that more stable Eu(III)-GLU complexes are 

being formed in C-S-H 1.4 systems. Considering the significantly higher Ca concentrations determined 
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in the aqueous phase of the latter phases, this observation hints towards the formation of stable 

quaternary aqueous complexes involving Ca, i.e. Ca-Eu(III)-(OH)-GLU. The Cm(III) TRLFS 

investigation carried out on the aqueous phase of the Cm(III)-GLU-C-S-H (C/S = 0.8) system indicated 

the formation of at least two aqueous complexes with a peak maxima at ≈ 616 nm and ≈ 610 nm. The 

second peak at lower wavelength number becomes visible only for [GLU]tot = 10-1.5 M. In the case of 

the aqueous phase of the Cm(III)-GLU-C-S-H (C/S = 1.4) system, the same peak starts to be visible at 

lower gluconate concentration, and became predominant at [GLU]tot > 10-2.5 M. These results are in line 

with sorption experiments with Eu(III) and support the formation of ternary / quaternary complexes 

involving Ca. The TRLFS spectra of the Cm(III)-GLU-C-S-H (C/S = 0.8) suspension system is 

characterized by the formation of one main peak at ≈ 620 nm both in presence and in absence of 

gluconate (Figure 67d). The analysis of the Cm(III) emission spectra together with the determination of 

lifetime indicates the formation of two main Cm(III) species incorporated into the structure of the C-S-

H phases. In the case of the Cm(III)-C-S-H (C/S = 1.4) suspension system in the absence of gluconate, 

an emission spectrum smilar to that one obtained for Cm(III)-GLU-C-S-H (C/S = 0.8) suspension, again 

with a main peak maxima position at ≈ 620 nm indicates the formation of a similar Cm(III) incorporated 

species. The lifetime determination supports the formation of three species, two species with a lifetime 

τ > 700 μs are likely incorporated into C-S-H phase structure, and one species with a lifetime τ ≈ 300 μs 

might be sorbed on the C-S-H phase surface particle. In presence of gluconate, the same band is strongly 

reduced in intensity for the Cm(III)-C-S-H (C/S = 1.4) system. Furthermore, the appearance of one band 

at ≈ 610 nm for [GLU]tot ≥ 10-3 M, well agrees with the emission spectra collected for the solutions 

system, indicating the presence of Ca-Cm(III)-OH-GLU aqueous species in the suspension system (see 

Figure 67d). The lifetime determination clearly supports the formation of at least two species with a 

lifetime of τ1 < ≈ 300 μs and τ2 ≈ 500-600 μs respectively. The identification of two species with a lower 

lifetime (compared for the Cm(III)-GLU-C-S-H (C/S = 0.8)) suggests that in presence of gluconate, the 

fraction of Ca-Cm(III)-GLU aqueous complexes dominates over the incorporated Cm(III) species. 

Considering these results together with the Eu(III) sorption study, it is concluded that the strong retention 

decrease observed for the C-S-H 1.4 can be interpreted in terms of Ca-An(III)/Ln(III)-GLU complex 

formation. Furthermore, since Ca plays a fundamental role in the Ca-An(III)/Ln(III)-OH-GLU aqueous 

complex formation, the differences underlined between the C-S-H 0.8 and C-S- H 1.4 solid phases in 

Eu(III) sorption experiments, can be discriminated with the respect to the C/S ratio of the solid phase, 

and more specifically to the Ca concentration at equilibrium, under the studied experimental conditions. 
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Figure 67. Distribution coefficients Rd for Pu(III/IV)-C-S-H-FOR (a), Pu(III/IV)-C-S-H-CIT (a), Pu(III/IV)-C-S-

H-GLU (b) and Eu(III)-C-S-H-GLU systems under hyperalkaline and, only for plutonium sorption experiments, 

reducing conditions by using hydroquinone, HQ, and Sn(II)Cl2, Sn(II), as redox buffers. Sorption data were 

collected for an equilibration time teq ≤ 120 days. (d) Example of a TRLFS emission spectrum of Ca-Cm(III)-OH-

GLU aqueous species (for [GLU]tot = 10-1.5 M) and of incorporated Cm(III) species in the C-S-H (C/S = 0.8) phase 

structure (in absence of GLU). 

 

The conclusions summarized above provide quantitative insight on sorption phenomena and highlight 

the possible sorption mechanisms occurring for the Cement-L and Cement-RN-L systems. The present 

work clearly underlines the strong sorption of α-hydroxycarboxylic acids (e.g. citrate, gluconate) by 

cement phases and the impact they have on the uptake of tri- and tetravalent actinides as well as trivalent 

lanthanides under hyperalkaline and reducing conditions. This study provides also strong evidences on 

the key role of Ca in the formation of ternary / quaternary complexes with tri- and tetravalent actinides 

and gluconate, and thus on the retention processes. The results and conclusions of the present study 

define empirical basis and a mechanistic understanding to accurately evaluate the impact of formate, 

citrate and gluconate on the uptake of Pu(III/IV) and Eu(III) by C-S-H phases, AFm phases and ettringite 

and, consequently on hydrated cement.   
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Appendix 3.1 

 

1. Formate uptake 

1.1. Kinetic sorption experiments 

 

Figure 1. Thermogravimetric analysis of C-S-H phases with Ca/Si ratio of 0.8, 1.0, 1.2 and 1.4. 
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Figure 2. XRPD analysis of C-S-H 0.80 (Ca/Si) equilibrated in presence of Na-formate (0.22 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 

 

Figure 3. XRPD analysis of C-S-H 1.0 (Ca/Si) equilibrated in presence of Na-formate (0.22 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 
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Figure 4. XRPD analysis of C-S-H 1.2 (Ca/Si) equilibrated in presence of Na-formate (0.22 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase; Cf: calcium formate, Ca(HCO2)2. 

 

Figure 5. XRPD analysis of C-S-H 1.4 (Ca/Si) equilibrated in presence of Na-formate (0.22 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 
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Table 1. Solution composition of C-S-H phases with a Ca/Si = 0.8 in kinetic experiments with 221 mM of Na-

formate. 

Time/(days) 

C-S-H 

(Ca/Si=0.8) 

[Na] [Ca] [Si] [OH-] Formate 
Observed 

phasea mM 

1 197 14 33 0.059 205 C-S-H 

2 197 12.0 22 0.068 203 C-S-H 

4 192 13 22 0.065 202 C-S-H 

7 184 13 20 0.074 206 C-S-H 

14 191 13 22 0.0061 203 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 2. Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 0.8 in 

formate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) Ca(FOR)2 

C-S-H (Ca/Si=0.8) 

1 0.67 -1.6 -3.1 -13 

2 0.48 -1.7 -3.2 -13 

4 0.49 -1.7 -3.1 -13 

7 0.09 -3.2 -2.1 -13 

14 0.44 -1.9 -3.0 -13 

 

Table 3. Solution composition of C-S-H phases with a Ca/Si = 1.0 in kinetic experiments with 221 mM of Na-

formate. 

Time/(days) 

C-S-H (Ca/Si=1.0) 

[Na] [Ca] [Si] [OH-] Formate 
Observed phasea 

mM 

1 227 14 0.085 7.1 202 C-S-H 

2 193 13 0.073 7.1 194 C-S-H 

4 193 11 0.070 7.1 194 C-S-H 

7 195 13 0.074 6.8 210 C-S-H 

14 193 12 0.075 76 208 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 
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Table 4. Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 1.0 in 

formate sorption experiments ([Na]tot =0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) Ca(FOR)2 

C-S-H (Ca/Si=1.0) 

1 0.07 -0.6 -5.1 -13 

2 -0.22 -1.3 -4.6 -13 

4 -0.29 -1.4 -4.5 -13 

7 -0.47 -2.1 -3.9 -13 

14 -0.49 -2.2 -3.8 -13 

 

Table 5. Solution composition of C-S-H phases with a Ca/Si = 1.2 in kinetic experiments with 221 mM of Na-

formate. 

Time/(days) 

C-S-H (Ca/Si=1.2) 

[Na] [Ca] [Si] [OH-] Formate 
Observed phasea 

mM 

1 189 6.5 0.015 265 206 C-S-H 

2 189 9.9 0.015 136 207 C-S-H 

4 188 6.6 0.020 135 207 C-S-H 

7 194 13 0.023 135 214 C-S-H 

14 190 13 0.021 135 207 
C-S-H, 

Ca(CHOO)2 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 6. Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 1.2 in 

formate sorption experiments ([Na]tot =0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) Ca(FOR)2 

C-S-H (Ca/Si=1.2) 

1 -4.5 -16 -2.1 -13 

2 -1.5 -4.0 -3.4 -13 

4 -4.5 -16 -2.0 -13 

7 -1.0 -2.6 -4.0 -13 

14 -0.9 -2.3 -4.3 -13 
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Table 7. Solution composition of C-S-H phases with a Ca/Si = 1.4 in kinetic experiments with 221 mM of Na-

formate. 

Time/(days) 

C-S-H 

(Ca/Si=1.4) 

[Na] [Ca] [Si] [OH-] Formate 
Observed 

phasea mM 

1 191 21 0.010 265 199 C-S-H 

2 192 18 0.0089 136 202 C-S-H 

4 193 20 0.015 135 202 C-S-H 

7 192 20 0.013 135 200 C-S-H 

14 191 14 0.034 135 204 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 8. Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 1.4 in 

formate sorption experiments ([Na]tot =0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) Ca(FOR)2 

C-S-H (Ca/Si=1.4) 

1 1.3 1.0 -6.1 -13 

2 1.2 1.0 -6.1 -13 

4 1.4 1.0 -5.9 -13 

7 1.4 1.0 -6.0 -13 

14 1.6 0.82 -5.4 -13 
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Figure 6. XRPD spectra of Ms samples in kinetic experiments with 221 mM of Na-formate. AFt: ettringite; Ms12: 

monosulfate-12; Ms14: monosulfate-14. 

 

Figure 7. XRPD spectra of Mc samples in kinetic experiments with 221 mM of Na-formate. Mc: monocarbonate. 
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Figure 8. XRPD spectra of Hc samples in kinetic experiments with 221 of Na-formate. cHc: carbonated 

hemicarbonate; Hc: hemicarbonate. 

 

 

Figure 9. XRPD spectra of AFt samples in kinetic experiments with 221 of Na-formate. AFt: ettringite. 
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Table 9. Solution composition of Ms samples in kinetic experiments with 221 mM of Na-formate. 

Time/(days) 

Monosulfate (Ms) 

[Na] [Ca] [Al] [S] [OH-] Formate Observed phasea 

mM 

1 196 2.7 6.2 0.17 7.3 202 Ms12, Ms14, AFt 

2 200 3.0 6.1 0.16 7.3 205 Ms12, Ms14, AFt 

4 202 2.1 5.4 0.12 9.9 208 Ms12, Ms14, AFt 

7 228 2.3 12 0.20 7.9 210 Ms12, Ms14, AFt 

14 200 2.5 7.8 0.17 9.9 179 Ms12, Ms14, AFt 

a Phases identification achieved by XRPD analyses. AFt: ettringite, Ms12: monosulfate-12, Ms14: monosulfate-14. 

 
Table 10. Saturation indices of portlandite, katoite, gibbsite microcrystalline (Al(OH)3), monosulfate (Ms), 

ettringite (AFt), Ca(FOR)2, formate-AFm, for Ms system in citrate kinetic experiments ([FOR]tot = 0.22 M, [Na]tot 

= 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) Portlandite katoite Gibbsite (mic) Ms AFt Ca(FOR)2 Formate-AFm 

1 -2.9 -4.0 0.51 -3.2 -3.3 -8.9 -2.1 

2 -2.9 -3.9 0.52 -3.1 -3.3 -8.9 -2.0 

4 -2.8 -3.9 0.32 -3.4 -4.1 -9.0 -2.2 

7 -2.9 -3.4 0.75 -2.7 -2.9 -9.0 -1.6 

14 -2.6 -3.2 0.48 -2.4 -2.5 -9.0 -1.4 

 

Table 11. Solution composition of Mc samples in kinetic experiments with 221 mM of Na-formate. 

Time/(days) 

Monocarbonate (Mc) 

[Na] [Ca] [Al] [OH-] Formate Observed phasea 

mM 

1 192 4.2 2.8 67 216 Mc, CC 

2 201 4.5 2.9 67 221 Mc, CC 

4 198 4.8 3.3 90 206 Mc, CC 

7 201 4.7 3.3 90 213 Mc, CC 

14 202 3.2 4.1 85 195 Mc, CC 

a Phases identification achieved by XRPD analyses. Mc: monocarbonate, CC: calcite. 
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Table 12. Saturation indices of portlandite, katoite, monocarbonate (Mc), hemicarbonate (Hc), gibbsite 

microcrystalline (Al(OH)3), Ca(FOR)2, formate-AFm, for Mc system in citrate kinetic experiments ([FOR] tot = 

0.22 M, [Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) Portlandite katoite 
Gibbsite 

(mic) 
Mc Hc Ca(FOR)2 

Formate-

AFm 

1 -3.8 -6.3 0.68 0.64 -5.6 -32 0.60 

2 -3.7 -6.0 0.66 0.31 -5.4 -32 0.20 

4 -3.2 -5.0 0.53 0.56 -4.0 -31 0.48 

7 -3.3 -5.1 0.54 0.82 -4.2 -31 0.75 

14 -3.3 -5.0 0.55 0.99 -4.2 -31 0.96 

 

Table 13. Solution composition of Hc samples in kinetic experiment with 221 mM of Na-formate. 

Time/(days) 

Hemicarbonate (Hc) 

[Na] [Ca] [Al] [OH-] Formate Observed phasea 

mM 

1 196 5.2 0.24 33 167 Hc, cHc, Mc 

2 201 4.5 0.34 33 170 Hc, cHc, Mc 

4 199 6.1 0.16 42 163 Hc, cHc, Mc 

7 199 5.9 0.28 42 156 Hc, cHc, Mc 

14 201 5.4 0.29 25 153 cHc(?), Mc 

a Phases identification achieved by XRPD analyses. cHc: carbo-hemicarbonate, Hc: hemicarbonate, Mc: monocarbonate. 

 

Table 14. Saturation indices of portlandite, katoite, hemicarbonate (Hc), Ca(FOR)2, formate-AFm, for Hc system 

in kinetic experiments ([FOR]tot = 0.22 M, [Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

Time/(days) Portlandite katoite Hc Ca(FOR)2 Formate-AFm 

1 -0.90 -2.4 -0.30 -8.8 0.60 

2 -0.98 -2.3 -0.23 -8.9 0.20 

4 -1.1 -3.0 -1.11 -8.7 0.48 

7 -0.98 -2.4 -0.30 -8.7 0.75 

14 -0.96 -2.4 -0.25 -8.8 0.96 
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Table 15. Solution composition of AFt samples in kinetic experiments with 221 mM of Na-formate. 

Time/(days) 

Ettringite (AFt) 

[Na] [Ca] [Al] [S] [OH-] Formate 
Observed 

phasea 

mM 

1 197 4.3 0.54 29 91 217 AFt 

2 197 4.1 0.74 28 91 218 AFt 

4 197 4.2 0.12 34 91 209 AFt 

7 197 3.6 3.1 30 117 208 AFt 

14 195 6.0 5.6 29 117 198 AFt 

a Phases identification achieved by XRPD analyses. AFt: ettringite. 

 
Table 16. Saturation indices of portlandite, katoite, monosulfate (Ms), ettringite (AFt), Ca(FOR)2, formate-AFm, 

for AFt system in citrate kinetic experiments ([FOR]tot = 0.22 M, [Na]tot = 0.2 M). Calculations have been carried 

out with GEMS software. 

Time/(days) Portlandite katoite Ms AFt Ca(FOR)2 Formate-AFm 

1 -1.5 -3.5 0.41 6.1 -8.2 -0.64 

2 -1.03 -3.3 -4.1 1.6 -8.1 -5.1 

4 -1.6 -2.9 -1.3 4.5 -8.1 -2.3 

7 -1.6 -2.6 -1.4 4.3 -8.1 -2.4 

14 -1.6 -2.7 -0.091 5.6 -8.1 -1.2 
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1.2. Sorption experiments 

 

Figure 10. Calculated Ca/Si as a function of equilibrium concentration of formate for the C-S-H solid phases in 

presence of formate. Calculation have been carried out per 100 g of sample and taking into account the formation 

of portlandite by using the mass balance equation: Ca/Si= ([Ca] tot, in-[Ca]tot, eq-[Ca]portlandite)/ ([Si]tot, in-[Si]tot, eq). 
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Figure 11. Calculated species distribution of Ca-complexes and pH determined with an initial calcium 

concentration of [Ca]tot = 2 mM as a function of added formate concentration. 
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Table 17. Solution composition of C-S-H phases (Ca/Si=0.8) in formate sorption experiments. 

Measured initial 

formate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Formate 

mM 

0 76 0.080 0.73 141 <0.020 C-S-H 

0.22 74 0.044 1.10 124 <0.020 C-S-H 

0.44 70 0.041 1.52 114 0.19 C-S-H 

1.1 69 0.036 1.55 109 0.59 C-S-H 

2.2 70 0.043 1.49 109 1.1 C-S-H 

4.4 71 0.048 1.31 109 2.9 C-S-H 

11 71 0.050 1.41 105 11 C-S-H 

22 70 0.060 1.29 92 23 C-S-H 

44 126 0.071 0.96 81 46 C-S-H 

111 88 0.20 0.77 29 111 C-S-H 

221 189 14 0.97 0.079 217 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 18. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si=0.8 in formate sorption experiments ([Na]tot = 0.20 M). Calculations have been carried out with 

GEMS software. 

[Formate]tot/(mM) C-S-H Portlandite SiO2(am) Ca(FOR)2 

0 -0.39 -2.2 -3.7 -17 

0.22 -0.51 -2.6 -3.5 -18 

0.44 -0.49 -2.8 -3.3 -18 

1.1 -0.53 -2.9 -3.3 -18 

2.2 -0.48 -2.8 -3.3 -18 

4.4 -0.47 -2.7 -3.4 -18 

11 -0.47 -2.8 -3.2 -18 

22 -0.45 -2.9 -3.2 -18 

44 -0.44 -2.4 -3.6 -18 

111 -4.8 -19 -0.4 -16 

221 -0.70 -6.6 -0.5 -13 

  



 

155 

 

Table 19. Solution composition of C-S-H phases (Ca/Si=1.0) in formate sorption experiments. 

Measured initial 

formate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Formate 

mM 

0 158 0.28 0.21 150 <0.020 C-S-H 

0.22 159 0.30 0.19 136 0.13 C-S-H 

0.44 120 0.24 0.71 101 0.27 C-S-H 

1.1 155 0.27 0.23 125 0.82 C-S-H 

2.2 145 0.28 0.23 115 1.0 C-S-H 

4.4 162 0.38 0.16 128 2.7 C-S-H 

11 156 0.29 0.21 108 12 C-S-H 

22 174 0.37 0.23 108 44 C-S-H 

44 163 0.40 0.18 89 45 C-S-H 

111 175 1.08 0.11 45 112 C-S-H 

221 204 14 0.12 6 218 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 
b Phase identification carried out by TGA characterization. 

 

Table 20. Saturation indices of C-S-H phase, portlandite and silica for C-S-H phase with a Ca/Si=1.0 in formate 

sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Formate]tot/(mM) C-S-H Portlandite SiO2(am) Ca(FOR)2 

0 -0.19 -1.1 -4.8 -16 

0.22 -0.19 -1.0 -4.9 -16 

0.44 0.02 -1.5 -4.0 -16 

1.1 -0.18 -1.1 -4.7 -16 

2.2 -0.17 -1.1 -4.7 -16 

4.4 -0.16 -0.92 -5.0 -15 

11 -0.20 -1.1 -4.7 -16 

22 -0.17 -1.2 -4.6 -16 

44 -0.22 -1.2 -4.7 -15 

111 -0.32 -1.4 -4.6 -14 

221 0.51 -1.9 -2.9 -13 
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Table 21. Solution composition of C-S-H phases (Ca/Si=1.2) in sorption experiments. 

Measured initial 

formate 

concentration/ 
(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Formate 

mM 

0 193 0.64 0.10 143 <0.020 C-S-H, CHb 

0.22 194 1.0 0.050 143 0.11 C-S-H, CHb 

0.44 197 1.1 0.048 143 0.44 C-S-H, CHb 

1.1 185 1.2 0.043 143 0.58 C-S-H, CHb 

2.2 198 1.1 0.052 143 1.9 C-S-H, CHb 

4.4 196 0.92 0.059 143 4.2 C-S-H, CHb 

11 193 0.94 0.055 131 11 C-S-H, CHb 

22 193 1.0 0.060 131 22 C-S-H, CHb 

44 199 1.4 0.076 115 44 C-S-H, CHb 

111 201 2.6 0.049 74 109 C-S-H, CHb 

221 217 13.3 0.031 14 217 C-S-H 

a Phases identification achieved by XRPD analysis. C-S-H: C-S-H phase, CH: portlandite. 
b Portlandite content per 100 g of dry sample. Phase identification carried out by TGA characterization. 
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Table 22. Saturation indices of C-S-H phase, portlandite and silica for C-S-H phase with a Ca/Si=1.2 in formate 

sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Formate]tot/(mM) C-S-H Portlandite SiO2(am) Ca(FOR)2 

0 -0.094 -0.57 -5.4 -15 

0.22 -0.17 -0.36 -5.8 -15 

0.44 -0.14 -0.30 -5.8 -15 

1.1 -0.16 -0.29 -5.9 -14 

2.2 -0.11 -0.29 -5.8 -15 

4.4 -0.15 -0.41 -5.7 -15 

11 -0.18 -0.44 -5.7 -15 

22 -0.15 -0.46 -5.6 -15 

44 -0.037 -0.44 -5.5 -14 

111 -0.23 -0.66 -5.4 -14 

221 -0.50 -1.2 -5.0 -13 

 

Table 23. Solution composition of C-S-H phases (Ca/Si=1.4) in formate sorption experiments. 

Measured initial 

formate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Si] [OH-] Formate 

mM 

0 211 2.9 0.085 156 <0.020 C-S-H, CHb 

0.22 211 2.7 0.028 156 0.32 C-S-H, CHb 

0.44 212 2.4 0.031 156 0.12 C-S-H, CHb 

1.1 214 2.7 0.028 165 0.36 C-S-H, CHb 

2.2 212 2.7 0.029 156 1.2 C-S-H, CHb 

4.4 222 2.9 0.027 165 4.9 C-S-H, CHb 

11 215 3.0 0.029 156 11 C-S-H, CHb 

22 212 3.0 0.027 141 22 C-S-H, CHb 

44 213 3.8 0.022 127 44 C-S-H, CHb 

111 220 6.9 0.021 83 110 C-S-H, CHb 

221 222 22 0.016 25 220 C-S-H, CHb 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase, CH: portlandite. 
b Portlandite content per 100 g of dry sample. Phase identification carried out by TGA characterization. 
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Table 24. Saturation indices of C-S-H phase, portlandite and silica for C-S-H phase with a Ca/Si=1.4 in formate 

sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Formate]tot/(mM) C-S-H Portlandite SiO2(am) Ca(FOR)2 

0 0.35 0.16 -5.9 -14 

0.22 -0.020 0.14 -6.4 -14 

0.44 -0.022 0.10 -6.3 -14 

1.1 -0.011 0.15 -6.4 -14 

2.2 -0.013 0.13 -6.3 -14 

4.4 -0.005 0.19 -6.4 -14 

11 0.030 0.20 -6.4 -14 

22 0.003 0.19 -6.4 -14 

44 0.017 0.30 -6.6 -14 

111 0.18 0.58 -6.9 -13 

221 0.49 1.1 -7.5 -13 

 

Table 25. Mass of hydrated C-S-H phases per 2.21 g of (CaO + SiO2) in 50 mL of solution calculated by combining 

mass balance and water content determined by TGA analysis. 

[Formate]tot, in/ 

(mM) 

Ca/Si = 0.8 Ca/Si = 1.0 Ca/Si = 1.2 Ca/Si = 1.4 

g/g 

0 3.0 2.8 2.8 2.7 

0.22 3.0 2.8 2.8 2.7 

0.44 3.0 2.9 2.7 2.7 

1.1 3.0 2.8 2.7 2.7 

2.2 3.0 2.9 2.7 2.7 

4.4 3.0 2.8 2.7 2.6 

11 3.0 2.8 2.7 2.7 

22 3.0 2.8 2.7 2.7 

44 2.9 2.8 2.7 2.7 

111 2.9 2.8 2.7 2.6 

221 2.7 2.6 2.6 2.6 
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Figure 12. XRPD characterization of Ms in sorption experiments with [Formate] tot = 0 – 221 mM. 

 

Figure 13. XRPD characterization of Mc in sorption experiments with [Formate]tot = 0 – 221 mM. 
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Figure 14. XRPD characterization of ettringite (AFt) in sorption experiments with [Formate] tot = 0 – 221 mM. 

 

 

Figure 15. FT-IR characterization of Mc samples in sorption experiments (2000-1000 cm-1). 
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Figure 16. FT-IR characterization of AFt samples in sorption experiments (2000-1000 cm-1). 

  



 

162 

 

Table 26. Solution composition of Ms samples in formate sorption experiments. 

Measured initial 

formate 

concentration/ 

(mM) 

Measured concentration 

Observed phasea 
[Na] [Ca] [Al] [S] [OH-] Formate 

mM 

0 214 0.37 1.2 0.70 186 <0.020 Ms12, Ms14, AFt 

0.22 216 0.32 1.4 0.84 177 <0.020 Ms12, Ms14, AFt 

0.44 213 0.31 1.6 0.80 177 <0.020 Ms12, Ms14, AFt 

1.1 216 0.47 1.4 0.79 169 <0.020 Ms12, Ms14, AFt 

2.2 218 0.37 1.4 0.91 169 0.19 Ms12, Ms14, AFt 

4.4 214 0.41 1.6 0.86 169 1.5 Ms12, Ms14, AFt 

11 216 0.30 1.9 0.89 161 12 Ms12, Ms14, AFt 

22 222 0.32 2.5 0.99 161 24 Ms12, Ms14, AFt 

44 208 0.37 2.6 0.73 133 52 Ms12, Ms14, AFt 

111 225 0.36 4.5 0.73 91 118 Ms12, Ms14, AFt 

221 223 1.83 8.1 0.06 10 209 Ms12, Ms14, AFt 

a Phases identified by XRPD analyses. AFt: ettringite, Ms12: monosulfate-12, Ms14: monosulfate-14. 

 

Table 27. Saturation indices of portlandite, katoite, gypsum, monosulfate (Ms), ettringite (AFt), Ca(FOR)2, 

formate-AFm, for Ms system in formate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried 

out with GEMS software. 

[Formate]tot/(mM) Portlandite katoite Gypsum Ms AFt Ca(FOR)2 Formate-AFm 

0 -0.85 -1.8 -3.5 -1.0 -1.2 - - 

0.22 -0.87 -1.8 -3.6 -1.0 -1.2 -24 - 

0.44 -0.68 -1.3 -3.4 -1.0 -0.25 -24 - 

1.1 -0.78 -1.6 -3.4 -0.41 -0.71 -24 - 

2.2 -0.76 -1.4 -3.4 -0.77 -0.40 -16 -6.4 

4.4 -0.94 -1.8 -3.5 -0.51 -1.2 -14 -4.3 

11 -0.96 -1.6 -3.5 -1.0 -0.83 -12 -3.0 

22 -1.1 -1.8 -3.5 -0.77 -1.2 -11 -2.3 

44 -1.6 -2.4 -3.7 -1.0 -2.1 -11 -1.7 

111 -3.0 -4.1 -4.2 -1.7 -5.5 -10 -1.7 

221 -0.85 -1.8 -3.5 -4.0 -1.2 -9 -2.4 
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Table 28. Solution composition of Mc samples in formate sorption experiments. 

Measured initial 

formate 

concentration/(mM) 

Measured concentration 

Observed phasea 
[Na] [Ca] [Al] [OH-] Formate 

mM 

0 212 0.56 0.19 206 <0.020 Mc, CC 

0.22 212 0.61 0.20 186 0.20 Mc, CC 

0.44 216 0.54 0.48 177 1.1 Mc, CC 

1.1 213 0.53 0.25 177 1.9 Mc, CC 

2.2 215 0.54 0.22 168 2.0 Mc, CC 

4.4 214 0.49 0.25 177 4.0 Mc, CC 

11 215 0.53 0.22 168 12 Mc, CC 

22 215 0.57 0.20 151 23 Mc, CC 

44 215 0.64 0.20 130 46 Mc, CC 

111 219 0.74 0.38 86 120 Mc, CC 

221 223 4.22 2.72 6.3 226 Mc, CC 

a Phases identification achieved by XRPD analyses. CC: calcite, Mc: monocarbonate. 

 

Table 29. Saturation indices of portlandite, katoite, monocarbonate (Mc), hemicarbonate (Hc), ettringite (AFt), 

Ca(FOR)2, formate-AFm, for Mc system in formate sorption experiments ([Na]tot = 0.2 M). Calculations have 

been carried out with GEMS software. 

[Formate]tot/(mM) Portlandite katoite Mc Hc Ca(FOR)2 Formate-AFm 

0 -0.60 -2.8 -0.38 -1.3 - - 

0.22 -0.57 -2.7 -0.27 -1.1 -16 -7.2 

0.44 -0.62 -2.1 0.35 -0.55 -14 -5.1 

1.1 -0.63 -2.7 -0.26 -1.2 -13 -5.3 

2.2 -0.63 -2.8 -0.35 -1.2 -13 -5.3 

4.4 -0.68 -2.8 -0.40 -1.3 -13 -4.8 

11 -0.68 -2.9 -0.49 -1.4 -12 -3.9 

22 -0.70 -3.0 -0.58 -1.5 -11 -3.4 

44 -0.79 -3.1 -0.74 -1.7 -11 -3.0 

111 -1.3 -3.6 -1.2 -2.4 -10 -2.6 

221 -4.0 -6.7 -4.3 -6.9 -9 -4.6 
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Table 30. Solution composition of Hc samples in formate sorption experiments. 

Measured initial 

formate 

concentration/(mM) 

Measured concentration 

Observed phasea [Na] [Ca] [Al] [OH-] Formate 

mM 

0 218 1.8 0.22 176 <0.020 Hc, cHc, Mc 

0.22 218 1.7 0.21 174 0.41 Hc, cHc, Mc 

0.44 217 1.9 0.23 172 0.79 Hc, cHc, Mc 

1.1 222 1.7 0.16 172 1.5 Hc, cHc, Mc 

2.2 221 1.9 0.15 172 2.3 Hc, cHc, Mc 

4.4 222 1.9 0.25 170 3.7 Hc, cHc 

11 224 2.0 0.17 164 10 Hc, cHc 

22 218 2.2 0.19 165 20 Hc, cHc 

44 218 2.3 0.09 148 39 Hc, cHc, Mc 

111 221 4.3 0.06 46 97 Hc, cHc, Mc 

221 222 6.5 0.15 99 173 cHc, Mc 

a Phases identification achieved by XRPD analyses. cHc: carbo-hemicarbonate, Hc: hemicarbonate, Mc: monocarbonate. 

 

Table 31. Saturation indices of portlandite, katoite, hemicarbonate (Hc), Ca(FOR)2, formate-AFm for Hc system 

in formate sorption experiments ([Na]tot =0.2 M). Calculations have been carried out with GEMS software. 

[Formate]tot/(mM) Portlandite katoite Hc Ca(FOR)2 Formate-AFm 

0 -0.074 -1.1 0.69 - - 

0.22 -0.100 -1.3 0.54 -14 -0.49 

0.44 -0.063 -1.1 0.75 -14 -0.80 

1.1 -0.093 -1.5 0.33 -13 -0.28 

2.2 -0.067 -1.4 0.37 -13 0.63 

4.4 -0.066 -1.0 0.80 -13 0.67 

11 -0.069 -1.3 0.50 -12 0.57 

22 -0.091 -1.2 0.57 -11 1.2 

44 -0.16 -2.0 -0.24 -11 0.55 

111 -0.26 -2.3 -0.59 -10 1.1 

221 -0.83 -2.7 -1.20 -9 0.85 
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Table 32. Solution composition of AFt samples in formate sorption experiments. 

Measured initial 

formate 

concentration/ 

(mM) 

Measured concentration 

Observed phasea 
[Na] [Ca] [Al] [S] [OH-] Formate 

mM 

0 199 0.029 6.6 11 112 <0.020 AFt 

0.22 197 0.090 5.8 11 106 0.37 AFt 

0.44 198 0.075 7.1 12 112 0.81 AFt 

1.1 199 0.15 6.0 11 119 0.96 AFt 

2.2 201 0.11 7.0 12 112 2.2 AFt 

4.4 198 0.085 5.9 12 112 4.2 AFt 

11 198 0.092 5.8 12 112 12 AFt 

22 200 0.10 5.6 12 100 23 AFt 

44 201 0.12 5.8 11 89 45 AFt 

111 202 0.16 5.7 12 40 110 AFt 

221 201 22 0.067 22 0.0026 224 AFt 

a Phases identified by XRPD analyses. AFt: ettringite. 

 

Table 33. Saturation indices of portlandite, katoite, gypsum, monosulfate (Ms), ettringite (AFt), Ca(FOR)2, 

formate-AFm for AFt system in formate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried 

out with GEMS software. 

[Formate]tot/(mM) Portlandite katoite Gypsum Ms AFt Ca(FOR)2 Formate-AFm 

0 -2.1 -3.9 -3.4 -3.0 -2.9 - - 

0.22 -1.6 -2.4 -2.9 -1.2 -0.07 -16 -2.0 

0.44 -1.7 -2.5 -3.0 -1.3 -0.38 -15 -2.1 

1.1 -1.4 -2.6 -2.7 -0.26 1.3 -14 -2.0 

2.2 -1.5 -2.5 -2.8 -0.66 0.70 -14 -1.8 

4.4 -1.6 -2.8 -2.9 -1.3 -0.23 -13 -1.7 

11 -1.6 -2.9 -2.9 -1.3 -0.20 -12 -1.7 

22 -1.7 -2.8 -2.9 -1.3 -0.06 -12 -1.1 

44 -1.7 -4.2 -2.8 -1.3 -0.087 -11 -1.3 

111 -2.3 -3.8 -2.8 -2.5 -1.13 -10 -0.67 

221 -2.1 -2.8 -0.6 -3.0 -2.9 -8 0.093 
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2. Citrate uptake  

2.1. Kinetic sorption experiments 

 

Figure 17. XRPD analysis of C-S-H 0.80 (Ca/Si) equilibrated in presence of Na3-citrate (0.034 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 
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Figure 18. XRPD analysis of C-S-H 1.0 (Ca/Si) equilibrated in presence of Na3-citrate (0.034 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 

 

 

Figure 19. XRPD analysis of C-S-H 1.2 (Ca/Si) equilibrated in presence of Na3-citrate (0.034 M) for a contacting 

time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 
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Figure 20. XRPD analysis of C-S-H 1.4 (Ca/Si) equilibrated in presence of Na3-citrate (34 mM) for a contacting 

time of 1, 2,4, 7 and 14 days. C: C-S-H phase, Cc: Calcium citrate tetrahydrate.  
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Table 34. Solution composition of C-S-H phases with a Ca/Si = 0.8 in kinetic experiments with 34 mM of Na3-

citrate. 

Time/(days) 

C-S-H 

(Ca/Si=0.8) 

[Na] [Ca] [Si] [OH-] Citrate 
Observed 

phasea 

mM 

1 265 6.9 0.7 265 32 C-S-H 

2 136 6.1 1.1 136 31 C-S-H 

4 135 6.1 1.2 135 31 C-S-H 

7 135 5.8 1.2 135 31 C-S-H 

14 135 5.9 1.1 135 31 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 35. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si = 0.8 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with 

GEMS software. 

Time/(days) 
C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

C-S-H (Ca/Si=0.8) 

1 0.71 -0.34 -0.30 -4.7 

2 0.76 -0.38 -0.75 -4.1 

4 0.77 -0.40 -0.77 -4.0 

7 0.74 -0.46 -0.80 -4.0 

14 0.72 -0.42 -0.78 -4.1 

 

Table 36. Solution composition of C-S-H phases with a Ca/Si = 1.0 in kinetic experiments with 34 mM of Na3-

citrate. 

Time/(days) 

C-S-H 

(Ca/Si=1.0) 

[Na] [Ca] [Si] [OH-] Citrate 
Observed 

phasea 

mM  

1 151 12 0.25 84 27 C-S-H 

2 154 12 0.24 88 29 C-S-H 

4 152 12 0.24 88 29 C-S-H 

7 151 12 0.26 133 29 C-S-H 

14 147 12 0.23 133 28 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 
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Table 37. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si = 1.0 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with 

GEMS software. 

Time/(days) 

C-S-H 

(Ca/Si=1.0) 

Time/(days) C-S-H Ca3Cit2·4·H2O Portlandite 

mM 

1 0.73 0.69 -7.5 -5.3 

2 0.71 0.66 -7.5 -5.3 

4 0.72 0.70 -7.5 -5.4 

7 0.73 0.66 -7.5 -5.3 

14 0.69 0.67 -7.5 -5.3 

 

Table 38. Solution composition of C-S-H phases with a Ca/Si = 1.2 in kinetic experiments with 34 mM of Na3-

citrate. 

Time/(days) 

C-S-H 

(Ca/Si=1.2) 

[Na] [Ca] [Si] [OH-] Citrate Observed 

phasea 
mM 

1 151 12 0.084 73 28 C-S-H 

2 154 14 0.071 73 28 C-S-H 

4 152 13 0.15 65 28 C-S-H 

7 151 14 0.086 69 28 C-S-H 

14 147 14 0.10 69 28 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 39. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si = 1.2 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with 

GEMS software. 

Time/(days) 
C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

C-S-H (Ca/Si=1.2) 

1 0.43 0.70 0.25 -5.93 

2 0.43 0.83 0.34 -6.08 

4 0.62 0.77 0.25 -5.69 

7 0.48 0.81 0.32 -5.97 

14 0.53 0.81 0.30 -5.89 
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Table 40. Solution composition of C-S-H phases with a Ca/Si = 1.4 in kinetic experiments with 34 mM Na3-citrate. 

Time/(days) 

C-S-H (Ca/Si=1.4) 

[Na] [Ca] [Si] [OH-] Citrate 
Observed phasea 

mM 

1 171 16 0.040 93 21 C-S-H, CHb 

2 173 15 0.056 99 19 C-S-H, CHb 

4 171 15 0.031 99 20 C-S-H, CHb 

7 171 14 0.031 99 19 C-S-H, CHb 

14 169 7.8 0.074 99 15 C-S-H, CHb 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase, CH: portlandite. 
b Phase identification carried out by TGA characterization. 

 

Table 41. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si = 1.4 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with 

GEMS software. 

Time/(days) 
C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

C-S-H (Ca/Si=1.4) 

1 0.38 0.79 0.56 -6.54 

2 0.51 0.68 0.59 -6.41 

4 0.31 0.74 0.57 -6.65 

7 0.27 0.65 0.52 -6.61 

14 0.34 0.0054 0.18 -5.93 
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Figure 21. XRPD spectra of Ms samples in kinetic experiments with 34 mM Na3-citrate. AFt: ettringite; K: katoite; 

Ms12: monosulfate-12; Ms14: monosulfate-14. 

 

 

Figure 22. XRPD spectra of Mc samples in kinetic experiments with 34 mM Na3-citrate. Mc: monocarbonate. 
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Figure 23. XRPD spectra of Hc samples in kinetic experiments with 34 mM Na3-citrate. cHc: carbonated 

hemicarbonate; Hc: hemicarbonate. 

 

Figure 24. XRPD spectra of AFt samples in kinetic experiments with 34 mM Na3-citrate. AFt: ettringite.  
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Table 42. Solution composition of Ms samples in kinetic experiments with 34 mM of Na3-citrate. 

Time/(days) 

Monosulfate (Ms) 

[Na] [Ca] [Al] [S] [OH-] Citrate 
Observed phasea 

mM 

1 202 8.2 6.6 1.7 71 34 Ms12, Ms14, AFt 

2 204 7.3 6.9 1.7 74 35 Ms12, Ms14, AFt 

4 203 6.6 8.4 1.8 95 29 Ms12, Ms14, AFt 

7 206 7.0 7.1 2.0 95 29 Ms12, Ms14, AFt 

14 203 6.6 7.0 1.9 90 27 Ms12, Ms14, AFt 

a Phases identification achieved by XRPD analyses. AFt: ettringite, Ms12: monosulfate-12, Ms14: monosulfate-14. 

 

Table 43. Saturation indices of portlandite, katoite, monosulfate (Ms), ettringite (AFt), citrate-AFm, citrate-AFt 

and Ca3Cit2·4·H2O for Ms system in citrate kinetic experiments ([CIT] tot = 0.034 M, [Na]tot = 0.2 M). Calculations 

have been carried out with GEMS software. 

Time/(days) Portlandite katoite Ms AFt 
Citrate-

AFm 

Citrate-

AFt 
Ca3Cit2·4·H2O 

1 -1.2 -0.94 0.38 1.4 1.9 5.4 -0.15 

2 -1.3 -1.1 0.15 1.0 1.7 5.1 -0.31 

4 -1.2 -0.69 0.61 1.5 2.1 5.5 -0.38 

7 -1.1 -0.67 0.71 1.8 2.1 5.5 -0.31 

14 -1.1 -0.67 0.68 1.7 2.1 5.5 -0.37 

 

Table 44. Solution composition of Mc samples in kinetic experiments with 34 mM of Na3-citrate. 

Time/(days) 

Monocarbonate (Mc) 

[Na] [Ca] [Al] [OH-] Citrate Observed 

phasea mM 

1 201 5.9 3.3 67 35 Mc, CC 

2 202 5.1 3.0 67 35 Mc, CC 

4 201 5.4 3.0 90 33 Mc, CC 

7 206 5.4 3.2 90 34 Mc, CC 

14 203 5.9 4.0 85 32 Mc, CC 

a Phases identification achieved by XRPD analyses. Mc: monocarbonate, CC: calcite. 
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Table 45. Saturation indices of portlandite, katoite, monocarbonate (Mc), hemicarbonate (Hc), citrate-AFm, 

citrate-AFt and Ca3Cit2·4·H2O for Mc system in citrate kinetic experiments ([CIT]tot = 0.034 M, [Na]tot = 0.2 M). 

Calculations have been carried out with GEMS software. 

Time/(days) Portlandite katoite Mc Hc Citrate-AFm Citrate-AFt Ca3Cit2·4·H2O 

1 -1.4 -2.1 0.64 -0.79 0.60 3.9 -0.59 

2 -1.5 -2.4 0.31 -1.17 0.20 3.3 -0.81 

4 -1.4 -2.2 0.56 -0.87 0.48 3.7 -0.70 

7 -1.3 -1.9 0.82 -0.55 0.75 4.0 -0.69 

14 -1.3 -1.7 0.99 -0.39 0.96 4.2 -0.58 

 

Table 46. Solution composition of Hc samples in kinetic experiment with 34 mM of Na3-citrate. 

Time/(days) 

Hemicarbonate (Hc) 

[Na] [Ca] [Al] [OH-] Citrate 
Observed phasea 

mM 

1 213 4.5 2.2 107 17 Hc, cHc, Mc 

2 190 3.9 1.3 112 12 Hc, cHc, Mc 

4 205 2.0 3.1 146 7.6 Hc, cHc, Mc 

7 205 2.1 3.1 154 7.8 Hc, cHc, Mc 

14 204 1.9 2.9 147 7.3 cHc(?), Mc 

a Phases identification achieved by XRPD analyses. cHc: carbo-hemicarbonate, Hc: hemicarbonate, Mc: monocarbonate. 

 

Table 47. Saturation indices of portlandite, katoite, hemicarbonate (Hc), citrate-AFm, citrate-AFt and 

Ca3Cit2·4·H2O for Hc system in kinetic ([CIT]tot = 0.034 M, [Na]tot = 0.2 M). Calculations have been carried out 

with GEMS software. 

Time/(days) Portlandite katoite Hc 
Citrate-

AFm 
Citrate-AFt Ca3Cit2·4·H2O 

1 -0.84 -1.2 -0.41 1.4 4.6 -0.76 

2 -0.81 -1.5 -0.54 1.1 4.2 -0.83 

4 -0.87 -1.1 -0.34 1.3 3.8 -1.7 

7 -0.86 -1.0 -0.32 1.3 3.9 -1.6 

14 -0.87 -1.1 -0.37 1.2 3.7 -1.7 
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Table 48. Solution composition of AFt samples in kinetic experiments with 34 mM of Na3-citrate. 

Time/(days) 

Ettringite (AFt) 

[Na] [Ca] [Al] [S] [OH-] Citrate 
Observed phasea 

mM 

1 194 8.7 0.6 17 49 35 AFt 

2 197 15 0.2 22 54 33 AFt 

4 199 5.8 2.3 17 62 33 AFt 

7 200 5.8 2.6 17 58 32 AFt 

14 200 6.1 2.2 18 62 31 AFt 

a Phases identification achieved by XRPD analyses. AFt: ettringite. 

 

Table 49. Saturation indices of portlandite, katoite, monosulfate (Ms), ettringite (AFt), citrate-AFm, citrate-AFt 

and Ca3Cit2·4·H2O for AFt system in citrate kinetic experiments ([CIT]tot = 0.034 M, [Na]tot = 0.2 M). Calculations 

have been carried out with GEMS software. 

Time/(days) Portlandite katoite Ms AFt Citrate-AFm Citrate-AFt Ca3Cit2·4·H2O 

1 -1.5 -3.5 -1.2 1.8 -0.68 2.9 -0.063 

2 -1.03 -3.3 -0.51 3.40 -0.19 4.0 0.72 

4 -1.6 -2.9 -0.71 1.9 -0.20 3.1 -0.61 

7 -1.6 -2.6 -0.46 2.2 0.041 3.3 -0.58 

14 -1.6 -2.7 -0.47 2.3 0.0046 3.3 -0.52 
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2.2. Sorption experiments 

 

Figure 25. Calculated Ca/Si as a function of equilibrium concentration of citrate for the C-S-H solid phases in 

presence of citrate. Calculation have been carried out per 100 g of sample and taking into account the formation 

of portlandite by using the mass balance equation: Ca/Si= ([Ca] tot, in-[Ca]tot, eq-[Ca]portlandite)/ ([Si]tot, in-[Si]tot, eq). 
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Table 50. Solution composition of C-S-H phases (Ca/Si=0.8) in citrate sorption experiments. 

Measured initial 

citrate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Si] [OH-] Citrate 

mM 

0 72 0.043 1.5 95 <0.020 C-S-H 

0.022 74 0.041 1.5 91 <0.020 C-S-H 

0.067 72 0.046 1.3 91 <0.020 C-S-H 

0.13 71 0.039 1.4 87 <0.020 C-S-H 

0.33 71 0.052 1.2 87 <0.020 C-S-H 

0.67 72 0.075 1.3 87 0.54 C-S-H 

1.4 69 0.083 1.8 83 1.2 C-S-H 

3.4 69 0.18 1.8 79 3.1 C-S-H 

6.8 70 0.38 1.8 69 6.8 C-S-H 

13 73 1.0 1.6 60 13 C-S-H 

34 80 5.7 1.4 26 33 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 51. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si=0.8 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Citrate]tot/(mM) C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

0 -0.49 - -2.7 -3.3 

0.022 -0.49 - -2.8 -3.3 

0.067 -0.48 - -2.7 -3.4 

0.13 -0.52 - -2.8 -3.3 

0.33 -0.45 - -2.6 -3.4 

0.67 -0.45 -6.45 -2.7 -3.4 

1.4 -0.46 -6.16 -2.9 -3.2 

3.4 -0.42 -5.06 -2.8 -3.15 

6.8 -0.39 -4.13 -2.9 -3.1 

13 -0.33 -2.93 -2.9 -2.9 

34 -3.77 -0.75 -2.7 -0.12 
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Table 52. Solution composition of C-S-H phases (Ca/Si=1.0) in citrate sorption experiments. 

Measured initial 

citrate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Si] [OH-] Citrate 

mM 

0 159 0.27 0.244 119 <0.020 C-S-H 

0.022 156 0.23 0.435 119 <0.020 C-S-H 

0.067 160 0.25 0.25 125 <0.020 C-S-H 

0.13 159 0.26 0.34 119 <0.020 C-S-H 

0.33 154 0.33 0.22 113 <0.020 C-S-H 

0.67 157 0.41 0.21 119 0.31 C-S-H 

1.4 155 0.5 0.22 113 0.81 C-S-H 

3.4 154 0.86 0.23 113 2.5 C-S-H 

6.8 161 0.26 0.25 113 5 C-S-H 

13 158 4.0 0.23 98 11 C-S-H 

34 157 11 0.29 58 30 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 
b Phase identification carried out by TGA characterization. 

 

Table 53. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si=1.0 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Citrate]tot/(mM) C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

0 -0.17 - -1.1 -4.7 

0.022 -0.080 - -1.2 -4.4 

0.067 -0.18 - -1.1 -4.7 

0.13 -0.091 - -1.1 -4.6 

0.33 -0.12 - -1.0 -4.8 

0.67 -0.12 -4.64 -0.99 -4.8 

1.4 -0.12 -3.81 -1.0 -4.8 

3.4 -0.10 -2.82 -1.0 -4.7 

6.8 -0.64 -4.45 -1.8 -4.6 

13 0.060 -0.91 -0.87 -4.7 

34 0.11 0.22 -1.1 -4.4 
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Table 54. Solution composition of C-S-H phases (Ca/Si=1.2) in sorption experiments. 

Measured initial citrate 

concentration/(mM) 

Measured concentration 

Observed phasea [Na] [Ca] [Si] [OH-] Citrate 

mM 

0 201 1.1 0.059 143 <0.020 C-S-H, CHb 

0.022 198 0.95 0.054 149 <0.020 C-S-H, CHb 

0.067 201 1.1 0.057 149 <0.020 C-S-H, CHb 

0.13 203 1.5 0.035 149 <0.020 C-S-H, CHb 

0.33 195 1.1 0.045 148 <0.020 C-S-H, CHb 

0.67 184 0.73 0.092 141 0.18 C-S-H, CHb 

1.4 195 1.1 0.052 148 0.42 C-S-H, CHb 

3.4 201 2.1 0.053 148 1.5 C-S-H, CHb 

6.8 198 3.0 0.057 141 3.9 C-S-H, CHb 

13 205 6.3 0.043 141 8.1 C-S-H, CHb 

34 189 13 0.11 84 31 C-S-H 

a Phases identification achieved by XRPD analysis. C-S-H: C-S-H phase, CH: portlandite. 
b Portlandite content per 100 g of dry sample. Phase identification carried out by TGA characterization. 

 

Table 55. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si=1.2 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Citrate]tot/(mM) C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

0 -0.071 - -0.29 -5.8 

0.022 -0.15 - -0.37 -5.7 

0.067 -0.10 - -0.31 -5.8 

0.13 -0.15 - -0.16 -6.1 

0.33 -0.15 - -0.29 -5.9 

0.67 -0.11 -4.47 -0.56 -5.4 

1.4 -0.17 -3.41 -0.37 -5.8 

3.4 -0.029 -1.97 -0.19 -5.8 

6.8 -0.058 -1.23 -0.27 -5.8 

13 -0.017 -0.23 -0.080 -6.0 

34 -0.021 0.45 -0.68 -5.1 
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Table 56. Solution composition of C-S-H phases (Ca/Si=1.4) in citrate sorption experiments. 

Measured initial 

citrate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Si] [OH-] Citrate 

mM 

0 210 2.5 0.027 148 <0.020 C-S-H, CHb 

0.022 203 2.7 0.025 178 <0.020 C-S-H, CHb 

0.067 208 2.7 0.027 160 <0.020 C-S-H, CHb 

0.13 207 2.6 0.024 160 <0.020 C-S-H, CHb 

0.33 206 2.7 0.026 160 <0.020 C-S-H, CHb 

0.67 211 2.7 0.025 160 0.21 C-S-H, CHb 

1.4 209 2.8 0.022 137 0.31 C-S-H, CHb 

3.4 206 3.6 0.018 152 0.92 C-S-H, CHb 

6.8 203 4.9 0.020 152 2.2 C-S-H, CHb 

13 208 6.6 0.021 168 5.7 C-S-H, CHb 

34 200 17 0.0036 117 26 C-S-H, CHb 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase, CH: portlandite. 
b Portlandite content per 100 g of dry sample. Phase identification carried out by TGA characterization. 

 

Table 57. Saturation indices of C-S-H phase, Calcite, Ca3Cit2·4·H2O, lime, portlandite and silica for C-S-H phase 

with a Ca/Si=1.4 in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Citrate]tot/(mM) C-S-H Ca3Cit2·4·H2O Portlandite SiO2(am) 

0 -0.06 - 0.10 -6.3 

0.022 -0.05 - 0.14 -6.4 

0.067 -0.03 - 0.13 -6.4 

0.13 -0.09 - 0.10 -6.4 

0.33 -0.05 - 0.13 -6.4 

0.67 -0.08 -3.23 0.11 -6.4 

1.4 -0.11 -2.86 0.12 -6.4 

3.4 -0.13 -1.78 0.17 -6.6 

6.8 -0.08 -0.92 0.21 -6.6 

13 -0.11 -0.21 0.14 -6.5 

34 -0.78 0.93 -0.16 -7.0 
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Table 58. Mass of hydrated C-S-H phases per 2.21 g of (CaO + SiO2) in 50 mL of solution calculated by combining 

mass balance and water content determined by TGA analysis. 

[Citrate]tot/(mM) 
Ca/Si = 0.8 Ca/Si = 1.0 Ca/Si = 1.2 Ca/Si = 1.4 

g/g 

0 3.0 2.8 2.7 2.7 

0.022 3.0 2.8 2.7 2.7 

0.067 3.0 2.8 2.8 2.7 

0.13 3.0 2.8 2.7 2.7 

0.33 3.0 2.9 2.8 2.7 

0.67 3.0 2.9 2.7 2.7 

1.4 3.0 2.8 2.7 2.7 

3.4 3.0 2.8 2.7 2.7 

6.8 3.0 2.9 2.7 2.7 

13 3.0 2.8 2.7 2.7 

34 2.9 2.9 2.8 2.7 
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Figure 26. XRPD patterns of monocarbonate after sorption of citrate after 7 days of contacting time. 

 

 

Figure 27. XRPD characterization of ettringite in sorption experiments with [Citrate]tot = 0 – 34 mM. 
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Figure 28. FT-IR characterization of Ms samples in sorption experiments (2000-1000 cm-1). 

 

 

Figure 29. FT-IR characterization of monocarbonate samples in sorption experiments (2000-1000 cm-1). 
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Figure 30. FT-IR characterization of ettringite samples in sorption experiments (2000-1000 cm-1).  
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Figure 31. Zeta potential measured in the presence of citrate in Ms suspensions. 

 

Figure 32. Calculated species distribution of Ca-complexes and pH determined with an initial calcium 

concentration of [Ca]tot = 2 mM as a function of added citrate concentration. 
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Table 59. Solution composition of Ms samples in citrate sorption experiments. 

Measured initial 

citrate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Al] [S] [OH-] Citrate 

mM 

0 220 0.30 1.9 1.0 169 <0.020 Ms12, Ms14, AFt 

0.022 221 0.47 1.9 1.0 169 <0.020 Ms12, Ms14, AFt 

0.067 223 0.54 1.5 0.81 169 <0.020 Ms12, Ms14, AFt 

0.13 219 0.58 1.3 0.75 177 <0.020 Ms12, Ms14, AFt 

0.33 217 0.77 1.2 0.63 177 0.12 Ms12, Ms14, AFt 

0.67 221 0.67 1.4 0.76 169 0.067 Ms12, Ms14, AFt 

1.4 225 0.51 2.7 1.2 169 0.94 Ms12, Ms14, AFt 

3.4 222 1.2 1.7 0.81 169 3.3 Ms12, Ms14, AFt 

6.8 222 1.7 2.2 1.1 161 7.0 Ms12, Ms14, AFt 

13 223 2.8 3.1 1.4 146 13 Ms12, Ms14, AFt 

34 226 7.5 6.4 2.1 99.7 34 Ms12, Ms14, AFt 

a Phases identified by XRPD analyses. AFt: ettringite, Ms12: monosulfate-12, Ms14: monosulfate-14. 

 

Table 60. Saturation indices of portlandite, katoite, gypsum, monosulfate (Ms), ettringite (AFt), citrate-AFm, 

citrate-AFt and Ca3Cit2·4·H2O for Ms system in citrate sorption experiments ([Na] tot = 0.2 M). Calculations have 

been carried out with GEMS software. 
[Citrate]tot/ 

(mM) 
Portlandite katoite 

Gypsu

m 
Ms AFt 

Citrate-

AFm 

Citrate-

AFt 
Ca3Cit2·4·H2O 

0 -0.87 -1.7 -3.5 -0.83 -0.87 - - - 

0.022 -0.68 -1.1 -3.0 0.23 1.2 - - - 

0.067 -0.61 -1.1 -3.0 0.20 1.1 - - - 

0.13 -0.59 -1.1 -3.0 0.18 1.1 - - - 

0.33 -0.49 -0.92 -3.0 0.39 1.3 0.39 0.95 -4.6 

0.67 -0.54 -0.88 -3.0 0.45 1.4 0.23 0.38 -5.3 

1.4 -0.82 -1.2 -3.1 0.051 0.83 0.44 1.6 -3.7 

3.4 -0.71 -1.2 -3.1 0.000016 0.74 0.88 3.0 -2.3 

6.8 -0.83 -1.3 -3.0 -0.044 0.79 0.94 4.4 -1.8 

13 -0.87 -1.1 -2.9 0.33 1.4 1.4 4.2 -1.3 

34 -1.1 -0.77 -2.6 0.90 2.6 2.0 5.5 -0.26 
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Table 61. Solution composition of Mc samples in citrate sorption experiments. 

Measured initial 

citrate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Al] [OH-] citrate 

mM 

0 217 0.55 0.15 226 <0.020 Mc, CC 

0.022 215 0.60 0.18 177 <0.020 Mc, CC 

0.067 216 0.70 0.16 186 0.051 Mc, CC 

0.13 216 0.51 0.33 186 0.058 Mc, CC 

0.33 212 0.52 0.23 177 0.12 Mc, CC 

0.67 217 0.62 0.22 186 0.52 Mc, CC 

1.4 215 0.63 0.42 186 1.3 Mc, CC 

3.4 215 0.88 0.43 169 3.1 Mc, CC 

6.8 218 1.3 0.77 169 6.5 Mc, CC 

13 219 1.9 1.1 139 14 Mc, CC 

34 224 3.3 1.6 24 34 Mc, CC 

a Phases identification achieved by XRPD analyses. CC: calcite, Mc: monocarbonate. 

 

Table 62. Saturation indices of portlandite, katoite, monocarbonate (Mc), hemicarbonate (Hc), ettringite (AFt), 

citrate-AFm, citrate-AFt and Ca3Cit2·4·H2O for Mc system in citrate sorption experiments ([Na]tot = 0.2 M). 

Calculations have been carried out with GEMS software. 

[Citrate]tot/(mM) Portlandite katoite Mc Hc Citrate-AFm Citrate-AFt Ca3Cit2·4·H2O 

0 -0.61 -3.1 -0.35 -1.4 - - - 

0.022 -0.58 -2.8 -0.11 -1.1 - - - 

0.067 -0.51 -2.7 -0.0038 -1.0 -1.7 -1.7 -5.5 

0.13 -0.66 -2.5 0.20 -0.86 -1.6 -1.7 -5.7 

0.33 -0.67 -2.8 -0.13 -1.2 -1.7 -1.4 -5.1 

0.67 -0.66 -2.9 -0.15 -1.2 -1.3 -0.14 -3.8 

1.4 -0.75 -2.6 0.12 -1.0 -0.83 0.57 -3.4 

3.4 -0.85 -2.8 -0.14 -1.3 -0.86 1.0 -2.7 

6.8 -0.96 -2.6 0.10 -1.1 -0.49 1.7 -2.2 

13 -1.1 -2.7 0.017 -1.3 -0.45 2.0 -1.8 

34 -0.98 -3.2 -0.46 -1.9 -0.75 2.0 -1.3 
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Table 63. Solution composition of Hc samples in citrate sorption experiments. 

Measured initial 

citrate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Al] [OH-] Citrate 

mM 

0 218 1.8 0.15 170 <0.020 Hc, cHc, Mc 

0.022 217 1.7 0.15 170 0.026 Hc, cHc, Mc 

0.067 218 1.7 0.13 170 0.020 Hc, cHc, Mc 

0.13 217 1.9 0.15 169 0.029 Hc, cHc, Mc 

0.33 213 2.1 0.24 169 0.095 Hc, cHc, Mc 

0.67 216 2.0 0.24 180 0.21 Hc, cHc 

1.4 216 2.4 0.12 183 1.2 Hc, cHc 

3.4 218 2.9 0.19 181 1.2 Hc, cHc 

6.8 217 5.9 0.058 182 3.3 Hc, cHc, Mc 

13 215 4.3 0.11 172 3.4 Hc, cHc, Mc 

34 217 1.2 2.07 161 8.5 cHc(?), Mc 

a Phases identification achieved by XRPD analyses. cHc: carbo-hemicarbonate, Hc: hemicarbonate, Mc: monocarbonate. 

 

Table 64. Saturation indices of portlandite, katoite, hemicarbonate (Hc), citrate-AFm, citrate-AFt and 

Ca3Cit2·4·H2O for Hc system in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out 

with GEMS software. 

[Citrate]tot/(mM) Portlandite katoite Hc 
Citrate-

AFm 
Citrate-AFt Ca3Cit2·4·H2O 

0 -0.077 -1.5 0.012 - -  

0.022 -0.11 -1.6 -0.046 -0.49 -0.43 -5.4 

0.067 -0.10 -1.7 -0.16 -0.80 -1.1 -5.9 

0.13 -0.071 -1.4 -0.23 -0.28 -0.075 -5.2 

0.33 -0.034 -0.92 0.22 0.63 1.7 -3.9 

0.67 -0.058 -1.0 0.13 0.67 2.0 -3.5 

1.4 -0.065 -1.6 -0.15 0.57 2.9 -2.0 

3.4 0.023 -1.0 0.12 1.2 3.7 -1.8 

6.8 0.22 -1.4 -0.21 0.55 3.7 -0.43 

13 0.017 -1.4 -0.052 1.1 4.2 -0.73 

34 -0.88 -1.3 -0.54 0.85 3.2 -2.0 
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Table 65. Solution composition of AFt samples in citrate sorption experiments. 

Measured initial 

citrate 

concentration/ 

(mM) 

Measure concentrations 

Observed phasea 
[Na] [Ca] [Al] [S] [OH-] Citrate 

mM 

0 205 0.088 6.9 12 126 <0.020 AFt 

0.022 205 0.098 7.0 12 126 0.075 AFt 

0.067 203 0.098 5.8 12 119 0.090 AFt 

0.13 203 0.099 5.6 12 119 0.13 AFt 

0.33 201 0.116 4.9 11 119 0.17 AFt 

0.67 205 0.138 4.9 11 126 1.0 AFt 

1.4 202 0.175 3.9 13 119 1.5 AFt 

3.4 203 0.399 2.8 12 119 3.4 AFt 

6.8 205 7.9 0.005 17 119 7.0 AFt 

13 204 12 0.008 18 100 13 AFt 

34 208 9.8 0.73 17 54 35 AFt 

a Phases identified by XRPD analyses. AFt: ettringite. 

 

Table 66. Saturation indices of portlandite, katoite, gypsum, monosulfate (Ms), ettringite (AFt), citrate-AFm, 

citrate-AFt and Ca3Cit2·4·H2O for AFt system in citrate sorption experiments ([Na]tot = 0.2 M). Calculations have 

been carried out with GEMS software. 
[Citrate]tot/(mM) Portlandite katoite Gypsum Ms AFt Citrate-AFm Citrate-AFt Ca3Cit2·4·H2O 

0 -1.6 -2.44 -2.9 -1.1 0.0025 - - - 

0.022 -1.5 -2.4 -2.9 -0.94 0.20 -2.0 -3.2 -7.4 

0.067 -1.6 -2.5 -2.9 -1.1 0.043 -2.1 -3.3 -7.2 

0.13 -1.6 -2.6 -2.9 -1.2 -0.041 -2.0 -3.0 -6.9 

0.33 -1.5 -2.5 -2.8 -1.0 0.24 -1.8 -2.4 -6.5 

0.67 -1.6 -2.8 -3.0 -1.4 -0.42 -1.7 -1.5 -5.3 

1.4 -1.6 -2.9 -2.9 -1.5 -0.30 -1.7 -1.2 -4.8 

3.4 -1.4 -2.8 -2.7 -1.2 0.22 -1.1 0.055 -3.7 

6.8 -0.062 -4.2 -1.2 -1.1 3.34 -1.3 2.5 0.15 

13 -0.10 -3.8 -1.2 -0.66 3.93 -0.67 3.5 0.79 

34 -1.2 -2.8 -1.9 -0.41 2.72 0.093 3.8 0.11 
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3. Gluconate uptake 

3.1. Kinetic sorption experiments 

 

Figure 33. XRPD analysis of C-S-H 0.8 (Ca/Si) equilibrated in presence of Na-gluconate (0.021 M) for a 

contacting time of 1, 2, 4, 7 and 14 days. C: C-S-H phase.  
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Figure 34. XRPD analysis of C-S-H 1.0 (Ca/Si) equilibrated in presence of Na-gluconate (0.021 M) for a 

contacting time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 

 

Figure 35. XRPD analysis of C-S-H 1.2 (Ca/Si) equilibrated in presence of Na-gluconate (0.021 M) for a 

contacting time of 1, 2, 4, 7 and 14 days. C: C-S-H phase. 
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Figure 36. XRPD analysis of C-S-H 1.4 (Ca/Si) equilibrated in presence of Na-gluconate (0.021 M) for a 

contacting time of 1, 2, 4, 7 and 14 days. C: C-S-H phase, P: portlandite. 
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Table 67. Solution composition of C-S-H phases with a Ca/Si = 0.8 in kinetic experiments with 21 mM of Na-

gluconate 

Time/(days) [Na] [Ca] [Si] [OH-] Gluconate 
Observed 

phasea 
C-S-H 

(Ca/Si=0.8) 
mM 

1 126 0.36 1.1 96 20 C-S-H 

2 126 0.41 0.95 101 19 C-S-H 

4 153 1.63 0.26 133 15 C-S-H 

7 121 0.39 1.1 96 20 C-S-H 

14 123 0.50 0.97 51 19 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 
Table 68.Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 0.8 in 

gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) 

C-S-H (Ca/Si=0.8) 

1 -0.080 -1.8 -3.7 

2 -0.059 -1.7 -3.8 

4 0.071 -0.88 -4.7 

7 -0.048 -1.8 -3.7 

14 0.011 -1.7 -3.8 

 

Table 69. Solution composition of C-S-H phases with a Ca/Si = 1.0 in kinetic experiments with 21 mM of Na-

gluconate. 

Time/(days) 

C-S-H (Ca/Si=1.0) 

[Na] [Ca] [Si] [OH-] Gluconate 
Observed phasea 

mM 

1 150 1.6 0.25 96 15 C-S-H 

2 147 1.7 0.22 133 15 C-S-H 

4 116 0.40 1.1 78 19 C-S-H 

7 150 1.7 0.22 6.7 15 C-S-H 

14 150 1.7 0.22 6.3 15 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

  



 

195 

 

Table 70.Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 1.0 in 

gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) 

C-S-H (Ca/Si=1.0) 

1 0.053 -0.92 -4.7 

2 0.037 -0.89 -4.7 

4 -0.027 -1.89 -3.7 

7 0.036 -0.879 -4.8 

14 0.028 -0.88 -4.8 

 

Table 71. Solution composition of C-S-H phases with a Ca/Si = 1.2 in kinetic experiments with 21 mM of Na-

gluconate. 

Time/(days) 

C-S-H (Ca/Si=1.2) 

[Na] [Ca] [Si] [OH-] Gluconate 
Observed phasea 

mM 

1 163 2.7 0.089 105 13 C-S-H 

2 167 3.0 0.078 105 13 C-S-H 

4 165 2.8 0.070 105 14 C-S-H 

7 167 3.1 0.064 105 13 C-S-H 

14 166 2.9 0.068 105 13 C-S-H 

aPhases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 72.Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 1.2 in 

gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) 

C-S-H (Ca/Si=1.2) 

1 -0.11 -0.62 -5.3 

2 -0.13 -0.58 -5.4 

4 -0.18 -0.61 -5.4 

7 -0.18 -0.57 -5.5 

14 -0.18 -0.60 -5.4 
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Table 73. Solution composition of C-S-H phases with a Ca/Si = 1.4 in kinetic experiments with 21 mM of Na-

gluconate. 

Time/(days) 

C-S-H (Ca/Si=1.4) 

[Na] [Ca] [Si] [OH-] Gluconate 
Observed phasea 

mM 

1 180 4.9 0.022 133 7.1 C-S-H 

2 178 5.0 0.026 126 7.1 C-S-H 

4 179 5.2 0.023 133 6.8 C-S-H 

7 176 4.9 0.022 126 7.3 C-S-H 

14 177 5.3 0.021 133 6.9 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 

 

Table 74.Saturation indices of C-S-H phase, lime, portlandite and silica for C-S-H phase with a Ca/Si = 1.4 in 

gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) 
C-S-H Portlandite SiO2(am) 

C-S-H (Ca/Si=1.4) 

1 -0.27 -0.16 -6.2 

2 -0.22 -0.16 -6.1 

4 -0.24 -0.14 -6.2 

7 -0.28 -0.19 -6.2 

14 -0.27 -0.13 -6.3 
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Figure 37. XRPD spectra of Ms samples in kinetic experiments with 21 mM Na-gluconate. AFt: ettringite; K: 

katoite; Ms12: monosulfate-12; Ms14: monosulfate-14. 

 

Figure 38. XRPD spectra of Mc samples in kinetic experiments with 21 mM Na-gluconate. Mc: monocarbonate.  
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Figure 39. XRPD spectra of Hc samples in kinetic experiments with 21 of Na-gluconate. cHc: carbonated 

hemicarbonate; Hc: hemicarbonate. 

 

 

Figure 40. XRPD spectra of AFt samples in kinetic experiments with 21 of Na-guconate. AFt: ettringite. 
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Table 75. Solution composition of Ms samples in kinetic experiments with 21 mM of Na-gluconate. 

Time/(days) 

Monosulfate (Ms) 

[Na] [Ca] [Al] [S] [OH-] Gluconate 
Observed phasea 

mM 

1 197 3.3 3.0 11 112 6.0 Ms12, Ms14, AFt 

2 193 6.8 6.3 8.4 107 5.8 Ms12, Ms14, AFt 

4 140 18 16 13 67 17 Ms12, Ms14, AFt 

7 196 6.5 6.0 8.7 146 5.2 Ms12, Ms14, AFt 

14 200 12 11 4.6 146 11 Ms12, Ms14, AFt 

a Phases identification achieved by XRPD analyses. AFt: ettringite, Ms12: monosulfate-12, Ms14: monosulfate-14. 

 

Table 76. Saturation indices of portlandite, katoite, monosulfate (Ms), ettringite (AFt), gibbsite microcrystalline 

(Al(OH)3), for Ms system in gluconate kinetic experiments ([GLU]tot = 0.021 M, [Na]tot = 0.2 M). Calculations 

have been carried out with GEMS software. 

Time/(days) Portlandite katoite Gibbsite (mic) Ms AFt Ca(GLU)2 

1 -2.0 -4.7 -1.3 -3.6 -3.0 18 

2 -2.0 -4.1 -0.91 -3.1 -2.8 18 

4 -2.2 -3.7 -0.39 -2.5 -1.8 -17 

7 -1.9 -4.2 -1.1 -3.4 -3.4 -18 

14 -1.8 -3.2 -0.78 -3.0 -4.2 -17 

 

Table 77.Solution composition of Mc samples in kinetic experiments with 21 mM of Na-gluconate. 

Time/(days) 

Monocarbonate (Mc) 

[Na] [Ca] [Al] [OH-] Gluconate 
Observed phasea 

mM 

1 192 7.2 6.5 118 11 Mc, CC 

2 193 6.7 6.1 112 12 Mc, CC 

4 193 11 10 118 11 Mc, CC 

7 198 8.9 8.3 154 8.9 Mc, CC 

14 197 8.9 8.3 154 8.4 Mc, CC 

a Phases identification achieved by XRPD analyses. Mc: monocarbonate, CC: calcite. 
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Table 78. Saturation indices of portlandite, katoite, gibbsite microcrystalline (Al(OH)3), monocarbonate (Mc), 

hemicarbonate (Hc), Ca(GLU)2, for Mc system in gluconate kinetic experiments ([GLU]tot = 0.021 M, [Na]tot = 

0.2 M). Calculations have been carried out with GEMS software. 

Time/(days) Portlandite katoite 
Gibbsite 

(mic) 
Mc Hc Ca(GLU)2 

1 -0.40 1.1 -0.71 5.6 3.8 -16 

2 -0.44 0.89 -0.74 5.4 3.6 -16 

4 -0.25 1.9 -0.52 6.6 4.8 -16 

7 -0.21 1.8 -0.62 6.5 4.7 -16 

14 -0.19 1.9 -0.63 6.6 4.8 -16 

 

Table 79. Solution composition of Hc samples in kinetic experiment with 21 mM of Na-gluconate. 

Time/(days) 

Hemicarbonate (Hc) 

[Na] [Ca] [Al] [OH-] Gluconate 
Observed phasea 

mM 

1 206 3.6 3.8 118 5.4 Hc, cHc, Mc 

2 202 3.0 3.1 131 4.3 Hc, cHc, Mc 

4 199 3.5 3.6 131 4.6 Hc, cHc, Mc 

7 200 2.8 2.6 171 2.4 Hc, cHc, Mc 

14 202 2.4 1.2 171 1.5 cHc(?), Mc 

a Phases identification achieved by XRPD analyses. cHc: carbo-hemicarbonate, Hc: hemicarbonate, Mc: monocarbonate. 

 

Table 80. Saturation indices of portlandite, katoite, hemicarbonate (Hc), formate-AFm, for Hc Ca(GLU)2 system 

in gluconate kinetic experiments ([GLU]tot = 0.021 M, [Na]tot = 0.2 M). Calculations have been carried out with 

GEMS software. 

Time/(days) Portlandite katoite Hc Ca(GLU)2 

1 -0.31 0.72 3.3 -17 

2 -0.31 0.57 3.0 -17 

4 -0.29 0.79 3.3 -17 

7 -0.19 0.76 3.3 -17 

14 -0.14 0.21 2.5 -17 
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Table 81. Solution composition of AFt samples in kinetic experiments with 21 mM of Na-gluconate. 

Time/(days) 

Ettringite (AFt) 

[Na] [Ca] [Al] [S] [OH-] Gluconate 
Observed phasea 

mM 

1 194 8.7 0.6 17 49 5.2 AFt 

2 197 15 0.2 22 54 5.0 AFt 

4 199 5.8 2.3 17 62 3.0 AFt 

7 200 5.8 2.6 17 58 3.7 AFt 

14 200 6.1 2.2 18 62 5.0 AFt 

a Phases identification achieved by XRPD analyses. AFt: ettringite. 

 

Table 82. Saturation indices of portlandite, katoite, monosulfate (Ms), ettringite (AFt), Ca(GLU)2 system in 

gluconate kinetic experiments ([GLU]tot = 0.021 M, [Na]tot = 0.2 M). Calculations have been carried out with 

GEMS software. 

Time/(days) Portlandite katoite Ms AFt Ca(GLU)2 

1 -0.65 -7.8 -4.7 -0.21 -16 

2 -0.72 -7.5 -4.6 -0.21 -16 

4 -0.37 -9.0 -5.6 -0.36 -17 

7 -2.1 -5.1 -3.7 -2.6 -18 

14 -2.1 -4.7 -3.4 -2.4 -18 
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3.2. Sorption experiments 

 

 

Figure 41. Calculated Ca/Si as a function of equilibrium concentration of gluconate for the C-S-H solid phases in 

presence of gluconate. Calculation have been carried out per 100 g of sample and taking into account the 

formation of portlandite by using the mass balance equation: Ca/Si= ([Ca] tot, in-[Ca]tot, eq-[Ca]portlandite)/ ([Si]tot, in-

[Si]tot, eq). 
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Figure 42. Calculated fraction of Ca-complexes and pH determined with an initial calcium concentration of [Ca] tot 

= 2 mM as a function of added gluconate concentration. 
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Table 83. Solution composition of C-S-H phases (Ca/Si=0.8) in gluconate sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Gluconate 

mM 

0.00 95 0.11 0.52 127 <0.020 C-S-H 

0.021 b b b b b C-S-H 

0.042 b b b b b C-S-H 

0.11 b b b b b C-S-H 

0.21 b b b b b C-S-H 

0.42 b b b b b C-S-H 

1.05 b b b b b C-S-H 

2.1 b b b b b C-S-H 

4.2 74 0.066 1.3 83 3.9 C-S-H 

10.5 76 0.13 1.2 83 10 C-S-H 

21 76 0.21 1.3 66 20 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 
b Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 

 

Table 84. Saturation indices of C-S-H phase, Ca(GLU)2, portlandite and silica for C-S-H phase with a Ca/Si=0.8 

in gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Gluconate]tot/(mM) C-S-H Ca(GLU)2 Portlandite SiO2(am) 

0.00 -0.32 - -1.9 -4.0 

0.021 - - - - 

0.042 - - - - 

0.11 - - - - 

0.21 - - - - 

0.42 - - - - 

1.05 - - - - 

2.1 - - - - 

4.2 -0.42 -18 -2.6 -3.4 

10.5 -0.29 -17 -2.4 -3.4 

21 -0.22 -16 -2.4 -3.3 
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Table 85. Solution composition of C-S-H phases (Ca/Si=1.0) in gluconate sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Gluconate 

mM 

0.00 163 0.21 0.32 132 <0.020 C-S-H 

0.021 c c c c c 
C-S-H 

0.042 c c c c c 
C-S-H 

0.11 c c c c c 
C-S-H 

0.21 c c c c c 
C-S-H 

0.42 c c c c c 
C-S-H 

1.05 c c c c c 
C-S-H 

2.1 163 0.41 0.26 114 1.7 C-S-H 

4.2 166 0.48 0.19 125 3.0 C-S-H 

10.5 170 0.71 0.17 120 6.5 C-S-H 

21 161 1.1 0.25 101 16 C-S-H 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase. 
b Phase identification carried out by TGA characterization. 
c Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 86. Saturation indices of C-S-H phase, Ca(GLU)2, and silica for C-S-H phase with a Ca/Si=1.0 in gluconate 

sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Gluconate]tot/(mM) C-S-H Ca(GLU)2 Portlandite SiO2(am) 

0.00 -0.17 - -1.2 -4.6 

0.021 - - - - 

0.042 - - - - 

0.11 - - - - 

0.21 - - - - 

0.42 - - - - 

1.05 - - - - 

2.1 -0.056 -18 -0.99 -4.7 

4.2 -0.13 -17 -0.95 -4.9 

10.5 -0.14 -17 -0.92 -4.9 

21 -0.060 -16 -1.0 -4.7 

 

Table 87. Solution composition of C-S-H phases (Ca/Si=1.2) in sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Gluconate 

mM 

0.00 212 2.3 0.030 165 <0.020 C-S-H, CHb 

0.021 c c c c c C-S-H, CHb 

0.042 c c c c c C-S-H, CHb 

0.11 c c c c c C-S-H, CHb 

0.21 c c c c c C-S-H, CHb 

0.42 c c c c c C-S-H, CHb 

1.05 c c c c c C-S-H, CHb 

2.1 210 1.5 0.034 148 1.1 C-S-H, CHb 

4.2 200 1.0 0.054 141 2.1 C-S-H, CHb 

10.5 192 1.1 0.085 127 5.8 C-S-H, CHb 

21 199 3.1 0.074 127 31 C-S-H 

a Phases identification achieved by XRPD analysis. C-S-H: C-S-H phase, CH: portlandite. 
b Portlandite content per 100 g of dry sample. Phase identification carried out by TGA characterization. 
c Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 88. Saturation indices of C-S-H phase, Ca(GLU)2, portlandite and silica for C-S-H phase with a Ca/Si=1.2 

in gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Gluconate]tot/(mM) C-S-H Ca(GLU)2 Portlandite SiO2(am) 

0.00 -0.05 - 0.070 -6.3 

0.021 - - - - 

0.042 - - - - 

0.11 - - - - 

0.21 - - - - 

0.42 - - - - 

1.05 - - - - 

2.1 -0.20 -18 -0.21 -6.0 

4.2 -0.21 -17 -0.45 -5.7 

10.5 -0.18 -16 -0.62 -5.4 

21 -0.13 -16 -0.48 -5.5 

 

Table 89. Solution composition of C-S-H phases (Ca/Si=1.4) in gluconate sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Si] [OH-] Gluconate 

mM 

0.00 211 2.6 0.020 153 <0.020 C-S-H, CHb 

0.021 c c c c c C-S-H, CHb 

0.042 c c c c c C-S-H, CHb 

0.11 c c c c c C-S-H, CHb 

0.21 c c c c c C-S-H, CHb 

0.42 c c c c c C-S-H, CHb 

1.05 209 2.8 0.022 153 0.71 C-S-H, CHb 

2.1 213 3.2 0.021 153 0.60 C-S-H, CHb 

4.2 219 3.6 0.019 160 1.1 C-S-H, CHb 

10.5 213 4.3 0.020 160 3.5 C-S-H, CHb 

21 211 7.7 0.034 153 9.1 C-S-H, CHb 

a Phases identification achieved by XRPD analyses. C-S-H: C-S-H phase, CH: portlandite. 
b Portlandite content per 100 g of dry sample. Phase identification carried out by TGA characterization. 
c Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 90. Saturation indices of C-S-H phase, Ca(GLU)2, portlandite and silica for C-S-H phase with a Ca/Si=1.4 

in gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Gluconate]tot/(mM) C-S-H Ca(GLU)2 Portlandite SiO2(am) 

0.00 -0.13 - 0.13 -6.5 

0.021 - - - - 

0.042 - - - - 

0.11 - - - - 

0.21 - - - - 

0.42 - - - - 

1.05 -0.12 -18 0.096 -6.4 

2.1 -0.086 -18 0.18 -6.5 

4.2 -0.11 -18 0.20 -6.6 

10.5 -0.17 -17 0.065 -6.4 

21 -0.068 -16 -0.028 -6.1 

 

Table 91. Mass of hydrated C-S-H phases per 2.21 g of (CaO + SiO2) in 50 mL of solution calculated by combining 

mass balance and water content determined by TGA analysis. 

[Gluconate]tot/(mM

) 

Ca/Si = 0.8 Ca/Si = 1.0 Ca/Si = 1.2 Ca/Si = 1.4 

g/100 g 

0.00 2.9 2.8 2.7 2.7 

0.021 3.0 2.8 2.7 2.7 

0.042 2.9 2.8 2.7 2.7 

0.11 3.0 2.8 2.7 2.7 

0.21 3.0 2.8 2.7 2.7 

0.42 3.0 2.8 2.8 2.7 

1.05 1.7 2.9 2.8 2.6 

2.1 1.7 2.8 2.7 2.7 

4.2 2.9 2.8 2.7 2.6 

10.5 2.9 2.8 2.7 2.6 

21 3.0 2.8 2.7 2.7 
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Figure 43. XRPD characterization of Ms in sorption experiments with [Gluconate] tot = 0 – 21 mM. 

 

Figure 44. XRPD characterization of Mc in sorption experiments with [Gluconate] tot = 0 – 21 mM. 
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Figure 45. XRPD characterization of AFt in sorption experiments with [Gluconate] tot = 0 – 21 mM. 

 

 

Figure 46. FT-IR characterization of Ms samples in sorption experiments (2000-1000 cm-1).  
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Figure 47. FT-IR characterization of Mc samples in sorption experiments (2000-1000 cm-1). 

 

 

Figure 48. FT-IR characterization of AFt samples in sorption experiments (2000-1000 cm-1).  



 

212 

 

Table 92. Solution composition of Ms samples in gluconate sorption experiments. 

Measured initial 

gluconate 

concentration/ 

(mM) 

Measured concentrations 

Observed phasea 
[Na] [Ca] [Al] [S] [OH-] Gluconate 

mM 

0.00 226 0.44 1.6 1.1 179 <0.020 Ms12, Ms14, AFt 

0.021 b b b b b b Ms12, Ms14, AFt 

0.042 b b b b b b Ms12, Ms14, AFt 

0.11 b b b b b b Ms12, Ms14, AFt 

0.21 b b b b b b Ms12, Ms14, AFt 

0.42 b b b b b b Ms12, Ms14, AFt 

1.05 b b b b b b Ms12, Ms14, AFt 

2.1 228 2.8 3.2 0.8 179 2.0 Ms12, Ms14, AFt 

4.2 227 2.5 2.0 2.8 179 2.0 Ms12, Ms14, AFt 

10.5 222 7.4 7.2 2.2 179 6.9 Ms12, Ms14, AFt 

21 220 7.6 7.2 9.7 170 7.0 Ms12, Ms14, AFt 

a Phases identified by XRPD analyses. AFt: ettringite, Ms12: monosulfate-12, Ms14: monosulfate-14. 
b Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 93. Saturation indices of portlandite, katoite, gypsum, monosulfate (Ms), ettringite (AFt), Ca(GLU)2 for Ms 

system in gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Gluconate]tot/(mM) Portlandite katoite Gypsum Ms AFt Ca(GLU)2 

0.00 -1.8 -4.6 -4.3 -4.7 -0.87 - 

0.021 - - - - - - 

0.042 - - - - - - 

0.11 - - - - - - 

0.21 - - - - - - 

0.42 - - - - - - 

1.05 - - - - - - 

2.1 -1.5 -2.8 -3.9 -3.3 -5.9 -17 

4.2 -1.9 -4.1 -4.8 -3.4 -3.6 -17 

10.5 -0.072 3.8 -3.6 -9.6 -38 -16 

21 -0.032 3.9 -18 -9.7 -38 -16 

 

Table 94. Solution composition of Mc samples in gluconate sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Al] [OH-] gluconate 

mM 

0.00 218 0.68 0.19 161 <0.020 Mc, CC 

0.021 b b b b b Mc, CC 

0.042 b b b b b Mc, CC 

0.11 b b b b b Mc, CC 

0.21 b b b b b Mc, CC 

0.42 b b b b b Mc, CC 

1.05 214 1.5 0.90 162 b Mc, CC 

2.1 215 1.5 1.0 163 b Mc, CC 

4.2 215 2.0 1.5 146 b Mc, CC 

10.5 216 5.0 4.5 148 b Mc, CC 

21 211 8.5 8.2 150 b Mc, CC 

a Phases identification achieved by XRPD analyses. CC: calcite, Mc: monocarbonate. 
b Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 95. Saturation indices of portlandite, katoite, monocarbonate (Mc), hemicarbonate (Hc), Ca(GLU)2 for Mc 

system in gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Gluconate]tot/(mM) Portlandite katoite Mc Hc Ca(GLU)2 

0.00 -0.51 -2.6 -0.17 -1.0 - 

0.021 - - - - - 

0.042 - - - - - 

0.11 - - - - - 

0.21 - - - - - 

0.42 - - - - - 

1.05 -0.22 -0.35 2.1 1.4 - 

2.1 -0.26 -0.33 2.2 1.4 - 

4.2 -0.14 0.36 2.9 2.2 - 

10.5 -0.05 1.6 4.0 3.4 - 

21 -0.19 1.7 4.5 3.6 - 

 

Table 96. Solution composition of Hc samples in gluconate sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Measured concentrations 

Observed phasea [Na] [Ca] [Al] [OH-] Gluconate 

mM 

0.00 214 1.7 0.13 168 <0.020 Hc, cHc, Mc 

0.021 b b b b b Hc, cHc, Mc 

0.042 b b b b b Hc, cHc, Mc 

0.11 b b b b b Hc, cHc, Mc 

0.21 b b b b b Hc, cHc, Mc 

0.42 b b b b b Hc, cHc 

1.05 204 2.3 0.30 165 0.34 Hc, cHc 

2.1 218 2.3 0.27 183 0.32 Hc, cHc 

4.2 218 2.3 0.21 164 0.25 Hc, cHc, Mc 

10.5 216 1.6 0.18 166 0.74 Hc, cHc, Mc 

21 214 4.3 3.7 169 3.87 cHc(?), Mc 

a Phases identification achieved by XRPD analyses. cHc: carbo-hemicarbonate, Hc: hemicarbonate, Mc: monocarbonate. 
b Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 97. Saturation indices of portlandite, katoite, hemicarbonate (Hc), Ca(GLU)2 for Hc system in gluconate 

sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS software. 

[Gluconate]tot/(mM) Portlandite katoite Hc Ca(GLU)2 

0.00 -0.12 -1.4 -0.62 - 

0.021 - - - - 

0.042 - - - - 

0.11 - - - - 

0.21 - - - - 

0.42 - - - - 

1.05 -0.031 -1.2 -0.62 -19 

2.1 0.013 -1.2 -0.75 -19 

4.2 0.013 -1.7 0.18 -19 

10.5 -0.22 -2.3 0.95 -18 

21 -0.078 0.98 1.3 -17 

 

Table 98. Solution composition of AFt samples in gluconate sorption experiments. 

Measured initial gluconate 

concentration/(mM) 

Mesasured concentrations 

Observed phasea [Na] [Ca] [Al] [S] [OH-] Gluconate 

mM 

0.00 206 0.098 7.2 12 133 <0.020 AFt 

0.021 b b b b b b AFt 

0.042 b b b b b b AFt 

0.11 b b b b b b AFt 

0.21 b b b b b b AFt 

0.42 b b b b b b AFt 

1.05 204 0.66 5.4 11 133 0.76 AFt 

2.1 206 1.7 6.0 12 141 1.8 AFt 

4.2 206 3.7 8.0 13 120 4.0 AFt 

10.5 204 7.0 0.054 26 126 2.0 AFt 

21 204 8.9 0.26 30 114 4.9 AFt 

a Phases identified by XRPD analyses. AFt: ettringite. 
b Concentrations not measured due to an ineffective solid-liquid phase separation by filtration. 
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Table 99. Saturation indices of portlandite, katoite, gypsum, monosulfate (Ms), ettringite (AFt), Ca(GLU)2 for AFt 

system in gluconate sorption experiments ([Na]tot = 0.2 M). Calculations have been carried out with GEMS 

software. 

[Gluconate]tot/(mM) Portlandite katoite Gypsum Ms AFt Ca(GLU)2 

0.00 -2.6 -5.5 -4.0 -5.2 0.0025 - 

0.021 - - - - - - 

0.042 - - - - - - 

0.11 - - - - - - 

0.21 - - - - - - 

0.42 - - - - - - 

1.05 -2.3 -5.0 -3.7 -4.4 -4.8 -19 

2.1 -2.2 -4.7 -3.6 -3.9 -4.2 -19 

4.2 -2.2 -4.3 -3.5 -3.6 -3.7 18 

10.5 0095 -9.7 -0.86 -62 -1.08 -17 

21 -0.055 -8.9 -0.88 -5.4 -0.28 -17 
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4. PC composition 

The composition of the unhydrated cement determined by X-ray fluorescence analysis (XRF) and the 

phase contents by quantitative X-ray diffraction (QXRD) are reported in Table 100. Quantification was 

performed by Rietveld refinement using X'Pert Highscore Plus V. 4.8 following the procedure and using 

the structures recommended by [270]. The hydration of the paste was stopped by solvent exchange using 

the method by Snellings et al.[271] prior to analysis. The amorphous content in the hydrated paste was 

quantified using G-factor method [272, 273] with CaF2 as external standard and includes mainly C-S-H 

and AFm-phases. For the hydrated paste the results were referred to 100 g of unhydrated cement using 

the ignited sample mass at 550 ºC as determined by thermogravimetric analysis [233].  

 

Table 100. Chemical-mineralogical composition of unhydrated and hydrated PC (CEM I 42.5 N). 

XRFe (mass-%)  QXRD (mass-%)   

Parameter PC Phasec PC hydrated PC 

SiO2 19.86 C3S 58.3 10.0 

Al2O3 4.86 C2S 13.9 11.0 

Fe2O3 2.88 C3A cubic 2.4 0.5 

Cr2O3 0.005 C3A orthorh. 5.5 2.1 

MnO 0.050 C4AF 8.0 5.7 

TiO2 0.251 Lime 0.2  

P2O5 0.235 Portlanditec 1.1 15.6 

CaO 63.42 Gypsum 1.8  

MgO 1.55 Bassanite 2.1  

K2O 0.85 Anhydrite 0.3  

Na2O 0.15 Arcanite 0.5  

SO3 3.18 Calcite 3.5 1.3 

CO2
a 1.61 Dolomite 0.5 0.8 

L.O.I.b 2.54 Quartz 0.5 0.5 

  Ettringite  6.5 

  Amorphous/otherd  65.4 
a Calculated from total carbon determined by combustion analysis. 
b Loss on ignition. 
c TGA: 1.9 mass-% in anhydrous PC and 16.2 mass-% in hydrated PC (corrected for carbonation). 
d Includes C-S-H, hemi- and monocarbonate and further phases. 
e The accuracy of the measurements is in compliance with EN 196-2 and ISO 10694, respectively. 
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Appendix 3.2 

1.1. Ternary system: C-S-H/ Pu / L 

1.1.1.  Formate 

 

 

Figure 1. Distribution ratios, Rd, determined for the system (Pu-C-S-H) + FOR, for (a) C-S-H with C/S = 0.8; and 

(b) C-S-H with C/S = 1.4. In both cases data corresponding to pH = 13.3, S/L = 25 g·dm-3 and 90 days of contact 

time. X crossed symbols refers to values at the detection limit. 
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Table 1. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 90 days and 

pH = 13.3 for the HQ buffered C-S-H (0.8-1.4)-Pu-FOR systems. C-S-H phases were synthesized with an initial 

S/L= 1 g·dm-3.  

Formate concentration, 

log([FOR]tot/M) 

C-S-H 0.8 

S/L=1 g·dm-3 

C-S-H 1.4 

S/L=1 g·dm-3 

No ligand 2.8E-05 2.0E-03 

-4 4.4E-05 1.6E-03 

-1.5 2.4E-04 1.6E-03 
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1.1.2.  Citrate 

 

Figure 2. Distribution ratios, Rd, determined for the system (Pu-C-S-H) + CIT, for (a) C-S-H with C/S = 0.8; and 

(b) C-S-H with C/S = 1.4. In both cases data corresponding to pH = 13.3, S/L = 25 g·dm-3 and 90 days of contact 

time. X crossed symbols refers to values at the detection limit. 
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Table 2. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 90 days and 

pH = 13.3 for the HQ buffered C-S-H (0.8-1.4)-Pu-CIT systems. C-S-H phases were synthesized with an initial 

S/L= 1 g·dm-3 and 25 g·dm-3. 

Citrate concentration, 

log([CIT]tot/M) 

C-S-H 0.8 

S/L=1 g·dm-3 

C-S-H 1.4 

S/L=1 g·dm-3 

C-S-H 0.8 

S/L=25 

g·dm-3 

C-S-H 1.4 

S/L=25 

g·dm-3 

No ligand 2.8E-05 2.0E-03 5.1E-05 1.9E-03 

-4 5.0E-05 2.0E-03 3.6E-05 1.9E-03 

-3 6.1E-05 1.5E-03 6.5E-05 - 

-2 4.8E-04 3.3E-03 1.0E-03 1.4E-02 

-1.5 1.1E-03 4.2E-03 3.6E-03 5.1E-03 
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1.1.3.  Gluconate 

 

Figure 3. Distribution ratios, Rd, determined for the system (Pu-C-S-H) + GLU, for (a) C-S-H with C/S = 0.8; and 

(b) C-S-H with C/S = 1.4. In both cases data corresponding to pH = 13.3, S/L = 25 g·dm-3 and 90 days of contact 

time. X crossed symbols refers to values at the detection limit. 
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Table 3. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 90 days and 

pH = 13.3 for the HQ buffered C-S-H (0.8-1.4)-Pu-GLU systems. C-S-H phases were synthesized with an initial 

S/L= 1 g·dm-3 and 25 g·dm-3. 

Gluconate concentration, 

log([GLU]tot/M) 

C-S-H 0.8 

S/L=1 

g·dm-3 

C-S-H 1.4 

S/L=1 

g·dm-3 

C-S-H 0.8 

S/L=25 

g·dm-3 

C-S-H 1.4 

S/L=25 

g·dm-3 

No ligand 2.8E-05 2.0E-03 5.1E-05 1.9E-03 

-4 1.0E-04 1.6E-03 5.3E-05 1.8E-03 

-3 4.6E-05 2.0E-03 6.4E-05 2.0E-03 

-2 7.2E-05 2.3E-03 1.1E-04 3.4E-03 

-1.5 2.6E-04 2.7E-03 2.4E-04 8.3E-03 
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1.2. Ternary system: AFm/AFt / Pu / L 

1.2.1. Formate 

Table 4. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 120 days 

and pH = 13.3 for the HQ buffered AFm/AFt-Pu-FOR systems. AFm and AFt phases were synthesized with an 

initial S/L= 5 g·dm-3. 

Formate concentration, 

log([FOR]tot/M) 

Monosulfate 

(Ms) 

Monocarbonate 

(Mc) 

Hemicarbonate 

(Hc) 

Ettringite 

(AFt) 

No ligand 1.5E-03 2.2E-03 1.1E-03 9.0E-04 

-4 1.4E-04 6.5E-05 1.8E-04 1.0E-04 

-1.5 1.2E-04 6.9E-05 9.5E-05 1.0E-04 

 

Table 5. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 120 days 

and pH = 13.3 for the Sn(II) buffered AFm/AFt-Pu-FOR systems. AFm and AFt phases were synthesized with an 

initial S/L= 5 g·dm-3. 

Formate concentration, 

log([FOR]tot/M) 

Monosulfate 

(Ms) 

Monocarbonate 

(Mc) 

Hemicarbonate 

(Hc) 

Ettringite 

(AFt) 

No ligand 1.0E-03 1.1E-03 5.8E-04 6.1E-04 

-4 1.1E-04 1.3E-04 6.8E-05 1.5E-04 

-1.5 2.3E-04 6.8E-05 1.9E-04 1.1E-04 
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1.2.2.  Citrate 

Table 6. Ca equilibrium concentration measured for contacting time teq = 120 days and pH = 13.3 for the HQ 

buffered AFm/AFt-Pu-CIT systems. AFm and AFt phases were synthesized with an initial S/L= 5 g·dm-3. 

Citrate concentration, 

log([CIT]tot/M) 

Monosulfate 

(Ms) 

Monocarbonate 

(Mc) 
Hemicarbonate (Hc) 

Ettringite 

(AFt) 

No ligand 1.0E-03 1.1E-03 5.8E-04 6.1E-04 

-4 1.3E-04 6.6E-05 1.8E-04 1.1E-04 

-3 1.5E-04 7.6E-05 3.3E-04 1.3E-04 

-2 3.2E-04 1.9E-04 3.7E-04 3.3E-04 

-1.5 7.7E-04 4.4E-04 8.2E-04 8.3E-04 

 

Table 7. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 120 days 

and pH = 13.3 for the Sn(II) buffered AFm/AFt-Pu-CIT systems. AFm and AFt phases were synthesized with an 

initial S/L= 5 g·dm-3. 

Citrate concentration, 

log([CIT]tot/M) 

Monosulfate 

(Ms) 

Monocarbonate 

(Mc) 

Hemicarbonate 

(Hc) 

Ettringite 

(AFt) 

No ligand 1.5E-03 2.2E-03 1.1E-03 9.0E-04 

-4 1.1E-04 6.8E-05 1.7E-04 1.2E-04 

-3 1.5E-04 7.1E-05 2.3E-04 1.3E-04 

-2 2.8E-04 2.0E-04 4.2E-04 2.9E-04 

-1.5 6.7E-04 3.9E-04 1.3E-03 6.6E-04 
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1.2.3.  Gluconate 

Table 8. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 120 days 

and pH = 13.3 for the HQ buffered AFm/AFt-Pu-GLU systems. AFm and AFt phases were synthesized with an 

initial S/L= 5 g·dm-3. 

Gluconate concentration, 

log([GLU]tot/M) 

Monosulfate 

(Ms) 

Monocarbonate 

(Mc) 

Hemicarbonate 

(Hc) 

Ettringite 

(AFt) 

No ligand 1.0E-03 1.1E-03 5.8E-04 6.1E-04 

-4 1.3E-04 7.2E-05 1.8E-04 1.2E-04 

-3 1.9E-04 1.7E-04 1.8E-04 1.5E-04 

-2 5.5E-04 4.6E-04 3.9E-04 2.0E-04 

-1.5 1.1E-03 1.3E-03 1.3E-03 4.7E-04 

 

Table 9. Ca equilibrium concentration (measurement error ± 5%) measured for contacting time teq = 120 days 

and pH = 13.3 for the Sn(II) buffered AFm/AFt-Pu-GLU systems. AFm and AFt phases were synthesized with an 

initial S/L= 5 g·dm-3. 

Gluconate concentration, 

log([GLU]tot/M) 

Monosulfate 

(Ms) 

Monocarbonate 

(Mc) 

Hemicarbonate 

(Hc) 

Ettringite 

(AFt) 

No ligand 1.5E-03 2.2E-03 1.1E-03 9.0E-04 

-4 1.2E-04 1.1E-04 1.7E-04 1.1E-04 

-3 1.3E-04 1.7E-04 1.8E-04 1.6E-04 

-2 3.8E-04 4.6E-04 2.4E-04 1.1E-04 

-1.5 1.0E-03 1.4E-03 1.2E-03 3.5E-04 
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Appendix 3.3 

 

Figure 68. Time dependence of fluorescence emission decay of [248Cm(III)] = 10-7 M for C-S-H suspension with a 

C/S= 0.8, in absence (a) and in presence of gluconate (b, c, d), 10-3 M ≤ [GLU]tot ≤ 10-1.5 M and pH ≈ 13.3, after 

a contacting time of 28 days. 
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Figure 69. Time dependence of fluorescence emission decay of [248Cm(III)] = 10-7 M for C-S-H suspension with a 

C/S= 0.8, in absence (a) and in presence of gluconate (b, c, d), 10-3 M ≤ [GLU]tot ≤ 10-1.5 M and pH ≈ 13.3, after 

a contacting time of 56 days. 
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Figure 70. Time dependence of fluorescence emission decay of [248Cm(III)] = 10-7 M for C-S-H suspension with a 

C/S= 1.4, in absence (a) and in presence of gluconate (b, c, d), 10-3 M ≤ [GLU]tot ≤ 10-1.5 M and pH ≈ 13.3, after 

a contacting time of 28 days. 
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Figure 71. Time dependence of fluorescence emission decay of [248Cm(III)] = 10-7 M for C-S-H suspension with a 

C/S= 1.4, in absence (a) and in presence of gluconate (b, c, d), 10-3 M ≤ [GLU]tot ≤ 10-1.5 M and pH ≈ 13.3, after 

a contacting time of 56 days. 
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