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A. Portlandite solubility and Ca 2+ activity in presence of gluconate and hexitols

The current paper investigates the impact of gluconate, D-sorbitol, D-mannitol and D-galactitol on calcium speciation at high pH values by i) solubility measurements of portlandite (Ca(OH)2) and ii) potentiometric titration measurements of calcium salt solutions. Thermodynamic modeling was used to fit the chemical activities of Ca 2+ and OH -ions and thus to determine the strength and kind of the different Ca-organic-hydroxide complexes. The strength of complex formation with Ca decreases in the order gluconate >> sorbitol > mannitol > galactitol, which follows the same order as sorption on portlandite. Heteropolynuclear gluconate complexes with calcium and hydroxide dominate the Caspeciation in the presence of portlandite, while for sorbitol ternary CaSorbOH + complexes were dominant under alkaline conditions. We expect that these results will help in better understanding the influence of gluconate and hexitols on the hydration of alite and Portland cement.

INTRODUCTION

This work is a continuation of Camille Nallet's PhD thesis on the influence of organic admixtures on the hydration of ordinary Portland cement (OPC). The present work is devoted to the study of the influence of small organic molecules on the nucleation of C-S-H and portlandite but also on the driving force of the nucleation. It was carried out at the Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB -Dijon) in close collaboration with the Swiss Federal Laboratories for Materials Science & Technology (Empa -Duebendorf) and the Institut des sciences de la Terre (ISTerre-Grenoble) and was financed by Nanocem, a consortium of industrial and academic partners working together to improve their knowledge on building materials. The goal of the thesis project was twofold: first, to provide quantitative experimental data, which can serve as a basis for simulations at the atomic and mesoscopic scales; and second to contribute to the fundamental understanding on the influence of organic additives on the hydration of OPC, in particular on its retardation.

Cement has already been used by the Romans and, when combined with aggregates, has gradually replaced ashlar as the material of choice for construction, due to its simplicity of use and its wide availability. Behind this apparent simplicity, the physical and chemical processes involved in its hydration and setting are still the subject of ongoing research. From an academic point of view, this is explained by the complexity of the system and processes involved. Indeed, cement is polyphasic and can be described as a granular system that gradually transforms into a colloidal system (attractive colloidal glass) during hydration. Moreover, hydration involves two of the most complex physicochemical processes, namely dissolution (of the cement grains) and nucleation/growth (of the hydrates), two processes occurring simultaneously. From a societal point of view, production of cement clinker is estimated to contribute 8 to 10% to the anthropogenic CO2 emissions. Finding solutions to this problem can only benefit a better understanding of the mechanisms underlying hydration.

Organic admixtures with specific functions are used to control the workability of the fresh paste and the kinetic of the hardening reaction. This is the case, for example, of high performance concrete where superplasticizers are used as water reducers to increase the mechanical strength of the finished material. It is also the case of low clinker cements (low carbon emitters), where there is a need to find specific additives to improve the fluidity/workability of the fresh paste. However, most of these organic admixtures have the side effect of retarding the hydration (and setting) of the cement, which is particularly a problem for the development of greener cements, which typically have a lower clinker content and thus a lower reactivity.

The research carried out on this issue remains fragmentary and the mechanisms involved poorly understood. Indeed, if the effect of many admixtures on the hydration of cement has been observed and characterized, only a very few studies have investigated in depth their effects on the dissolution and precipitation processes separately. This is particularly true for the precipitation of hydrates. This limited knowledge is not very surprising since the elucidation of the reaction pathways of the dissolution of the silicate phases of cement, tricalcium silicate, and of the nucleation of the main cement hydrate, calcium silicate hydrate (C-S-H), is only very recent. For the record, the process limiting the hydration of cement without admixture is still under debate! Another reason is the difficulty to determine the driving force of dissolution and precipitation in the presence of admixture, without which any quantification is impossible. This is explained by the strong complexation power of the admixtures with ions, the complexity of admixture composition and the difficulty to characterize and model it. The effective development of new organic admixtures with controlled effects seems difficult as long as the mechanisms at their origin have not been quantified, fully understood and linked to the particularity of the organic compounds used.

As such, the present study aims at determining and modelling the complex formation of small organic molecules with Ca and other ions, and at investigating its influence on the homogeneous nucleation and pre-nucleation processes of C-S-H. Small organic molecules were used as model for cement admixtures. In particular, we focused on sodium gluconate, which shares the same charge functionality as poly carboxylate ether (PCE) based superplasticizers and three neutral sugar molecules (hexitols) which only differ from their stereochemistry. As the hydration of the main cement clinker, C3S, involves its dissolution and the precipitation not only of C-S-H but also of portlandite, the study also focused on the nucleation of portlandite and the comparison of the influence of organics on the precipitation and dissolution kinetics. We were also interested in linking the nucleation kinetics to the adsorption of the organic molecules.

To achieve these objectives, the first chapter first recalls the basic concepts and information from the literature necessary for the study. The second chapter describes the strategy followed regarding the choice of materials and methods used to carry out this work. Then, a third chapter presents the different results obtained through three consecutive papers, which are further discussed in the fourth chapter. Finally, conclusions and perspectives to this thesis are presented.

Basic concepts of thermodynamics and kinetics

The precipitations and dissolution of mineral phases are dependent on thermodynamics of the aqueous and solid phases. In this chapter, we introduce the fundamental thermodynamic concepts and review the key principles of precipitation, which are pivotal to the understanding of cement hydration described in Chapter II.

Solubility

By definition the solubility of a mineral is the number of moles of pure solid that will dissolve in a liter of solvent at a given temperature. In other words solubility is a measure of the analytical composition of a saturated solution expressed as a proportion of a designated solute in a designated solvent (1). For the general case let us consider the following solubility equilibrium of a solid containing chemical species A, B, ..., X: 𝐴 𝜈 𝐴 𝐵 𝜈 𝐵 . . . 𝑋 𝜈 𝑋 ↔ 𝜈 𝐴 𝐴 + 𝜈 𝐵 𝐵+. . . +𝜈 𝑋 𝑋 [1] At equilibrium, the solubility s is then defined as

𝑠 =

𝐶 𝑋 𝜈 𝑋 [2] Where 𝑐 𝑋 is the concentration of chemical species 𝑋. Equilibrium further imposes the following equality for the chemical potential:

𝛥𝜇 𝑠 = 𝜇 𝑠𝑜𝑙𝑖𝑑 -(𝜈 𝐴 𝜇 𝐴 + 𝜈 𝐵 𝜇 𝐵 +. . . +𝜈 𝑋 𝜇 𝑋 ) = 0 [3] where the chemical potential is a function of the standard chemical potential,  0 (T), and activity, a, of the species i 𝜇 𝑖 (𝑇) = 𝜇 𝑖 0 + 𝑅𝑇ln𝑎 𝑖 [4] By convention the activity of pure solid is set to 1. R and T are respectively the gas constant and the temperature. Eqs. [3] and [4] leads to the definition of the solubility product, Ks(T) and standard

Gibbs free energy change of the reaction of a solid, rGs 0 , which at equilibrium reads 𝑎 𝐴 𝜈 𝐴 𝑎 𝐵 𝜈 𝐵 . . . 𝑎 𝑋 𝜈 𝑋 = 𝑒𝑥𝑝(𝛥 𝑟 𝐺 𝑠 0 /𝑅𝑇) = 𝐾 𝑠 (𝑇) [5] with 𝛥 𝑟 𝐺 𝑠 0 (𝑇) = 𝜇 𝑠 0 (𝑇) -𝜈 𝐴 𝜇 𝐴 0 (𝑇) -𝜈 𝐵 𝜇 𝐵 0 (𝑇)-. . . -𝜈 𝑋 𝜇 𝑋 0 (𝑇) [6] Note that rGs 0 and Ks as well as  0 are only dependent on the temperature. It is also good to notice from the definition of rG 0 s, Eqs [5][6], that s defined in equation [3] is nothing but a measure of the departure from equilibrium. As it will be further illustrated later, s is the driving force for the precipitation and dissolution. This is thus an essential quantity to determine when one is interested to compare the effect of various organic molecules on the precipitation and dissolution of solid phases. However, it is a task, which turns out to be complicate and tedious when complexation occurs.

Complexation

In the particular case of an ideal solution, where the activities and concentration of species are equal, i.e. their activity coefficent (i) (ai = ici) is unity, the solubility product could be directly obtained by measuring the ion concentrations or solubility because 𝐾 𝑠 = (𝜈 𝐴 𝑠) 𝜈 𝐴 (𝜈 𝐵 𝑠) 𝜈 𝐵 . . . (𝜈 𝑋 𝑠) 𝜈 𝑋 for ideal solutions [7] but in water , it is not as simple as the activity coefficient does not equal to 1 and

𝐾 𝑠 = ∏( 𝜈 𝑖 𝑠 𝛾 𝑖 ) 𝑣 𝑖
in the general case. [8] As it can be seen from the previous equation, one further needs to determine the activity coefficient, 𝛾 𝑖 which is, not entering the details, a normalized measure of the mean interactions felt by the species in solutions (𝛾 𝑖 > 1 for repulsive interactions, 𝛾 𝑖 < 1 for attractive interactions). The latter is solved using a speciation model and is straightforwardly obtained with simple and common salt solutions for which parameterized models are available. As an illustration Figure 1 gives the variation of the solubility of portlandite in aqueous solution with addition of NaCl. When complexation of ions with organic molecules occurs, things become more complicate as the total concentration of e.g. calcium is not only influenced by the concentration of free Ca 2+ ion but also by the concentration of complexed calcium. As an example if one considers the solubility of portlandite 𝐶𝑎(𝑂𝐻) 2 (𝑠) ↔ 𝐶𝑎 2+ + 2𝑂𝐻 - [9] in presence of an organic molecule, Org, that forms complexes with Ca and OH such as 𝑂𝑟𝑔𝐶𝑎𝑂𝐻 + ↔ 𝑂𝑟𝑔 + 𝐶𝑎 2+ + 𝑂𝐻 - [10] with the associated equilibrium constant defined as

𝐾 𝑂𝑟𝑔𝐶𝑎𝑂𝐻 + = 𝑎 𝑂𝑟𝑔 •𝑎 𝐶𝑎 2+ •𝑎 𝑂𝐻 - 𝑎 𝑂𝑟𝑔𝐶𝑎𝑂𝐻 +
, [11] the concentration of calcium in equilibrium with portlandite depends on the quantity of the complex as well 𝑐 𝐶𝑎 𝑡𝑜𝑡 = 𝑐 𝐶𝑎 2+ 𝑓𝑟𝑒𝑒 + 𝑐 𝑂𝑟𝑔𝐶𝑎𝑂𝐻 + [12] However, this property can be used to our advantage to determine the complexation constants and the speciation of ions in presence of organic molecules by measuring the solubility of solid minerals, where the solubility product is known. This is one of the strategy used in my work to determine the ion speciation in presence of small organic molecules.

Supersaturation

The transition from liquid to solid happens because the free energy of the initial solutions phase is higher than the sum of the final solution phase plus the crystalline phase (2). In the same manner, the logic can be pursued in term of chemical activities, where the activity product of the reactants goes beyond the equilibrium activity product of the reactants, the latter being the ionic compounds of C-S-H in this present study.

To identify specifically the driving force of nucleation/growth of C-S-H, the reasoning focuses on the change of chemical potential ∆µ of the components that crystallize into the new phase (2) (16), this new phase being nuclei/small particles of C-S-H.

Thus, ∆µ is related to the activity product of the reactants in the solution, AP, and to the solubility product of the solid (Ks). Combining Equations [3] and [4] leads to:

∆µ = 𝐾 𝐵 𝑇 • ln ( 𝐴𝑃 𝐾 𝑠𝑝
) [13] where AP is defined as the product of the actual activities of species i taking part in the reaction 𝐴𝑃 = ∏ 𝑎 𝑖 𝑁 𝑖=0 [14] However, the saturation index (SI) is more used than ∆µ when it comes to the study of crystal growth.

Thus, the following equation is more pertinent to use :

𝑆𝐼 = log( 𝐴𝑃 𝐾 𝑠 ) [15]
If SI is positive, the solution is supersaturated, if SI is negative it is undersaturated, and 0 indicates equilibrium with respect to the solid.

The saturation index is thus as measure to what extent a solution is out of equilibrium and represents the thermodynamic driving force for precipitation.

Nucleation

Nucleation is defined as a localized emergence of a distinct thermodynamic phase, a nuclei that can be described as a seed substance for crystallization, at nanometric scale, which macroscopically grows with the attachment of growth particles. (3) Nucleation is, thus, a reaction that marks the passage from an old phase to a new phase, e.g. from a liquid to a solid. We distinguish homogeneous from heterogeneous nucleation.

Homogenous nucleation indicates precipitates that form randomly in a perfect medium (4) (5): it is observed in supersonic nozzles for example (6), but also in explosion where spontaneous and homogeneous nucleation occurs in the cold liquid with the formation of vapor in a very short period of time (7).

Heterogeneous nucleation involves the formation of nuclei on the surface of a foreign substrate (8).

As we have just seen a necessary condition for which nucleation and then growth of the formed nuclei occur is a saturation index larger than zero, SI>0. In other words, nucleation can only happen when the free energy of the old phase become higher than the free energy of the new one. Although necessary, this condition is in fact not sufficient, because nucleation is an activated process and, for the same reason, is a rare event. We shall illustrate this in the context of homogeneous nucleation with, to date, the most used theory, namely the classical nucleation theory (CNT).

Thermodynamics

Thermodynamic aspects of CNT are described by the fundamental approach to the description of heterogeneous systems, already developed a century ago by J. W. Gibbs, initially in application to condensation and boiling (9).

In the CNT, a nuclei is regarded as a sphere of a condensed phase. The Gibbs free energy of formation of a nucleus is decomposed in the CNT as the sum of two Gibbs free energy of formation, that of the surface and of the volume, which for a sphere of radius r can be written as (10) (11) :

∆𝐺(𝑟) = 4𝜋𝑟 2 𝛾 + 4 3
𝜋𝑟 3 . ∆𝐺(𝑣) [16] Where 𝛾 is the surface free energy per unit area and ∆𝐺(𝑣) the free energy per unit volume of a crystal. The latter is expressed as the difference between the free energy of the monomer in the crystal and in solution :

∆𝐺(𝑣) =
-𝑅𝑇lnS V m [17] with Vm the molar volume of the crystal and S the supersaturation (S=AP/Ksp). As illustrated in Fig. 2, the volume term, 4/3r 3 G(), is negative (when SI>0) and decreases as r 3 , whereas the surface term, 4r 2  is always positive and varies as r 2 .

As a consequence, G(r), which is the sum of these two terms, goes through a free energy maximum, GN, at a critical cluster size, rc, as illustrated in Fig. 2 This corresponds to the activation energy for homogeneous nucleation, which is expressed in the CNT as

𝛥𝐺 𝑁 = 16𝜋𝛾 3 𝑣 𝑚 2 3(𝑘𝑇ln𝑆) 2 [18]
where m is the molecular volume, m= Vm/Na with Na the Avogadro number. The critical radius, rc, can be expressed as

𝑟 𝑐 = 2𝛾𝑉 𝑚 𝑅𝑇ln𝑆 [19]
The rate of homogeneous nucleation takes the form of an Arrhenius law, and is defined as

𝐽 𝑁 = 𝐴e ( -∆𝐺 𝑁 𝑘 𝐵 𝑇
) [20] where A is the kinetic prefactor and kB, the Boltzmann constant.

The presence of the energy barrier ΔGN (that can be also written as ΔG(rc), see figure above) induces a supersaturation level for homogeneous nucleation that is much higher than that for the growth of the formed particles.

Based on equations [18] and [20], it is clear that the temperature, but also the surface energy 𝛾 and the saturation index SI greatly affect the rate of nucleation. In particular, it can be seen from equation [18] that the Gibbs free energy barrier to the nucleation varies as the square of SI and the cube of the surface tension. As an example, Figure 3 The strong dependence of nucleation on the surface tension is the reason why heterogeneous nucleation is the norm in most situations. The presence of an external substrate can significantly reduce  and hence increase the rate of nucleation at a given level of supersaturation.

Non classical nucleation theory

Classical nucleation theory is based on the so-called 'capillary approximation', which states that the clustering and the reorganization to the new phase happens at once, i.e., that the initial clusters adopt the local order of the final crystalline phase, whereas experimental evidence of nucleation process in crystallizing solution showed otherwise. Indeed, the formation of clusters with higher density and their structural re-organization to form a crystal has been observed, in many cases, to be separated in time, which lead to the concept of multi-step nucleation pathways, also known as 'non-classical nucleation pathways' (12).

Pathways through transient, metastable phases that are formed before reaching a more stable phase have been observed initially for materials such as proteins or colloids, following what is known as the Oswald's rule of stages (13) (14) (15) (16).

Many examples for multi-step nucleation pathways involving metastable intermediates come from the field of protein crystallization. For instance, Wolde and Frenkel (15), by using numerical simulations of homogeneous crystal nucleation with a model for globular proteins, highlighted the presence of a metastable fluid-fluid critical point where the free energy barrier for crystal nucleation is significantly reduced, and ultimately changes the pathway for the formation of a crystalline nucleus.

Gliko et al. (17) demonstrated, thanks to dynamic light scattering, atomic force microscopy and bulk solution chemistry measurements, the characteristics of protein phase behavior with a presence of metastable dense liquid droplets that form prior to crystal formation and their essential role in the growth of the solid phase.

In a theoretical study by Talanqer and Oxtoby (18) involving density functional theory applied to the crystal nucleation in the presence of a metastable critical point, the authors highlighted significant changes in the nature of crystal nucleation when close to the critical point. Indeed, the nucleation rates increased several orders of magnitude, a finding of importance for the field of colloids and protein crystallization. Contributions from the group of Vekilov and others (19) confirmed the presence of intermediate phase for those systems, where the nucleation proceeds in two distinct steps.

Similar findings but for inorganic systems have been found in recent decades. Metastable, precursor phases have now been identified for sulfates (20) carbonates (21), silicates (22) and for some oxides (23) (24). The case of CaCO3 is paradigmatic: if supersaturation conditions are high enough, a kinetic pathway through disordered precursors is observed (25) (26) (27). However, a hot debate in the literature is still on-going about whether pre-nucleation species exist in the undersaturated solutions that could act as precursors to the amorphous and crystalline precipitates (28) (29).

Portland cement composition and hydration

Composition of Portland cement

In the most general way, cement is a synthetic mineral, which, when mixed with water, can be used as an adhesive material, a binder, to bond pieces/particles of solid matter into a compact whole (30).

It is mostly used to ensure the cohesion between the constituents of concrete. 

Hydration mechanism of Portland cement

The most relevant mechanism for the hydration process is the one described by Le Chatelier (31).

He described this general expression « hydration of cement » as a coupled reaction of dissolutionprecipitation.

When water is added to Portland cement, the different minerals C3S, C2S, C3A and C4AF gradually dissolve into solution. Given that they are more soluble than the hydration products, they supersaturate the solution, causing the precipitation of new hydrates. Consequently, the concentration of the species in solution decreases, allowing the anhydrous compounds to further dissolve into solution. This process continues until the hydration is total.

The hydration of these phases does not progress at the same rate: aluminates (C3A), highly reactive in presence of water, is the first compound to react and form hydrated phases: AFm (Al2O3-Fe2O3mono), with the representative formula [Ca2(Al,Fe)(OH)6]•X•xH2O] (31). Present at low percentage, C3A is linked to the initial setting and hardening of cement (the rate of hydration of C4AF being 7 times lower than C3A (32)). To avoid a quick stiffening of the cement paste, calcium sulfate, gypsum, hemihydrate or anhydrate, is added to the mixture (33). Doing so ettringite instead of AFm forms.

Relative to the aluminate phases, the rate of hydration of the anhydrous calcium silicates C2S and C3S is slow. Given that cement contains these minerals at a higher proportions, their hydration controls the global kinetic of hydration and impact the final setting of cement. In the following part is detailed the hydration mechanisms of cement, using C3S hydration as a model.

Hydration mechanisms of C3S

As soon as C3S is put in contact with water it dissolved following the reactions

𝐶𝑎 3 𝑆𝑖𝑂 5 + 4𝐻 2 𝑂 ↔ 3𝐶𝑎 + + 5𝑂𝐻 -+ 𝐻 3 𝑆𝑖𝑂 4 - [21]
The dissolution thus leads to a solution rich in silicate, calcium and hydroxide ions, which, depending on the relative quantities of C3S and water, becomes more or less rapidly supersaturated with respect to calcium silicate hydrate (C-S-H) and then to calcium hydroxide (KCa(OH)2 = 4.5•10 -5 ). The solubility product of C-S-H is about 5•10 -24 (34). As it will be seen in some details in the next section, this is an approximation since C-S-H has a stoichiometry that varies with the concentration of calcium, hydroxide and silicate in solution (35) (36). The precipitation reaction of C-S-H can be written as follow 𝑥𝐶𝑎 2+ + 2(𝑥 -1)𝑂𝐻 -+ 𝐻 3 𝑆𝑖𝑂 4 -↔ (𝐶𝑎𝑂) 𝑥 (𝑆𝑖𝑂 2 )(𝐻 2 𝑂) 𝑦 [22] Thus, the hydration proceeds with the simultaneous dissolution of C3S and precipitation of C-S-H.

As the dissolution of C3S releases more calcium ions than the precipitation of C-S-H consumes (the stoichiometric calcium to silicon ratio of C-S-H is 0.66 < C/S < 2), the solution finally gets supersaturated with respect to portlandite, which precipitates. Portlandite precipitates according to the reaction

𝐶𝑎 2+ + 2𝑂𝐻 -↔ 𝐶𝑎(𝑂𝐻) 2 [23]
From this moment on, the three reactions occur simultaneously. The concentration of calcium is always higher than expected from portlandite solubility (22 mmol/l at 25 °C) and the system remains also supersaturated with respect to C-S-H. The period 1 is followed by a period 2 of very low heat release called the dormant period. During this stage, the dissolution is still on going and C-S-H continues to form but at a low rate. The third stage corresponds to the acceleration period (time of setting). It is followed by period 4 associated with the descending part of the exothermic peak. The period 5 of low thermal activity can extend over more than a year. These last four periods concern the major part of the evolution of the system.

The limiting processes which are responsible for the dormant period and the overall time evolution of the C3S hydration is still a matter of debate. Models based on the precipitation of C-S-H only have been proposed, where the dormant has been linked to the surface density of the initial C-S-H nuclei (38) (39).

On the other hand, the acceleration period has been interpreted by free growth of C-S-H on the C3S surface associated with the increase of the surface area available for secondary nucleation. Finally, the deceleration period (4 and 5) is explained within this model by the complete covering of the surface of calcium silicates by the layer of C-S-H that has been formed. The reaction is then limited by the diffusion of the reagents through the hydrate layer. Complete hydration, then governed by diffusion, may require one year. However, more recent studies, e.g. ( 40)(41) (42), can equally well describe the progress of hydration based on the dissolution of C3S alone, using in a systematic manner the density, formation and growth of etch pits as parameters.

All this shows, that both dissolution and precipitation processes are important for understanding cement hydration, as they are intimately coupled. For the same reason, if one finds a way to decelerate the dissolution, the overall growth will also decrease and vice versa. It was, for example, found that annealed C3S shows lower reactivity (43), while cement paste seeded with C-S-H hydrates much faster (44). 

C-S-H (structure, solubility and nucleation)

C-S-H is the main phase formed during the hydration of anhydrous cement, representing 50 to 70% of the hydrated cement paste. In this chapter, a short state of the art on the structure, solubility and nucleation of C-S-H is provided.

Structure, stoichiometry and interfacial properties

The C-S-H phase in cement has long been viewed as amorphous but it is now recognized that it composed of a percolated and cohesive network of crystallites with a foil-like structure. Similarly, its crystalline structure was the subject of intense discussions and was the subject of numerous models (45) (46) (47) [START_REF] Yu | Structure of Calcium Silicate Hydrate (C-S-H): Near-, Mid-, and Far-Infrared Spectroscopy[END_REF]. This is explained by the smallness of its coherent diffraction domain (~5 nm) and the change in the stoichiometric calcium to silicon (Ca/Si) ratio. The first leads to an important widening of the X-ray diffraction lines as illustrated in the diffractogram of C-S-H given in Figure 7. The second, illustrated in Figure 8, causes important change in the C-S-H structure. Tobermorite is a hydrate with a stoichiometry and density close to that of C-S-H of low Ca/Si ratio;

and whose diffraction pattern is close to that of C-S-H (59). Among the three types of tobermorite (tobermorite-14 Å, tobermorite-11 Å, and tobermorite-9 Å), which differ by their stacking size, their structure and degree of hydratation, the 11 Å tobermorite is generally used, see e.g. ( 60), as a model to describe the C-S-H structure defined by Hamid [START_REF] Hamid | The crystal structure of the 11 Ä natural tobermorite Ca2[END_REF], see Figure 9.

The basic structural unit of tobermorite consists of a calcium oxide layer, in octahedral sites, flanked on both sides by a wollastonite-like dreierketten chain of silicate, a repeating motif alternating two pairing tetrahedra (Si1-Si2), bound to the calcium oxide layer, and one bridging tetrahedra (Si3), linking the pairing tetrahedra; see Figure 10. As mentioned previously, the stoichiometry of C-S-H, in particular the ratio Ca/Si, varies with the concentration, more exactly activity, of its consecutive species in solution, i.e. silicate, calcium, and hydronium ions. The Ca/Si ratio can vary between 0.66 and 2 (61) [START_REF] Kumar | The Atomic-Level Structure of Cementitious Calcium Silicate Hydrate[END_REF]. The Ca/Si ratio increases with the increase in Ca(OH)2 bulk concentration and is controlled by two mechanisms: (1) depolymerization of the Si chains through the removal of bridging tetrahedra (i.e., formation of point defects); (2) adsorption of Ca 2+ ions at the surface and in the interlayer of C-S-H, see Figure 10.

In the first mechanism, when the equilibrium calcium hydroxide concentration is small, i.e. low C/S, the silicate chains are "almost infinite" as in the case of the model crystal of tobermorite (62) [START_REF] Lognot | NMR and infrared spectroscopies of C-S-H and Al-substituted C-S-H synthesised in alkaline solutions[END_REF].

When the concentration of calcium hydroxide at equilibrium increases, i.e. the Ca/Si increases, the bridging tetrahedra disappear randomly and the average length of the silicate chains decreases. They are no longer infinite. For high concentrations, the silicate chains of C-S-H are essentially dimers.

The evolution of the structure as a function of the equilibrium conditions was demonstrated by NMR of the 29 Si NMR.

In the second mechanism, Ca 2+ ions compensate for the deprotonated silanol groups of the silicate chains, whose proportion notably increases with pH according to the chemical reaction As the calcium hydroxide concentration increases, the electrostatic interactions thus strengthen and eventually leads to an overcompensation of the silanol charge by the calcium ions. This behavior is best illustrated on Figure 11 giving the electrokinetic potential (zeta potential) of C-S-H, measured by electrophoresis, versus the bulk concentration of Ca(OH)2. The zeta potential is indeed an approximate measured of the diffuse potential at the solid/solution interface, and thus of the electrostatic interactions felt by the charged ions a few Angström away from the solid surface. In other words, the interaction free energy of an ion i with a surface S can be approximated by the product of the ion charge, zie, and the zeta potential, 𝑤 𝑖𝑆 ≈ 𝑧 𝑖 𝑒𝜁 [25] As shown on Figure 11, the zeta potential of C-S-H is found to continuously increase with the bulk Ca(OH)2 concentration starting with a negative value at low concentrations and reversing its sign above a Ca(OH)2 concentration of ~ 2mM. Above this limit an ion thus sees a positive apparent charge and explains why negatively charged C-S-H particles can adsorb negatively charged microand macro-ions, e.g. sulfate and superplasticizers. This calcium mediated adsorption of negatively charged aqueous species as well as the charge reversal of C-S-H by Ca 2+ ions have been shown to be mostly the result of ion-ion correlations with Monte Carlo simulations at the level of the primitive model (64) (65) [START_REF] Turesson | Calcium Mediated Polyelectrolyte Adsorption on Like-Charged Surfaces[END_REF]. In the present work, it will help to rationalize the observed adsorption isotherms of small organic molecules on C-S-H.

≡Si-OH ⇋ Si-O -+ H + [24]
The correlation between activities of silicate, calcium, and hydronium ions and the Ca/Si ratio in the C-S-H phase is well-demonstrated by experimental data (67) (68) and described by classical thermodynamic modeling (36) (69) in the pure CaO-SiO2-H2O system. When other ions than the constitutive ions of C-S-H participate to the precipitation or are present in the solution, like e.g.

sulfate and organic ions, this becomes, however, much less true.

Solubility and thermodynamic modeling

The solubility of C-S-H has been extensively studied (36) (70) [START_REF] Gisby | CSH solubility modeling at different temperatures[END_REF]. As an example, the solubility diagram in the CaO-SiO2-H2O system as well as the stoichiometric Ca/Si ratio of the solid phase as obtained by Haas and Nonat (36) are given in Figure 12. Two distinct regions can be observed. The first, delimited by the points A and B, corresponds to the solubility of silica. The second, between points B and C, to the solubility curve of C-S-H.

As seen above and re-expressing Eq. [22], the solubility equilibrium of C-S-H can be written as

(𝐶𝑎𝑂) 𝑥 (𝑆𝑖𝑂 2 )(𝐻 2 𝑂) 𝑦 + 2𝑥𝐻 + ↔ 𝑥𝐶𝑎 2+ + 𝐻 4 𝑆𝑖𝑂 4 + 𝑧𝐻 2 𝑂 [26]
with the solubility product

𝐾 𝑠 = 𝑎 𝐶𝑎 𝑥 𝑎 𝐻 4 𝑆𝑖𝑂 4
𝑎 𝐻 + 2𝑥 [27] where x is the C/S ratio of C-S-H and z = x + y -2. Taking the logarithm of Eq. [27] and rearranging the terms then leads to the following linear expression relating the activities of the constitutive ions of C-S-H with the pH and Ks 𝑙𝑜𝑔(𝑎 𝐻 4 𝑆𝑖𝑂 4 ) = 𝑙𝑜𝑔(𝐾 𝑠 ) -𝑥(𝑙𝑜𝑔(𝑎 𝐶𝑎 2+ ) + 2𝑝𝐻) [28] Figure 13 provides the result of the treatment of the solubility diagram, given in Figure 11, using Eq. Based on these data together with complementary data obtained in supersaturated conditions with respect to C-S-H, e.g. ( 47), Haas and Nonat (36) constructed a thermodynamic model with 3 phases of C-S-H schematically represented in Figure 14 and whose solubility product are defined in Table 2. 

C-S-H nucleation

It was shown in prior studies (72) (73) that C-S-H formation follows the general laws that rules the nucleation process, and can be described as primary heterogeneous nucleation and growth. However, studies of the early stages of C-S-H nucleation and its mechanisms are rare in literature.

In late 1990's Nonat and Gauffinet (74) investigated C-S-H nucleation, by highlighting the effect of lime concentration on C-S-H heterogeneous and homogeneous nucleation. By applying classical nucleation theory (CNT), they found that:

• Experiment of homogeneous nucleation in supersaturated solution showed that the nucleation of C-S-H follows the classical nucleation theory in homogeneous condition. From this, the interfacial energy of C-S-H solution have been possible to estimate, the latter being low, 13mJ/m 2 .

• The degree of supersaturation with respect to C-S-H may be the dominant factor that control the rate of the nucleation process.

• Regarding the value of the supersaturation, nucleation of C-S-H can be a heterogeneous phenomenon (low supersaturation), or an homogeneous phenomenon (high supersaturation). This statement is, however, an assumption and not based on experimental evidence. First, the formation of a liquid-amorphous intermediates whose composition is silicate dimers and calcium, similar to β-C-S-H with additional Na + and H2O.

Second, the formation of β-C-S-H crystallites, which eventually aggregate to form bigger crystals.

Portlandite (structure, thermodynamic and nucleation)

Portlandite is the second most important hydration product of the silicate phases forming through the reaction defined in Eq. [23]. It represent 20 to 25 wt.% of a fully hydrated Portland cement paste (75). Portlandite dictates to a large extend the durability of concrete, see e.g [START_REF] Kobayashi | Carbonation of concrete structures and decomposition of C-S-H[END_REF]. Some authors also think that it may contribute to the mechanical properties of the final material (77) (78) (79).

Morphology and structure

The reaction of hydration of the silicate clinker leads in addition to C-S-H also to the formation of portlandite (Ca(OH)2), also named CH. Its crystal structure was first established during the 1930's by Bernal and Megal (80). It was later confirmed by Busing and Levy (81) by neutron diffraction.

Portlandite crystal has a layered structure with a hexagonal symmetry of space group D3d3, P3̅ m1, with the calcium and oxygen atoms alternating in an orderly fashion, as shown in Figure 16. In detail, the calcium atoms are octahedrally coordinated by oxygen and each oxygen atom is tetrahedrally coordinated by calcium ions and hydrogen. The atomic structure of portlandite is layered in the (001) plane with the octahedra as building blocks. The interaction between portlandite layers is dominated by weak dispersive forces [START_REF] Aïtcin | Science and Technology of Concrete Admixtures[END_REF]. 

Solubility

Ca(OH)2 is the one of the most soluble phases of hydrated cements (sCa(OH)2 = 22 mM) [START_REF] Dinh | Etude expérimentale et numérique de l'approche physico-chimique pour le matériau hétérogène: Application au matériau cimentaire soumis au dioxyde de carbone (CO2)[END_REF].

Ca(OH)2 is in equilibrium with Ca 2+ and OH -ions in the interstitial solution of cement:

𝐶𝑎(𝑂𝐻) 2 = 𝐶𝑎 2+ + 2𝑂𝐻 -
and thus pH controls the concentrations of Ca 2+ [START_REF] Duchesne | Measurement and prediction of portlandite solubility in alkali solutions[END_REF] The solubility of portlandite have been extensively studied in alkaline solutions(86) (87) (88) [START_REF] Konno | Crystallization of aragonite in the causticizing reaction[END_REF] and in the case of mixtures of alkaline and simple salt solutions. In the first case, the solubility is observed to decrease, while in the second case the solubility increases when the hydroxide concentration is increased, see Figs. 17 and18. In conditions where there is a mixture of NaCl and NaOH in a saturated Ca(OH)2 solution, the total concentrations of Ca increases. The Figure 18 below highlights this behavior. 

Portlandite nucleation

Additives in cement

Additives have a significant effect on the properties of Portland cement. Usually added to concrete in low amount, those chemical admixtures fulfill different functions following the desired use of Portland cement. They can be classified as accelerator, retarders, extenders, fluid loss agents, dispersants, viscosifiers. In the following, we will concentrate on admixture, which affect the hydration (and setting) time.

Accelerators

In a chemical sense, an accelerator is a category of chemical admixture that is able to accelerate the cement hydration process. Thus, the thickening time of cement is shortened, which consequently increase the mechanical properties such as the early strength and hardening of cementitious materials.

One of the most effective and commonly used accelerators for Portland cement are sodium chloride and calcium chloride [START_REF] Broni-Bediako | Oil well cement additives: a review of the common types[END_REF], the latter being the most efficient and economical accelerators [START_REF] Salain | Using calcium chloride as an accelerator for Portland pozzolan cement concrete compressive strength development[END_REF].

Calcium chloride has been used as a chemical admixture much before the vast majority of additives.

Kuhl and Ullrich in 1925 were the first to document its use in concrete. In Portland cement, CaCl2 is usually added at a concentration of 1.5% to 2.0%, in flake form, (95) by weight of cement. The effect of calcium chloride depends on its amount used but also on the type of cement. Figure 19 illustrates the influence of CaCl2 amount on the initial and final setting times of a cement paste (96)

Retarders

In contrast to accelerators, retarders are a category of admixtures that slow down the cement hydration, extending consequently the thickening time of cement [START_REF] Satiyawira | Effects of lignosulfonate and temperature on compressive strength of cement[END_REF]. Those chemical additives do not affect the long-term mechanical properties of cement, and are usually added into cement slurry at a concentration between 0.1 wt.% and 1 wt.% [START_REF] Kamsuwan | Effect of lignosulfonate on mechanical and setting time properties of geopolymer paste[END_REF]. The most used retarders are sugar and their derivatives, hydroxy-carboxylic acids, but also inorganic salts (borates, phosphates, zinc) [START_REF] Ogbonna | The secondary effects of ligno sulfonate cement retarder on cement slurry properties[END_REF].

Beside these molecules used intentionally as retarders, many other admixtures such as superplasticizers, also retard the cement hydration. It is mostly, however, an undesired side effect that becomes a raising concern in modern concrete with low-clinker content (100).

Lignosulfonate

Lignosulfonates are shown to improve the compressive strength of concrete. Lignosulfonate is a metal sulfonate salt that is derived from lignin, the latter being recovered from processing wood waste or straw. Lignosulfonates contain hydrophilic groups (sulphonic, phenylic hydroxyl and alcoholic hydroxyl) and hydrophobic groups (carbon chain) (98) (101).

Sugars and derivatives

Sugars saccharides and polysaccharides are commonly used as set retarding agents for cement (102) (103) (104) (105) (106) (107) (108). Khan and Baradan (107) show that the presence of sugar in several types of cement (PKC/A42.5, PKC/B32.5 and PC42.5) had an effect on the setting time of the cement paste. Small chained sugar derivatives such as sugars alcohol or anion acid sugars are also known to be efficient retarders (109) (110) (111). The common component for all those sugar molecules is the hydroxylic group.

Origin of the delay and interactions of organic molecules with cementitious compounds

The chemical mechanisms by which organics molecules can retard cement hydration is still a matter of debates as they may impact both anhydrate dissolution and hydrate precipitation. JF Young (112) hypothesized that retarders affect the hydration process of C3S and C3A, through complexation and nucleation processes. He also made the assumption of a possible adsorption of organic compounds on Ca(OH)2 nuclei through chelating process, inducing an inhibition of the crystal growth and an elongation of the induction period. The retarding power of organic molecules on the hydration of C3S was also observed to vary according to its functional groups (110) (115). This is illustrated on Figure 21, which clearly shows that the nature of the functional group is more important than the charge of the molecule, compare e.g. tetra-phosphonate with tetra-carboxylate. Furthermore, it has been observed that set retarders are generally good complexing agents for calcium ions (117) (123). Some have also been found to complex silicate ions (113) (124). In particular, the adsorption of organic molecules on C-S-H seems to be linearly dependent on the complexation with calcium (111) (125). However, Nalet recently showed that this explanation is not sufficient to explain the retarding effect of retarders and suggests that combined complexation of silicate and calcium ions with the organics should not be neglected (111).

To summarize, all these works show that the structure as well as the nature of the functional groups of the organics have a profound impact on the hydration of Portland cement. However, only a few of them did try to study the hydration processes separately, ie.e dissolution and precipitation. They were actually in their vast majority concentrated on the pure dissolution of C3S. The impact of organics on the nucleation of cement hydrate remain to a large extend unexplored. In addition, only a few studies looked at the complexation of the organics with the constitutive ions of hydrate and anhydrate phases and tried to correlate it to the cement hydration rate. Furthermore, they were mostly descriptive and were thus not able to properly quantify the saturation indexes with respect to the different cement phases. This is explained by the experimental difficulty to separate organic containing solution from dispersions of cement hydrates (or cement paste); but also by the tedious task to model the speciation of solutions containing organics.

To advance in the understanding of the mechanisms responsible for the delay effect of organic molecules it thus appears necessary on the one hand to quantify the driving force of the nucleation of hydrates (and dissolution of anhydrate). This implies to quantify the complexation of organic molecules and to establish a speciation model. On the other hand, it also seems necessary to study and quantify the influence of these molecules on the nucleation of the main hydrates of the cement, starting with the C-S-H. These are the objectives of this thesis.

CHAPTER II. STRATEGY OF THE STUDY 1 General idea and main objectives

As we have just exposed in the introductory chapter, no work has been able to quantify with precision the degree of supersaturation (or undersaturation) with respect to the precipitating hydrates (the dissolving anhydrous phases), i.e. the driving force of precipitation (of dissolution), in the presence of organic additives. Therefore, any quantification of the precipitation or dissolution processes becomes illusory and any observed effects of organic molecules on these processes remain very descriptive and empirical. It is also not surprising that no study has been able to establish with certainty, which process limits the hydration of cement in the presence of organic retarders.

The first objective, which was also the main objective of this study, was the quantification of these processes and first of all of the driving force of the precipitation (and dissolution) of the main hydrates (and anhydrous phases) of Portland cement, which are C-S-H and portlandite (and anhydrous silicate phases) in the presence of different organic retarders. To do so, it was necessary to study the extent of complex formation between the organic molecules and the constituent ions of the main hydrates (and anhydrous phases) of Portland cement and to establish a speciation model valid over the whole range of pH and ionic concentrations usual in Portland cement. To reach this first objective, a very pragmatic and efficient approach was chosen, which consisted in measuring with precision the variation of the activity of calcium, silicate and hydroxide ions in the presence of organic molecules in a large range of pH and concentrations and to fit this data set with a speciation model by varying the number, the composition and the stoichiometry of the various complexes which can be formed. The chemical activity of the above cited ions was determined by both a direct and an indirect methods. In the first case, we conducted potentiometric titration with proton and calcium specific electrodes to measure the calcium and hydroxide activity of a large set of organic-containing solutions with well defined composition and concentrations. In the second case, we imposed a constant activity product in the solution by adding a solid in excess (C-S-H or portlandite), and measured at thermodynamic equilibrium the change in the solution concentration of constitutive ions for increasing amount of organic admixtures. With these data in hand, the game then consisted in finding the set of organic-ions complexes and associated set of equilibrium constants which relate the imposed (potentiometric titration) or measured (solubility) solution concentrations of the species to the measured ion activities (potentiometric titration) or imposed activity product (solubility).

These methods are described thereafter and in the next chapter.

The second objective was to compare the influence of organic retarders on the nucleation of C-S-H, the main Portland cement hydrate. The literature review in the previous chapter has highlighted the scarcity of work on the influence of organic retarders on the nucleation of cement hydrates. This part of the work has therefore focused on homogeneous nucleation. In addition, some authors have hypothesized that portlandite precipitation could be responsible for the retarding effects on cement hydration. The influence of organic retarders on the nucleation of portlandite has therefore also been studied. For both C-S-H and portlandite, the nucleation rate (JN) in the presence of several organic retarders was determined from the measurement of the induction time at nucleation, tind = 1/JN. The kinetic obtained for the different organic molecules could then be quantified and compared by applying the speciation model developed in the first objective. In the case of C-S-H, the idea was also to look at the influence of organic molecules on the non-classical pathway of nucleation. For this, microscopy and X-ray scattering methods were used.

In the next two sections the choice of organic molecules as well as a description of the methods employed are given.

Selected molecules

The plethora of molecules having a retarding effect on the hydration of the silicate phases makes the task more difficult when it comes to understanding the processes responsible for in the delay hydration.

The choice of the molecules selected for this study was based on small organic molecules for which we had a large corpus of experimental data on effect on the hydration of Portland cement and its pure phases. These are D-gluconate and three hexitols, D-sorbitol, D-mannitol and D-galactitol, previously studied during Camile Nalet's thesis (115).

They have well defined functional groups and stereochemistry, see Table 3. They also share some functionalities with superplasticizers and are small enough to be modeled by classical speciation models.

Table 3: Cram representation of the selected molecules in the present study.

D-sorbitol D-mannitol D-galactitol D-gluconate

The three hexitols D-sorbitol, D-mannitol and D-galactitol are sugars alcohols that share the same chemical formula but differ by the stereochemistry of their alcohol groups.

D-gluconate is an anionic sugar derivative that share similarities with D-sorbitol, and possesses a carboxylate group in its chain.

Materials and methods

The individual methods used will be described in more detail and adapted to the problems addressed in the various articles of Chapter III. In this section, a short overview on the experimental tools and the calculations is presented.

Potentiometric titration

All the titrations experiments, including the potentiometric titrations and precipitation measurement were performed using a Titrando unit (907 Titrando, Metrohm), controlled by the Tiamo software (Metrohm).

The automatic titrator is composed of dosing systems (800 Dosinos) or glass burettes, that are attached to the reagent bottles. Connected to tips, they allow us to add the titrant solution to the titrated solution at a controlled speed and volume.

Several electrodes are connected to the system:

• A specific electrode of calcium (Ca-ISE), coupled to a reference electrode (Metrohm Ag, AgCl/3 M KCl).

• A combined pH glass electrode (intelligent pH electrode, with Pt 1000, 3 M KCl) with a pH range 0-14.

• An optical electrode ('optrode') that measures the turbidity of the sample, monitored with an optical sensor.

A Teflon beaker that contained the titrated solution, was covered with a Teflon lid perforated with several entries for the electrodes, the tips, and the connection to the N2 stream. In addition, a mechanical overhead stirrer was always used in the titrated solution. For the measurements, the Teflon beaker was placed in a double glass vial thermostated to 23.0°C.

Solubility measurement

For the solubility measurements, several samples per series were prepared. Each sample consisted of a solid buffer (C-S-H or portlandite) placed in a dialysis membrane immersed in a CO2 free solution containing an initial amount of organics. The solution and filled dialysis membrane were hermetically enclosed in 250mL polypropylene bottles.

The samples were prepared in a glove box and finally placed in 16 liter plastic barrel filled with N2 gas to avoid their carbonation. The barrels were placed on a shaking table during four weeks at 23 °C to reach equilibrium.

Thus, several series were prepared with either C-S-H and/or CH. Each series consist of six samples with increasing concentration of the selected organic molecules and for each sample a blank is prepared with the same solution but without any solid present. The latter was used to control the initial concentration of the molecule of interest. The chemical analysis of the equilibrium solution outside the dialysis bags allowed the determination of the solubility and of the adsorption of the small organic molecules. The chosen set-up has the advantage that no step of separation of the solution from the solid is needed, which is often difficult in case of cement hydrate dispersions (or cement paste) in the presence of organic admixtures. This method also eliminates the artifacts associated with this separation step as the centrifugal force or the hydrostatic pressure necessary to separate the solution from the solid phase can alter the equilibrium conditions (126)

Chemical analysis

Total organic carbon (TOC)

The total organic carbon (TOC) analysis allows measurement of the total amount of organic carbon present in aqueous samples. Thus, the TOC analyzer oxidizes all the organic molecules to CO2, and measures the resulting CO2 concentration. The knowledge of the carbon concentration and the knowledge on the amount of C in the organics used, allows us to measure ultimately the concentration of the organics of interest in the samples prepared.

The determination of the adsorption of the selected molecules on the hydrates C-S-H and portlandite was done by calculating the difference between the initial concentrations of the organics and the concentration measured with TOC at the end of the experiment.

Inductively coupled plasma (ICP)

The determination of ions concentrations in our samples, including calcium, sodium and silicon, was achieved by using Inductively Coupled Plasma coupled with Atomic Emission Spectroscopy (ICP-AES).

Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) experiments were achieved at the NCD beamline of the ALBA synchrotron (Barcelona, Spain) in order to characterize the C-S-H nanoparticles in presence of the selected organic molecules, and its nucleation kinetics.

The set up used is the Metrohm system with in addition, a peristaltic pump to circulate the solution in a closed loop through a 1.5 mm diameter polyimide capillary that was set up at the beam position.

The residence time in the tubing and capillary is in the order of approximatively 20 seconds.

A pH electrode and a turbity sensor were immersed in the solution. An X-ray beam of energy E = 12.40 keV, calibrated using a silver behenate standard, was used.

The scattered radiation was collected using a Pilatus 2M two-dimensional detector that was placed at 6.7 m from the sample to yield a q-range 0.03 < q < 2.00 nm-1. The scattered intensity was acquired every minute in acquisitions of 30 seconds to follow the kinetics of C-S-H nucleation.

Cryo-transmission electron microscopy (Cryo-TEM)

In order to get an insight on the shape and size of the C-S-H particles in presence of the retardant molecules, 4µl aliquots were retrieved from the solution in the reactor during the C-S-H precipitation experiment, and applied to freshly glow discharged qauntifoil or lacey carbon grid and vitrified using a Thermofisher Vitrobot Mark IV system.

Then, the grids were mounted on a Gatan 626 single-tilt cryo-transfer holder. Imaging and selected area diffraction (SAD) were performed under low-dose conditions on a Tecnai F20 microscope operating at 200 keV. Images were recorded on a Ceta CMOS camera whereas diffraction patterns were recorded on an Amsterdam Scientific Instrument CheeTah hybrid pixel camera.

Chemical speciation

The measurement of the concentration of the selected organics and calcium, silicon and hydroxide in the solutions in equilibrium with portlandite and C-S-H a well as the potentiometric titration highlighted that several different organic-calcium-silicon-hydroxide complexes could form.

In order to determine the set of organic-ions complexes and associated set of complexation constants needed to describe these systems, various speciation models were constructed, tested and simulated with the chemical speciation software PHREEQC. PHREEQC is an open source code developed by the United State Geological Survey (USGS). The program uses an extended Debye Huckel approach to calculate activity coefficient of simple ions.

The C-S-H model developed by Haas and Nonat (37), presented in the preceding chapter, which takes into account the variation of the solubility and the stoichiometry of the different phases of C-S-H, was used.

Structure of the results

The results obtained during this thesis are presented through 3 papers. The first has already been published in the journal Cement and Concrete Research and the two others were recently submitted to the same journal.

Paper 1 presents how the selected molecules affect the calcium activity as well as the portlandite solubility. Different calcium-organic-hydroxide complexes are fitted and compared to the experimental data. The adsorption isotherms of the organic molecules on portlandite are obtained and discussed in relationship with their complexing power with calcium ions.

In paper 2, the solubility of C-S-H in the presence of the selected organics is studied in detail for various stoichiometric C/S ratios. The adsorption isotherms of the organics on C-S-H are determined at two C/S ratios. The calcium-organic-hydroxide complexes from paper 1 are completed with additional Ca-organic-hydroxide-silicon to model the experimental data set.

In paper 3, the influence of the different organic molecules on the induction time of C-S-H nucleation is quantified and compared. The data are further analyzed in terms of thermodynamic and kinetic quantities by applying classical nucleation theory. Finally, the influence of the organics on the nucleation pathway is analyzed with the use of SAXS and Cryo-TEM.

The implications of the results presented in these three papers are discussed in Chapter IV.

Introduction

The chemical activity of ions, a, and the solubility of minerals are crucial factors in determining the thermodynamic conditions and the driving force of a mineral to dissolve or to precipitate (1). The extent to which a solution is out of equilibrium is given by the deviation from the theoretical solubility and is quantified by the saturation index. For a solid such as portlandite, Ca(OH)2, with the solubility product Ksp,, the saturation index (SI) is defined as:

𝑆𝐼 = 𝑎 𝐶𝑎2+ . 𝑎 2 𝑂𝐻- 𝐾 𝑠𝑝
The knowledge of the elemental concentrations, the speciation and the ion activities provides a simple measure for the driving force of dissolution or precipitation reactions. However, activity of ions is sensitive to the presence of other chemical species via the effect of ionic strength. Many ions can also form different soluble complexes such as e.g. calcium gluconate complexes: Cagluc + , Ca(gluc)2 0 , ... and can in addition promote or inhibit crystal growth/dissolution, which can make the determination of the activity of ions difficult and tedious.

In the case of concrete, organic molecule inhibitors, called retarders, are commonly used in specific applications (2) (3) (4) to delay the cement setting. Superplasticizers, often comb co-polymers, employed in the formulation of ultra high performance concrete, are also known to retard the curing of concrete (5) (6) (7). Although used in low amount, less than 1 wt.% of Portland cement (8), the concentration of organic molecules in the solution present in the interstitial pores formed by cement grains, easily reaches several tens of millimolar concentrations during the first hours after mixing with water and can thus impact the cement reactions involved in the curing. These effects have been illustrated in several studies with various organic molecules (9) (10). Invariably, it was found that the organic molecules acting as cement curing inhibitors can greatly influence the elemental concentrations in the aqueous pore solution and retard the cement hydration. The cement hydration is complex and dependent on two interrelated and concomitant processes, which are the dissolution of the cement grains and the precipitation of the hydrates. However, the physical and chemical mechanisms responsible for this retardation are not fully understood (11) (12) (13) ( 14) (15).

Furthermore, in those organic-cement systems, an accurate quantification of the dissolution rate of cement anhydrates and precipitation rate of cement hydrates at well-defined SI is still missing as a result of limited knowledge of complex formation.

For the organics of interest in this paper, the pure dissolution of alite (Ca3SiO5) was found to be negligibly affected by gluconate and three different hexitols, namely sorbitol, mannitol and galactitol (15). These organics, however, have a great impact on alite hydration and to a less extend on the hydration of Portland cement (15). These molecules were thus conjectured to mostly act as nucleation-growth inhibitors of calcium silicate hydrate, C-S-H (16) In a recent experimental study, it was suggested that the inhibition of the crystallization of portlandite, Ca(OH)2, could be the main reason of the slowdown of alite hydration (17).

Gluconate, a negatively charged molecule, was found to be a stronger retardant of cement hydration than neutral hexitols (16) (18) (19). For different hexitols also the stereochemical arrangements of the organic molecules, as illustrated in Figure 1, has an influence (16). The retardation was observed to increase from mannitol to galactitol to sorbitol, which have the same chemical composition and functional groups, but a different arrangement. However, the chemical mechanisms, which could explain how these organics retard are poorly understood, e.g. their impact on the anhydrate and hydrate solubility and the eventual formation of aqueous complexes (16) (18). In particular, in the high pH range little is known about possible aqueous complexes with organic molecules or their stability. It has been suggested that the ability of the organic molecules to form complexes with Ca 2+ is directly correlated to their adsorption affinity with calcium rich surfaces of C-S-H and alite (18) (19) which, in turn, may impart the surface tension of the nucleus or the rate of attachment of species to the nucleus and, thus, the nucleation rate. Thus, the understanding and quantification of complex formation between organic molecules and calcium could be fundamental for a better understanding of the observed retardation by organic additives. In addition, only an adequate quantification of the different Ca-complexes formed in the presence of organics makes it possible to determine the ion activities needed to calculate SI with respect to Ca3SiO5, calcium silicate hydrate and portlandite.

D-gluconate, is a well know retarding additive (20) (21) (22) widely used in the industry. In addition to its role as retarder in cements and concretes, gluconate is also used for water treatment and metal surface treatment due its strong complexation ability with cations. The complex formation between Ca and gluconate has been investigated in several studies (23) (24) (25) (26) (27) (28), but mainly at high ionic strength (1.0 M NaCl) and relatively low pH. On the other hand, the complex formation between hexitols and calcium ions was much less investigated (29) ( 30) and again at relatively low pH values not relevant for cements.

The present paper thus aims to investigate the speciation of alkaline calcium solutions in the presence of a carboxylate sugar acid: gluconate and several uncharged hexitols: D-sorbitol (D-glucitol), Dmannitol, and D-galactitol, at concentrations and pH values relevant for cementitious systems. A particular emphasis is on the ability of the organics to form complexes with calcium ions. This is assessed experimentally by solubility measurements of portlandite and ion activity measurements of alkaline calcium solutions in presence of increasing amount of organics. The results were then fitted with a speciation model, using the open source software PHREEQC, to determine the strength and the various types of calcium complexes with the organic molecules.

Materials and methods

Materials

The different stock solutions from each compound were prepared by dissolving Ca(NO3)2 4H2O

(Sigma-Aldrich, ≥99% purity), potassium gluconate (C6H11KO7, Sigma-Aldrich, ≥99% purity) Dsorbitol (C6H14O6, Sigma-Aldrich, ≥99% purity), D-mannitol (C6H14O6, Sigma-Aldrich, ≥99% purity), and D-galactitol (C6H14O6,, Sigma-Aldrich, ≥99% purity), in boiled and degassed milliQ water. In the potentiometric titration experiments, potassium nitrate (KNO3, Sigma-Aldrich, ≥99% purity) was used as a background electrolyte (0.1 M) and KOH ( >85%, Sigma-Aldrich) to increase the pH values to 11.3, 12.3, 12.7 and 13.0. For the solubility measurement, portlandite, calcium hydroxide (Ca(OH)2, Sigma-Aldrich, ≥ 95%) was used.

It is important to note that the hexitols used in this study are all isomers, sharing the formula, HOCH₂(CHOH)₄CH2OH, but differ in the stereochemical arrangement of the OH groups as illustrated in Figure 1.

Solubility experiments

For the solubility experiments, various series of samples were prepared in a glove box with 3.92 g of Ca(OH)2, as a solid buffer, enclosed in a dialysis membrane and then placed in a 250 mL polypropylene flask filled with 200 mL of CO2-free solution with different amounts and type of organic molecule, see Figure 2. Prior to use, the dialysis membranes (Spectra / Por, MWCO 12-14 kD) were dipped in distilled water for 30 minutes to remove any organic residues and dried in a desiccator overnight; the dialysis bags were closed with polyamide clamps (Carl Roth, length 50 mm). Finally, the samples were stored in a 16 L plastic barrel filled with N2 gas, to guarantee CO2 free conditions, and placed on a shaking table during four weeks at 23°C to ensure a proper equilibrium.

The pH values were recorded after removing the dialysis bags from the bottles. The pH electrode (Consort C931 electrochemical analyser) was calibrated using Sigma Aldrich buffer ( pH 4, 7, 9 and 12). The total concentration of the elements Ca and Si was measured by inductively coupled plasmaoptic emission spectroscopy (ICP-OES 5110, Agilent).

The Ca 2+ activity was measured at 23.0 ± 0.1°C with a calcium sensitive electrode (Metrohm Ca ISE, 6.0508.110) coupled to a reference electrode (Metrohm Ag, AgCl/3 M KCl, 6.0750.100). A stable electrode signal could only be obtained with the use of a background electrolyte. The titrations were thus performed in 0.1 M KNO3 to ensure a stable signal and to limit the influence of the background electrolyte on the complex formation. We have chosen potassium nitrate as K + interferes less with the Ca 2+ -selective electrode than Na + (31). The Ca 2+ electrode was calibrated prior to the measurements by a titration of 100 mM KNO3 solution with a solution containing 500 mM Ca(NO3)2 (0.2 ml, 50 times for a total volume added of 10 ml) and by plotting the measured mV against the calculated Ca 2+ activity calculated with PHREEQC as detailed below. The response of the Ca 2+

electrode was found to be linear with a slope of 29±1 mV, which corresponds to the expected slope 

Thermodynamic simulation and complexation constants

The solubility of portlandite and the activity of Ca 2+ were fitted with a speciation model solved by the geochemical software PHREEQC version 3 (3.6.2-15100) (32) and the WATEQ4f database (33).

The activity of the Ca 2+ , aCa2+, and all other species was calculated according to aCa2+ = γCa2+•mCa2+, where γCa2+ is the activity coefficient and mCa2+ the molality in mol/kg H2O. The activity coefficients were calculated with the WATEQ Debye Hückel equation:

log𝛾 𝑖 = -𝐴 𝑦 𝑧 𝑖 2 √𝐼 1+𝐵 𝑦 𝑎 𝑖 √𝐼 + 𝑏 𝑦 𝐼 (1) 
where zi denotes the charge of species i, I is the effective molal ionic strength, while ai , the ion-size parameter, and by are ion specific parameters and Ay and By are pressure-and temperature-dependent coefficients (33). This activity correction is applicable up to approximately 1 M of ionic strength (34). Values reported for I = 0.1, 0. The complex formation constants between Ca 2+ and hydroxide, gluconate, sorbitol, mannitol and galactitol reported in the literature and determined in the present study are detailed in Table 1 andTable 2. For gluconate, sorbitol and mannitol we used as starting values the complexes and associated constants derived from Pallagi and co-workers (23) (24) (25) (26). They were, where necessary, further refined to obtain a good visual fit between the measured and the modeled data. The following procedure to refine the complexation constants was employed. First, the potentiometric data measured at pH 11.3 were used to fit the constants for the CaGluc + , CaSorb 2+ , CaMan 2+ , and CaGal 2+ complexes, which dominate at low pH values. Then, the titration data at higher pH values were used to fit the constants for the CaGlucOH 0 , CaSorbOH + , CaManOH + , and CaGalOH + complexes. The formation of CaGluc2 0 , suggested by Pallagi et al. (23) and Kutus et al. (26), and of Ca2Gluc2OH4 2- and Ca3Gluc2OH4 0 complexes suggested by Kutus et al. (26), were also considered. Only traces of the CaGluc2 0 complex were calculated to be present in our experiments (less than 1 % of the total Ca in any of the experiments) thus this complex was considered but its constant not further refined. The presence of Ca3Gluc2OH4 0 and Ca2Gluc2OH4 2-complex is not important at low calcium concentrations (i.e. the conditions used in this study for the potentiometric titration) but in the presence of portlandite. Thus their constants were refined using the solubility data of portlandite.

The CaSorb 2+ , CaMan 2+ , and CaGal 2+ complexes reported in the literature were not found to be in significant quantities in any of our experiments, as they were obtained in near neutral pH conditions. Furthermore, the reported values of the complex formation constants are rather scattered, maybe due to the different methods employed to determine them. We thus introduced in addition CaHexitolOH + complexes, which were found to give a very satisfactory description of our experimental data. As it will be described in the next section, the complexation of calcium by the hexitols is much weaker than by gluconate. The so-obtained complexation constants are compiled together with the literature values in Table 1 and2. 

Results and discussion

Gluconate

Solubility experiment with portlandite

The calcium concentrations in equilibrium with portlandite rise rapidly (Figure 4), when the gluconate concentration is increased. In the absence of gluconate, a calcium concentration of 21 mM was observed, which corresponds well with the expected solubility of portlandite of 21 mM at 23°C. The presence of gluconate increased the total measured calcium concentrations up to 101 mM Ca at a gluconate concentration of 68 mM, due to the formation of different Ca-gluconate complexes as shown in Figure 4. This strong increase of portlandite solubility in the presence of gluconate agrees well with observations reported by Nalet and Nonat (19). The measured increase of the total calcium concentrations ([Ca]total = [Ca 2+ ] +[CaOH + ] + [Ca-organic]) is mainly due to the formation of Ca3Gluc2(OH)4 0 , CaGlucOH 0 and Ca2Gluc2(OH)4 2-in presence of gluconate, while our calculations indicate that the concentrations of CaGluc + , and CaGluc2 0 are negligible. The over-proportional increase of calcium (80 mM more calcium in solution in the presence of 68 mM gluconate) is consistent with the presence of the heteropolynuclear complex Ca3Gluc2(OH)4 0 , which contains more calcium than gluconate. At gluconate concentrations of above 20 mM the Ca3Gluc2(OH)4 0 complex dominates Ca-speciation in the presence of portlandite as shown in Figure 4. The crosses represent the total concentrations determined experimentally, while the solid lines represent the cumulative calcium complexes concentrations calculated using the data compiled in Table 1.

Ca-gluconate titration

The measured changes of the Ca 2+ activity at various alkaline pH values upon the addition of potassium gluconate to a solution containing 0.25 mM calcium nitrate is shown in Figure 5. The drop of the measured Ca 2+ activity can be attributed i) to a minor extent to the dilution of the solution by the addition of the titrant solution (for the effect of adding solution without organics see SI) and ii) to the complexation of Ca 2+ with the added gluconate. As it can be seen in Fig. 5 a very good fit of the experimental data with our speciation model is obtained at all pH values. 1.

It can also be observed that the decrease in calcium activity is limited at pH 11.3 but more distinct at higher pH values, which points towards the importance of calcium-gluconate-hydroxide complexes, as further confirmed below.

In Figure 6 the simulated change in the calcium speciation in the same conditions as in Figure 5 is given. In contrast in the solubility experiments, where high calcium concentrations (21 up to 100 mM Ca, see Figure 4) are present and the calcium complexation is dominated by the heteropolynuclear Ca3Gluc2OH4 0 complex, CaGluc + and CaGlucOH 0 are the dominant complexes at the low Ca concentrations used in the titration experiments. For the titration at pH 11.3 mainly the formation of some CaGluc + is predicted, while at pH 13.0 the formation of CaGlucOH 0 is principally found, illustrating the strong influence of pH on the calcium speciation. In addition, it can be noted that calcium shows a strong preference for the heterogeneous complex CaGlucOH 0 , whose concentration is 5 times higher in the presence of 18.8 mM gluconate than that of CaOH + at pH 13 (~100mM OH -). Very low concentrations of the heteropolynuclear complexes, Ca2Gluc2(OH)4 2-and Ca3Gluc2(OH)4 0 , were observed due to the relative low Ca (0.25 mM) and gluconate (18.8 mM) concentrations, at high pH ( 12.7 and 13.0 ). 1.

Sorbitol

Solubility experiments with portlandite

The equilibrium calcium concentration as obtained in the solubility experiments of portlandite in the presence of sorbitol is given in Figure 7. The equilibrium calcium concentration is observed to increase moderately with that of sorbitol, from 21 mM to 55 mM when sorbitol is increased up to 211 mM. The increase is much weaker than the one due to gluconate (Figure 4), indicating a weaker complex formation between Ca 2+ and sorbitol. The calculations show that the observed increase can be mainly explained by the formation of a CaSorbOH + complex, while the concentration of CaSorb 2+ is found to be negligible. No clear indication for the formation of polynuclear complexes is found, although the underestimation of the total calcium concentration at very high sorbitol concentrations could point towards the formation of such complex. At sorbitol concentrations of 100 mM and above, the CaSorbOH + complex dominates Ca-speciation (Figure 7). 

Ca-sorbitol titration

The change in the activity of Ca 2 + at different pH values upon the addition of sorbitol as measured by potentiometric titration of a diluted calcium nitrate solution (0.25 mM) is shown in Figure 8. In agreement with the solubility experiments (Fig. 7), the drop of the Ca 2+ activity is weaker than the one observed with gluconate and more distinct at high pH values as explained by the formation of CaSorbOH + complex. This is illustrated in Figure 9, which provides the detailed calculated speciation of calcium. As expected, CaSorbOH + is prevalent at pH 13 and hardly visible at pH 11.3. In line with the solubility experiments, the CaSorb 2+ complex is negligible in these alkaline conditions. The overall good agreement obtained between modeled and experimentally observed decrease of the Ca 2+ activities clearly shows that no or only very little polynuclear Ca-sorbitol complexes are present. 2.

Mannitol and galactitol

Solubility experiments with portlandite

The increase in the equilibrium calcium concentration in the solubility experiments of portlandite in the presence of mannitol and galactitol, given in Figure 10, is comparable to that observed with sorbitol, although somewhat weaker compared with Figure 7. As for sorbitol, the observed increase of the Ca concentration can be principally explained by the formation of CaManOH + and CaGalOH + complexes, while the concentrations of CaMan 2+ and CaGal 2+ are negligible. Only at mannitol and galactitol concentrations well above 100 mM, CaManOH + and CaGalOH + complexes dominate the speciation of calcium (Figure 10). 

Ca-mannitol and Ca-galactitol titration

The change in the simulated and measured activity of Ca 2 + and pH upon the addition of 0 to 18 mM mannitol to a 0.25 mM calcium nitrate at pH 11.3, 12.3, 12.7 and 13.0 are shown in Figure 11. The data for galactitol are similar and provided in the supplementary information. In agreement with the solubility experiments of portlandite (Figure 10), the decrease in the measured aCa2+ is less pronounced than in the case of sorbitol and is mainly explained by the formation CaManOH + and CaGalOH +, at higher pH values.

The strong preference of calcium for the heterogeneous complex with hydroxide (CaManOH + and CaGalOH + ) is further illustrated in Figure 12. 2.

Effect of complexation on calcium speciation

Calcium has been observed to form a number of different complexes with gluconate and hydroxide.

Under conditions relevant for the early-age pore solution of cements (10-40 mM Ca, pH 12.5 -13.5) mainly the CaGlucOH 0 , Ca3Gluc2(OH)4 0 and Ca2Gluc2(OH)4 -2 complexes are of importance as illustrated in Figure 13b. The importance of CaGlucOH 0 , Ca3Gluc2(OH)4 0 and Ca2Gluc2(OH)4 -2 complexes at pH values above 12.5 result in much lower concentrations of free Ca 2+ than in the absence of gluconate. The effect can be expected to be even stronger at later hydration times, where calcium concentrations drop to a few mM, while the concentrations of small organic molecules in the pore solutions tend to remain high. This leads to a stabilization of CaGlucOH 0 as shown in Figure 13a and lower Ca 2+ concentrations.

The strong complexation of calcium can be expected to retard portlandite and C-S-H precipitation during cement hydration. Gluconate sorbs also strongly on calcium at the surface of C3S, portlandite (see Supplementary Information) and C-S-H (18) (19), which will also strongly influence their dissolution and formation rate. The observed tendency of calcium to form complexes with organics follows the order gluconate >> sorbitol > mannitol > galactitol, which corresponds well with the tendency to sorb on portlandite (see Supplementary informations) and C-S-H (18) (19): gluconate >> sorbitol > mannitol, but only partially with their tendency to retard the C3S hydration reported in Nalet and Nonat (15): gluconate >> sorbitol > galactitol > mannitol. The reason for the different sequence of galactitol and mannitol on C3S hydration is presently not clear. The charged gluconate, which complexed strongly with calcium in solution had also the biggest retarding effect on C3S hydration.

Conclusions

The complexation of Ca 2+ with gluconate, D-sorbitol, D-mannitol and D-galactitol has been studied via portlandite solubility measurement and titration experiments at low ionic strength (0.1 M KNO3).

For gluconate, the multinuclear complexes already described in the literature allowed us to describe the experimental data, after some further refinement of the complexation constants. At a pH of 12.5 and in the presence of portlandite the heteropolynuclear complex Ca3Gluc2(OH)4 0 dominates the Caspeciation, while at lower calcium concentrations CaGluc + (below pH 12) and CaGlucOH 0 (above pH 12) are the main complexes formed. This relative strong complex formation between calcium and gluconate lowers concentrations of free Ca 2+ , which could contribute to a retardation of portlandite and C-S-H precipitation during cement hydration. The strong tendency of gluconate to form complexes with Ca reported here is consistent with the significant sorption of gluconate on Ca on the surface of C-S-H and portlandite reported (19) .

Sorbitol makes weaker complexes with calcium as observed both from portlandite solubility measurements and titration results. Under all conditions studied, the predominant sorbitol complex is the ternary CaSorbOH + complex, while the CaSorb 2+ complex formed in negligible amounts only.

In all cases studied, CaSorbOH + complex had limited effect on calcium speciation below a pH of 12, but can dominate the calcium speciation at pH 12.5 and above, at higher sorbitol concentrations.

Similar observations have been made for D-mannitol and D-galactitol, which show an even weaker tendency than sorbitol to form calcium complexes. Also for D-mannitol and D-galactitol only the ternary CaManOH + and CaGalOH + complexes are relevant and they are expected to form mainly above pH 12.5 and at high mannitol and galactitol concentrations.

The observed tendency of calcium to form complexes follows the order gluconate >> sorbitol > mannitol > galactitol, which corresponds well with the tendency to sorb on portlandite and C-S-H: gluconate >> sorbitol > mannitol (19) but only partially with their tendency to retard the C3S hydration reported in (15): gluconate >> sorbitol > galactitol > mannitol.

decreases in the order gluconate > sorbitol > galactitol. The adsorption of the selected organics on portlandite and C-S-H systems follows the order gluconate >> sorbitol > mannitol ~ galactitol. For C-S-H, a typical Langmuir isotherm is found only when buffered with Ca(OH)2. The adsorption on C-S-H increases with the Ca/Si ratio.

1.Introduction

Hydration of cement, involving mainly the anhydrous phases Ca3SiO5 (alite) and Ca2SiO4 (belite), is a complex reaction where two main hydrates are formed: calcium silicate hydrates (C-S-H), and portlandite, Ca(OH)2 (1). It involves the concomitant dissolution of the anhydrate phases and precipitation, from the solution, of the hydrate phases. The passage from solution to these hydrates happens because the ion activity product of the solution (IAP) rapidly exceeds the solubility product (Ksp) of the newly formed solid phases (2). As the concentration and activity of ions build up, the driving force for the nucleation of hydrates (∆µ) increases as does the rate of nucleation, J, according to J = exp(-∆µ -2 /kBT) with kB being the Boltzmann constant and T the temperature. The driving force is defined by the change in chemical potential (∆µ) of the crystallizing ions, and measures the free energy response to transferring the ions from the solution to the solid, ∆µ = KBT(ln IAPln Ksp). The same reasoning applies to the dissolution of anhydrous phases in a symmetric way. The activity of the dissolving and crystallizing ions is an essential thermodynamic quantity if one wants to quantify and understand the hydration of cement. However, ion activities are strongly influenced by complex formation, e.g between calcium and organics. In the present study we aim at extending our previous work (3) on the calcium activity in the presence of four cement organic retarders, namely sodium Dgluconate and three hexitols (D-mannitol, D-sorbitol and D-galactitol), to the speciation and activity of calcium and silicate solution species in the presence of the same organics. Superplasticizers, in particular, and organic molecules, in general, often behave as retarders when used in concrete (4) (5) (6). At low percentage, less than 1% wt of Portland cement, they retard the initial and final setting times of cement (7) (8). Several studies have been conducted to highlight their influence on the hydration of cements, with the view to obtain a better understanding of the mechanisms of retardation and the setting times, but still the physical and chemical mechanisms responsible for this retardation remains elusive (9) (10)(11)(12) (13). Using small organic molecules as a model for the more complex superplasticizers, previous works have been directed to decipher which step (C3S dissolution or C-S-H nucleation/growth) of the cement hydration is specifically impacted by organics, including the charged molecule gluconate known to behave as a strong retarder (14) (15) (16) (17) (18). For some hexitols and gluconate, the pure dissolution of Ca 3 SiO 5 was observed to be only marginally affected (19) and they were thus conjecture to act as inhibitors of the nucleation/growth of C-S-H (20) and portlandite (21). ( 14) (15) (16) (17) (18). The neutral hexitol molecules were observed to retard the hydration of cement much less than the charged gluconate molecule, and their retardation power was found to depend on their stereochemistry (19) (20) (22).

In a recent study, we investigated the effect of gluconate, D-sorbitol, D-galactitol and D-mannitol on calcium speciation at high pH values (3). It was found that the sorption of organics on portlandite as well as the strength of organics complex formation with Ca decreases in the order gluconate >> sorbitol > mannitol ~ galactitol, similar to the organics tendency to retard the C 3 S hydration (19): gluconate >> sorbitol > galactitol > mannitol. In the presence of portlandite, hetero-polynuclear complexes with calcium and hydroxide such as Ca3Gluc2(OH)40 dominate the Ca-speciation with gluconate, while ternary CaHexOH + and polynuclear Ca2Hex2OH4 0 complexes are dominant in the presence of the hexitols (3).

In the present paper, we investigate the combined speciation of calcium, silicate and organics (gluconate, D-sorbitol, D-galactitol or D-mannitol) at concentrations and pH values relevant for cementitious systems. Complex formation is experimentally studied based on solubility measurements of calcium silicate hydrate (C-S-H) at various Ca/Si, ranging from 0.75 to 1.5, in the presence of increasing amount of organics. The strength and the various types of calcium and silicate complexes with the organic molecules is determined with a speciation model.

Material and methods

Material

The sorption and complex formation of organics was studied on pre-synthesized C-S-H. C-S-H was synthesized with a Ca/Si of 0.75 by adding 4.2 g of lime and 5.9 g of silicate. The reactants were mixed with boiled and degassed water, within 250 mL PE containers protected from air, using a liquid to solid ratio (L/S) of 25 to obtain a homogeneous suspension. The containers were placed on a shaking table with a stirring speed of 180 rpm for four weeks at T=23°C. Before filtration, the PE containers were left to stand for 24 hours allowing the solid to settle. The supernatant was filtered through a 40 μm sintered glass filter. The solid phase was dried under suction in a desiccator in presence of silica gel at room temperature for two weeks and then stored in desiccator under vacuum in the presence of silica gel.

The lime powder used is obtained by calcining calcium carbonate CaCO 3 (WR Analar Normapur, 98.5-100%) at 1000°C for 24 hours. Aerosil 200 silica (Evonik industries) was used, a hydrophilic fumed silica with a specific surface area of 200 m 2 /g and a high reactivity. Different organic compounds were used for the solubility experiments: potassium gluconate (C 6 H 11 KO 7 , Sigma-Aldrich, ≥97% purity), D-sorbitol (C 6 H 14 O 6 , Sigma-Aldrich, ≥99% purity), D-mannitol (C 6 H 14 O 6 , Sigma-Aldrich, ≥99% purity), and D-galactitol (C 6 H 14 O 6, , Sigma-Aldrich, ≥99% purity). Note that the three hexitols have the same structural units but have a different configuration as illustrated in Figure 1. 

Solubility experiments

Four different series of samples were prepared in a glove box for each organic molecules: C-S-H equilibrated with 0 mM, 11 mM and 20 mM calcium as well as a series with saturated lime solution.

For each experiment 200 mg of C-S-H (C/S =0.75) were used as a solid buffer, enclosed in a dialysis membrane and placed in a 250 mL polypropylene flask filled with 250 mL of CO2-free solution with different amounts and type of organic molecule (see Figure 2). Based on mass balance calculations the final Ca/Si in C-S-H corresponded to 0.75 (0 mM Ca), 1.1 (11 mM Ca), 1.3 (20 mM Ca), and to 1.5 (saturated lime solution; initial Ca/Si in solid = 0.75). The dialysis membranes (Spectra / Por, MWCO 12-14 kD) were dipped before use in distilled water for 30 minutes to remove any organic residues and dried in a desiccator overnight. The dialysis bags were closed with polyamide clamps (Carl Roth, length 50 mm). Finally, the samples were stored in plastic barrels filled with N2 gas to guarantee CO2 free conditions, and placed on a shaking table during four weeks at 23°C to equilibrate. In each case, in addition to the samples containing the dialysis bag filled with C-S-H, blank samples containing only the lime and organic molecule solution were prepared and used as reference. The pH values and total elemental concentrations were measured in the solution after removing the dialysis bags. The pH electrode was calibrated using Sigma Aldrich buffer (pH 4, 7, 9 and 12). The total concentration of the elements Ca and Si were measured by inductively coupled plasma-optic emission spectroscopy (ICP-OES 5110, Agilent) in diluted solution acidified with HNO3. Five or six different organic concentrations were studied, with a starting concentrations between 0 mM to 200 mM (detailed values are given in the Supplementary Information). The bulk concentration of organics at equilibrium was measured as total organic content with a TOC VCPN instrument (Shimadzu). This tool is based on the oxidation of organic molecules contained in solution by gaseous oxygen with a platinum-based catalyst in an oven raised to a temperature of 720°C. The CO2 formed is detected by Infra-Red Non-Dispersive (NDIR). The detection threshold for this device is very low (4µg/L).

Thermodynamic simulation and complexation constants

The solubility of C-S-H and the activity of calcium, silicate and hydroxide solution species at equilibrium were fitted using a speciation model solved by the geochemical software PHREEQC version 3 (3.6.2-15100) and the WATEQ4f database. The activity of the ion species i2+, a i , was calculated according to a i = γ i •m i , where γ i is the activity coefficient and m i the molality in mol/kg H2O. The activity coefficients were calculated in PHREEQC for major species with the WATEQ Debye Hückel equation:

𝑙𝑜𝑔𝛾 𝑖 = -𝐴𝑧 𝑖 2 √𝐼 1+𝐵𝑑 𝑖 √𝐼 + 𝑏 𝑖 𝐼 (1) 
where zi denotes the charge of species i, I the molal ionic strength, di the individual ion-size parameter, and bi is an ion specific parameter. A and B are pressure-and temperaturedependent coefficients. Equation 1 is applicable up to approximately 1 M of ionic strength. For non tabulated species, the Davies equation is used to calculate the activity coefficients in PHREEQC. The fitted complex formation constants between calcium, silicate, hydroxide and the organics used in the present study are listed in Tables 1 and2. The calculations made to identify the ionic composition of the solution at equilibrium with C-S-H in suspensions with and without organic molecules used the surface complexation model of Haas and Nonat, which takes into account the variation of the solubility and stoichiometry of C-S-H phases (23). The values of the solubility constants and surface complexation of the phases a, b and g of C-S-H are listed in Table 3. The evolution of silicate concentration in solutions at equilibrium with C-S-H as a function of the organic concentrations is shown in Figure 4. Similarly to calcium, the equilibrium silicate concentration rises with the concentration of the hexitols at all C/S studied. At the lowest C/S ratio studied (0.75, blue symbols, see Figure 4), a slight increase of silicate concentration from 1.5 mM in the absence of hexitols to 1.7 mM in the presence of 200 mM hexitol is observed. The increase in the case of sorbitol is slightly more pronounced than for mannitol and galactitol. At C/S =1.1 ( 11mM Ca(OH) 2 ), the Si concentration remains below 0.05 mM in the presence of mannitol and galactitol, whereas for sorbitol it increases almost ten times up to 0.37 mM of silicate in the presence of 195 mM sorbitol. At higher C/S (1.3 and 1.5), the increase in silicate concentration remains weak with mannitol and galactitol and strong with sorbitol, as illustrated in Figure 4b. ) as summarized in Table 2 together with two quaternary Sicomplexes, Ca2Hex2(H2SiO4)(OH)4 -2 and Ca2Hex2(H3SiO4)2(OH)2 0 , which were fitted here. The comparison of the calculated with the experimental calcium and silicate concentrations in equilibrium with C-S-H in Figure 5 shows in both cases significant increase of the Ca and silicate concentrations at high C/S

Results and discussion

Solubility of C-S-H in presence of the organics 3.1.1. Hexitols

and high pH values. The figures for galactitol are presented in the Supplementary Information.

As the silicate complexes with organics occur mainly at high Ca-concentrations and pH values, we conjuncture polynuclear complexes similar to the main Ca-hexitol complexes present in these conditions, namely Ca2Hex2(OH)4 0 : a neutral Ca2Hex2(H3SiO4)2(OH)2 0 and a negatively charged Ca2Hex(H2SiO4)(OH)4 -2 complex. The use of only one of these complexes was not able to reproduce the experimental data for sorbitol and galactitol adequately as little as the use of simpler complexes, i.e. CaHexH2SiO4 0 or CaHex(H3SiO4)2 0 . For mannitol no Si-containing complexes were considered as detailed in Table 2.

It should also be noted that the modeling of the silicate and calcium concentrations using classical speciation modeling (e.g. PHREEQC or GEMS) is strictly equivalent if one uses complexes with different size but same stoichiometry, i.e. CayHexy(H3SiO4)y(OH)y 0 and CazHex0.5z(H2SiO4)0.5z(OH)2z -z with y > 2 and z > 2 (provided that the formation constants are modified accordingly) or if one defines a different deprotonation degree (n) for the silicate and hexitols in the complex providing that the overall charge of the complex is maintained constant (i.e. number of OH-groups adapted accordingly). In other words, the use of CayHexy(H3-nSiO4)y(OH)y-n 0 and Cay(Hex -n )y(H3SiO4)y(OH)y-n 0 as well as Caz(Hex -n )0.5z(H2SiO4)0.5z(OH)2(z-n) -z and Caz(Hex)0.5z(H2- Indeed, preliminary speciation simulations in the framework of the primitive model indicate that that the complexes tend to form clusters that grow in size (i.e. increase of y and z) with the organic and calcium concentrations. Also, at high calcium and organic concentrations, we experimentally observed that the solutions were extremely difficult to filtrate, which was one of the motivation to separate the solids from the solution with a dialysis membrane. This is another indication of the formation of large complex clusters and of the variation of the size of the complex clusters with the equilibrium conditions. In the case of mannitol, a very good fit of the experimental data is also obtained, see Figure 5, without the need of the Ca2Man2(H3SiO4)2(OH)2 0 and Ca2Man2(H2SiO4)(OH)4 -2 complexes (see Table 2), as no significant increase of Si-concentration was observed. This is shown by the simulated speciation data plotted in Figure 6 where no polynuclear calcium organic silicate complexes are found, contrary to the case of sorbitol and galactitol. The H4SiO4 0 , H3SiO4 -, and H2SiO4 -2 species thus dominate the silicate speciation at all Ca/Si. with the much weaker complexation of galactitol with calcium ions (3). This is also illustrated in Figure 7, which compares the solubility of C-S-H buffered with portlandite (C/S 1.5) in the presence of sorbitol, galactitol and mannitol. Compared to sorbitol, a much lower amount of silicate is found in solution for galactitol but clearly more than in the case of mannitol for which no or only very weak polynuclear silicate complexes are formed. Ca2Gal2(H3SiO4)2(OH)2 0 and Ca2Gal2(H2SiO4)2(OH)4 -2 are predicted to dominate the solution speciation of silicates only at high C/S ratio, comparable to sorbitol. 1.

Sodium gluconate

The evolution of calcium and silicate concentration in solution at equilibrium with C-S-H as a function of gluconate concentrations is shown in Figure 8. Compared to the hexitols, the measured total calcium concentration is observed to raise more strongly in the presence of gluconate at all C/S studied, indicating a strong complexation between gluconate and calcium in solution. A four times higher calcium concentration is observed in the presence of 192 mM of gluconate for the lowest C/S studied ([Ca(OH) 2 ]i = 0 mM) than in its absence, while at C/S=1.3 ([Ca(OH) 2 ]i = 11 mM), the calcium concentration doubled. At the highest C/S, calcium concentration increases from 13 mM to 20 mM at 176 mM of gluconate.

The qualitative evolution of the silicate concentration upon addition of gluconate is similar to that of calcium for all C/S studied. At the lowest C/S ratio (0.75), a moderate increase of silicate concentration from 1.1 mM in the absence of gluconate to 3.2 mM in the presence of 192 mM gluconate is observed. At higher C/S (1.1 and 1.3), the relative increase in silicate concentration in response to gluconate is stronger. The equilibrium silicate concentration with C-S-H of C/S ratio 1.3 in the presence of ~200 mM of gluconate is observed to be two orders of magnitude larger than in the absence of gluconate.

In Figure 8, the calculated Ca and Si concentrations using the Ca-gluconate complexes from (3) as summarized in Table 1 together with the polynuclear Si-complex, Ca3Gluc2(H3SiO4)2(OH)2 0 , were used to describe the increase in the experimental calcium and silicate concentrations at equilibrium with C-S-H as a function of gluconate concentration. At all C/S studied, the thermodynamic modeling globally describes well the increase in the Si and Ca concentrations. complex is present at low concentrations only. In contrast, the experimental and calculated data highlight a visible increase of the silicate complex Ca3Gluc2(H3SiO4)2(OH)2 0 in solution, which dominates the silicate speciation at C/S above 0.9, and lower the amount of free silicates species in solution, H4SiO4 0 , H3SiO4 -, and H2SiO4 -, in particular at high pH.

Adsorption of the organics on C-S-H and portlandite.

Based on the comparison of the measured organic concentrations with the initial concentrations, adsorption isotherms of the gluconate, sorbitol, mannitol and galactitol on C-S-H and Ca(OH)2

(portlandite data are reproduced from (3)) could be obtained as summarized in Figure 10. Gluconate adsorbs strongly on portlandite where an uptake of up 0.3 gluconate per Ca(OH)2 was observed (see Figure 10a), while the sorption of sorbitol, mannitol and galactitol is much weaker. In the case of C-S-H buffered with portlandite (C/S 1.5) an even stronger adsorption of gluconate is observed (up to 0.8 Gluc/Si) and follows a typical Langmuir adsorption. Again the sorption of gluconate was much stronger than the sorption of sorbitol, mannitol and galactitol and reaches up to 0. 

Conclusions

The solubility of C-S-H in the presence of three hexitols (D-sorbitol, D-mannitol, D-galactitol) and sodium gluconate has been measured. The experimental solubility data could be modeled with a speciation model for the liquid phase, while C-S-H was described based on the surface complexation model of Haas and Nonat (23) for the solid phase using with PHREEQC.

Sorbitol, mannitol, galactitol and gluconate did not only form aqueous complexes with calcium ions, but also polynuclear complexes with silicates, with the exception of mannitol. These polynuclear complexes resulted in a significant increase in the silicate concentration of in equilibrium with C-S-H. The increase in silicate concentration in response to organics addition was found to strengthen with the Ca(OH)2 content in the solution, i.e. with the stoichiometric calcium to silicon ratio (C/S) of C-S-H. In the case of gluconate and sorbitol an increase of up to two orders of magnitude could be observed at the highest organic concentration and C/S ratio studied. With the exception of mannitol, the complexation power of the organic molecules with silicate aqueous species was observed to follow the same order as with calcium ions. That is gluconate > sorbitol >> galactitol > mannitol for the silicate complexation as compared to gluconate >> sorbitol > mannitol > galactitol for the calcium complexation. Interestingly, the complexation strength of the organics with silicates seems to be correlated to their observed retarding effect on C 3 S hydration: gluconate >> sorbitol > galactitol > mannitol. (19), but not with complexation strength of the organics with calcium. The fact that both high pH and calcium concentration is required for the complexation of silicate by the organics was well captured with the formation of hetero polynuclear complex involving Ca and OH ions, namely Ca2Hex2(H3SiO4)2(OH)2 0 , Ca2Hex2(H2SiO4)(OH)4-2 and Ca3Gluc2(H3SiO4)2(OH)2. These Sicomplexes when combined with the organic-Ca complexes introduced in our previous work allowed us to describe very satisfactorily the solubility of C-S-H in the presence of the organics.

The adsorption of the organics on C-S-H follows the same trend as on portlandite. The organics affinity with C-S-H was found with the order gluconate >> sorbitol > mannitol ~ galactitol. A typical Langmuir isotherm was found when C-S-H is buffered with Ca(OH) 2 . The organics adsorption was observed to drop with decreasing the C/S of C-S-H and at high organic concentrations, typical of a calcium mediated adsorption.

Introduction

In Portland cement, calcium silicate hydrate (C-S-H) is the principal hydration product of alite (C3S)

and belite (C2S), playing a decisive role in the final properties of concrete (1). It is generally accepted that the formation of this hydrate follows a dissolution-precipitation process (2) (3). To control the workability and final properties of concrete, a large variety of additives are added to the cement mixture, such as setting retarders, accelerators and superplastizicers, among others (4) (5) (6) (7). nanoparticles with globular morphology and sizes between 20 and 60 nm, similar to those observed by Krautwurst et al. (18). After less than one hour, those nanoparticles were observed to grow gradually into the characteristic nanofoils of early C-S-H.

These two studies described the formation of C-S-H through a so-called 'non-classical' nucleation pathway, which has been observed for a large variety of organic and inorganic systems, but remain a hot topic of debate and investigation due to the complex processes involved (19) (20) The formation of precursor metastable phases is predicted by Ostwald 's rule of stages, invoking the low energetic cost from a kinetic point of view to form the less stable polymorph (i.e. more soluble) from the supersaturated solution. Many recent observations have contributed lately to a more complete description of this rule of stages: several authors have described the formation of amorphous or nanoparticle precursors (e.g. ( 21) ( 22)), which in some cases act as the building blocks of the crystalline phases through complex diffusion and aggregation processes which are still poorly understood (e.g. ( 23) ). These observations have been validated for some systems, but are still far from being fully understood, and a universal law describing the full crystallization process is still far from being reached (e.g. ( 24)). Moreover, Plank et al. showed that polycarboxylate ether-based superplasticizers (PCEs) control the kinetics of the transition from globular to nanofoil-like C-S-H.

Indeed, in the presence of those additives, this conversion is strongly delayed. It is argued that PCEs form layers around C-S-H globuli in a core-shell geometry. The authors proposed that this external layer slowed down the water diffusion into the particles' core, and consequently decreases the kinetics of dissolution and re-crystallization of the core particles. Yet, most of the commonly employed additives are small simple organics, such as gluconate, which is routinely used by the concrete industry as retarder to control the setting time of cement. (25) (26) (27) (28). Gluconate is also efficient in increasing the compressive strength to concrete (29) (30). Another saccharide derivative such as sorbitol (a neutral sugar alcohol) is also used as a set retarder for Portland cement:

when added in the material at 0.40 wt%, sorbitol delays the setting of 2 days (31). Moreover, sorbitol is used as a water-reducing plasticizer, decreasing final porosity and giving greater mechanical strength and durability (32).

In overall, the case of C-S-H nucleation from diluted solutions is an archetypical case of multi-step nucleation, in which a metastable phase (amorphous spheroids) is persistent before its crystallization takes place. The aggregation of these spheroids has been suggested as a critical step, concomitant to the crystallization, but further investigations are needed to fully characterize the precipitation process, especially in the presence of additives. Therefore, the focus of this work is on the interactions of the amorphous C-S-H spheroids with different cement additives, D-sorbitol, D-mannitol, Dgalactitol and of gluconate, that act as retardants of the crystallization process. The first three molecules share the same chemical formula but have different stereochemistry. Gluconate is a charged molecule known to act on the nucleation kinetics and mechanisms of C-S-H. We worked in diluted aqueous solutions and the pH of the experiments was set at the value close to the one observed in cement paste (pH 12.8). As opposed to the conditions reigning in real cement, and with the objective of simplifying the study, our goal was to study homogeneous nucleation, so the solutions were kept free from grain/impurities, in order to avoid any heterogeneous nucleation. First, the effects of additives on the nucleation kinetics of C-S-H were studied by determining the induction time as a function of supersaturation using transmittance measurements. Secondly, small angle Xray scattering (SAXS) experiments were performed in order to characterize the size and shape distribution of the C-S-H nanoparticles formed during precipitation, in absence and in presence of additives. Finally, cryo-TEM, was used to get a clearer picture of the particle morphology in the presence and absence of organic molecules.

Material and methods

Materials

The different stock solutions were prepared by dissolving CaCl2 2H2O (Sigma-Aldrich, ≥99% purity), sodium gluconate (C6H11NaO7, Sigma-Aldrich, ≥99% purity) D-sorbitol (C6H14O6, Sigma-Aldrich, ≥99% purity), D-mannitol (C6H14O6, Sigma-Aldrich, ≥99% purity), and D-galactitol (C6H14O6,, Sigma-Aldrich, ≥99% purity) and sodium chloride (NaCl, Sigma-Aldrich, ≥99% purity), in boiled and degassed milliQ water.

The hexitols used in this study are all isomers, sharing the formula, HOCH2(CHOH)2CH2OH, but differ in the stereochemical arrangement of the OH groups as illustrated in Figure 1 . 

Titration of Ca 2+ with Na2SiO3

The precipitation of CaO-SiO2-H2O was followed using an automated titrator instrument (Metrohm 905 Titrando) . All measurements were performed in a thermostated reactor at 23.0 ± 0.1°C. The solution in the reactor was continuously stirred with a magnetic stirrer at a constant rate of 430 rpm.

A nitrogen flow circulated continuously above the solution to avoid contamination with CO2. It was taken care that the gas did not enter the solution to avoid any disturbance of the electrodes. In the reactor, 148 mL of a solution containing 25mM NaCl background electrolyte, a fixed concentration of the organic of interest, between 0.1mM and 10mM, and 15 mM of CaCl2.(H2O)2 After 3 minutes of equilibration time, 3ml of a titrant solution containing a silicate concentration is added. The final silicate concentrations reached were situated between 0.05mM and 0.25mM at a rate of 1.2ml/min registered in the software tiamo 2.5 (Metrohm). The addition of NaOH within the reactor allowed us to set the value of pH at 12.7-12.8, the final concentration of NaOH being fixed at 80mM. solution containing gluconate with a sodium orthosilicate solution (see concentrations used in Table 1). The reaction took place in the same reactor used for the transmittance experiments described in section 2.2. A peristaltic pump was used to circulate the solution in a closed loop through a 1.5 mm diameter polyimide capillary that was set up at the beam position. The residence time in the tubing and capillary is in the order of ~20 seconds. The chemistry was followed using a pH electrode and a transmittance sensor (as described in 2.2). An X-ray beam of energy E = 12.40 keV (  = 1.00 Å), calibrated using a silver behenate standard, was used. The scattered radiation was collected using a Pilatus 2M two-dimensional detector (981  1043 pixels, 172  172 m pixel size) that was placed at 6.7 m from the sample to yield a q-range 0.03 < q < 2.00 nm -1 . The scattered intensity was acquired every minute in acquisitions of 30 seconds to follow the kinetics of C-S-H nucleation. 

Results and discussion

Thermodynamics of C-S-H nucleation

Three curves showing the typical evolution of the transmittance over time, for the pure and the 10 mM gluconate and sorbitol systems, are shown in Figure 2. The pure system shows the same behaviour described by Krautwurst et al. (18), with two characteristic drops of the transmittance. The first drop was described as corresponding to the formation of amorphous spherical particles of ~50 nm size that act as precursors for the formation of nanocrystalline C-S-H; the second drop was described as resulting from a process of droplet aggregation and changes of stoichiometry and surface chemistry, leading to massive C-S-H crystallization (18). This behaviour is also observed in the case of sorbitol, showing two well-defined drops of the transmittance. Importantly, the case of gluconate is notably different: the signal decrease is slower than for the pure system and for the sorbitol and no clear sign of a second drop of the signal at later times is observed. A detailed analysis of the initial times shows a difference between the behaviour of the pure system and that of the organic-containing systems. The neutral molecule sorbitol and the charged molecule gluconate are represented as examples (Figure 3, center and right), and compared with the reference system (Figure 3, left; data are for solutions with the same organic concentration of 10 mM and same Sifinal = 0.15 mM and Ca final = 15mM). Whereas the data from the pure system shows an initial plateau, with no changes in the transmittance until the induction time, the solutions containing organics show an initial decrease of the transmittance that takes place immediately after mixing the solutions, followed by a stabilization step prior to a second drop. This initial decrease is more pronounced in the case of gluconate than for sorbitol: in the case of sorbitol, it lasts for less than 7 minutes, and the drop in relative transmittance is less than 1%; the data from the gluconate-containing solution shows an initial decrease that lasts for ~100 minutes solution, and a drop in relative transmittance of ~2%. The presence of this first drop in the organic-containing solutions poses some questions about the interpretation of the different phenomena going on during the C-S-H nucleation in the presence of additives. In the analysis by Krautwurst et al. (18) this very initial first drop in transmittance was not observed as confirmed here, see Figure 3-a. The fact that this initial drop is not observed for the pure system allows making the hypothesis that it is related to a process of formation of aqueous Ca-Siorganic complexes. With the aim of clarifying this point, a comparison of data taken for the 10 mM gluconate system under different -C-S-H supersaturations is presented in Figure 4 (see speciation of the supersaturated solutions in Table S1.A of the Supporting Information). The data show (Fig. 4) that all the solutions display the same trend, with an initial drop of the transmittance in the same time interval, irrespective of the supersaturation with respect to -C-S-H. Such a behaviour differs notably from that expected for a nucleation event, in which the induction time -and its associated decrease of the transmittance-responds to changes in the supersaturation of the solution. Indeed, the initial drop is independent of the supersaturation. The associated process is thus not activated. On the contrary, the second drop in transmittance(corresponding to the first drop in the pure system), observed at around ~500 min shows a dependency with the supersaturation, with faster and more pronounced decrease at higher supersaturations. This leads us to propose that the observed the very first drop is due to the above-mentioned process of aqueous Ca-Si-organic complex formation (or complex clusters) and that the second drop at >500 min (Fig. 4b) is a true nucleation event. Note that the first two values (Si = 0.08 mM and Si = 0.10 mM) do not follow the expected trend; this behaviour, though unexpected, can be rationalized considering the stochastic nature of the nucleation process, which leads to non-negligible uncertainties in the values of the induction times, as it will be seen later. The data shown in Fig. 4 allows assigning the initial drop in transmittance to a process of Ca-Siorganic complex formation. It seems that the organic molecules interfere with the nuclei precipitated, or seem to induce the formation of particular nuclei that are different in shape and size, blurring the well-defined stages observed in the reference system, in particular stage I. The presence of the complexes involving calcium and the organics described in more details in our previous work (33) can be an explanation in the change of the pathways observed for the pure system, and thus can be the cause of the very first decrease of the transmittance, given that it is observed at all supersaturation degree studied (see Figure 4). The fact that, as shown in Fig. 3, this initial drop is larger for gluconate than for sorbitol is expected given the relative amount of calcium being part of multinuclear Ca-Sigluconate complexes that form under these conditions, in comparison to the lower amount in hexitol complexes (see Table S1.B of the Supporting Information). (33).

Thus, the later drop (at ~500 min in Figure 4) can be considered as the first nucleation event occurring in the system and allows, us to perform a quantitative analysis of the thermodynamics and kinetics of nucleation using classical nucleation theory (CNT) [e.g. ( 34)]. To this end, all the transmittance curves were analysed by doing linear fits as explained in Figure S1 (see Supporting Information).

Following the CNT formalism, the induction time (tind) can be written as a function of the solution saturation index (SI):

log(𝑡 𝑖𝑛𝑑 ) = 𝐶 0 + 16 3 𝜋Ω 2 𝛼 3 (𝑘 𝐵 𝑇) 3 𝑆𝐼 2 [eq. 1]
where  is the molar volume of the formed phase,  is the interfacial free energy, kB is the Boltzmann factor, and T is the temperature. C0 is the so-called pre-exponential kinetic factor, and it is related to thermodynamic and kinetic factors such as the number of sites susceptible to act as nucleation loci, the collision rate, and the Zeldovich factor (related to the probability of successful formation of a cluster in solution). Induction times from all the experiments performed are shown in Figure 5. The saturation index was calculated using the speciation software PHREEQC, taking into account the condition of the different precipitation experiments, including components concentrations and temperature, but also the complexes existing between calcium, silicate and the organic molecules (b). The apparent SI* was also calculated, which does not take into account the aqueous complexes involving the organics (a).

As expected, the overall trend for all the datasets is an increase of the induction time when the saturation index decreases. An overall increase of the induction times when organic molecules are added to the solution can also be observed. This increase is pronounced in the range of lower supersaturations (high 1/SI 2 values). Data at higher supersaturations blur this effect as the induction times decrease, with the statistical error bars being more significant.

To fit these data using eq. 1 some approximations need to be made: the first one is the assumption that the nucleated phase is -C-S-H. Indeed, the supersaturation values used to plot the data have been calculated using the solubility product with respect to that phase, and the only value for a molar volume available in the literature is that corresponding to a nanocrystalline C-S-H phase such as -C-S-H. However, as discussed above and reported by Krautwurst et al, and as it is confirmed by our cryo-TEM data, the drop in transmittance used to determine the induction time corresponds to the formation of amorphous droplets. In the absence of precise information about the density and solubility of these droplets, the approximation is made that -C-S-H is the nucleated phase. This implies that the values for the interfacial energies used cannot be interpreted in absolute terms, but SAXS data for some selected times are represented in Figure 9. In all cases, an increase of the intensity is observed over time. However, the pure system exhibits a clear induction time, with the intensity increasing only after 10 mins, whereas no induction time is observed for the gluconatecontaining systems (see evolution of the SAXS invariant in Figure 9). This is in agreement with the turbidity data shown before, where the formation of the complexes with gluconate induced an immediate decrease of the transmittance upon mixing of the silicate and gluconate-bearing calcium solutions.

SAXS patterns from the pure system evolve from a particle scattering characteristic of a very polydisperse system (30 mins), with no characteristic form factor, to a system where the intensity distribution follows a q -2 dependence, as expected for plate-like systems. It is important to keep in mind that the SAXS is sensitive to density variations, and that these can also take place within the amorphous droplets, which are very hydrated systems. A change of slope is observed at ~310 -1 nm - 1 , which is tentatively ascribed to the thickness of the plates, which would be in the order of 20 nm.

However, the polydispersity of the data precludes a detailed analysis of the morphology. It is interesting to observe that the plate-like particles are observed here after ~60 mins. According to Krautwurst et al., the particles are still amorphous at this time. We make here the hypothesis that plate-like atomic arrangements are adopted by silicate molecules and calcium atoms within the amorphous spheroids (identified as silicate dimers by Krautwurst et al.), and that these happen as a preliminary step of the crystallization. The low concentrations used in these experiments made that no signal, at any point, was observed in the wide-angle detector available at the SAXS beamline. Data from the systems containing gluconate are more complex. Different small bumps (see arrows in Figure 9) are observed that could indicate the presence of particles being aggregated into large networks. Indeed, the low q part of the data follow a power law in almost all cases (except for the system with 0.30 mM gluconate), which can be fitted using a I  q -n law, as shown in Figure S2. The results show that the values of the exponent tend towards values higher than 2 in almost all cases, which are typically associated to mass fractals aggregates, tending to surface fractal when the values are higher than 3 (see Figure S2).. The case of the system with 0.30 mM of gluconate is different from the rest: all the data exhibit a certain degree of curvature, which again can be explained by a very polydisperse system with no particular form factor, as it was the case for the early stages (~30 mins) of nucleation of the pure system.

Another observation that is worth mentioning is the fact that the background signal is significantly higher in the system with 0.15 mM gluconate than in the rest. This could point to the presence of very small entities (sub-nm) that could be present in the solution (ion pairs, small complexes..). The nature of these cannot be ascertained from these data. In overall, the cryo-TEM and scattering data further confirm that organics do not alter the mechanism of the nucleation pathway, but rather slow down the different processes taking place en route from dissolved species to the final solid phase.

Conclusions

The main conclusions that emerged from this study can be summarized as follows: the precipitation and crystallization step with the characteristic drops of transmittance, already observed by Krautwurst et.al. (18) were confirmed here for the pure C-S-H and they were also found for the systems containing organic molecules. Cryo-TEM observations confirmed that a nucleation pathway through an amorphous precursor takes place also in the presence of gluconate and sorbitol. The analysis of the induction times using classical nucleation theory yields similar values for the interfacial energies, within the uncertainties. This points to similar precursor phases (not chemically different), though the results have to be taken with caution given the large error bars and the sensitivity of the induction times to the value of the interfacial energy. The analysis of the preexponential factor, a kinetic factor that includes terms related to the physics of the collisions between clusters formed during the nucleation process, yields an interesting observation: the values of this factor increase from the pure system to the gluconate-containing systems, and are directly proportional to the values of the complexation constants found for each of the organics with the C-S-H phase in a previous study (the paper related to the matter will be submitted to Cement and Concrete Research soon) This observation may suggest that the mechanism by which the organics delay the nucleation is related to their ability to hinder the aggregation of clusters (preventing their aggregation); or that it is related to the organics stabilization of the pre-nucleation clusters of silicate and calcium, slowing down the formation of the metastable amorphous spheroids. This is in line with the report by Krautwurst et al. (18) by which i) the amorphous spheroids are formed and ii) the processes of particle aggregation and C-S-H crystallization are intimately related. SAXS analyses bring a physical perspective about the mesoscale organization of the particles: primary particles within the amorphous droplets are observed, adopting a plate-like configuration prior to their crystallization of pure C-S-H. This phenomenon is less clear for the organic-bearing systems, where a more complex shape of the curves suggest the formation of primary particles that aggregate forming larger clusters of sizes closer to those observed by cryo-TEM. Finally, cryo-TEM shows the formation of much bigger particles in presence of gluconate, compared to the amorphous droplets of pure C-S-H or of sorbitol-bearing C-S-H. This can be explained by the much higher complexation constant of gluconate (33) than for sorbitol, which would not be affecting the aggregation process at a large extent.

In spite of the interesting observations found here, it is unknown whether the amorphous spheroids are a requirement for C-S-H formation in real cement pastes. Experimental studies highlighted that C-S-H formation can be described as primary heterogeneous nucleation and growth (37) (38) in the real cement conditions. Indeed, given that dislocations, impurities or grain boundaries are already present in the primary materials, the nucleation process could occur more easily close to solid-liquid interfaces. Future experiments addressing this issue -multi-step pathways of heterogeneous nucleation-should be designed to give a more complete view of this complex system.

Retarding power of organic molecules on the C-S-H nucleation: relation with their ionic complexation in solution and their retarding power on the C3S hydration

The study of nucleation of C-S-H in the presence of the hexitols and gluconate presented in paper 3 have shown that these organics molecules increase significantly the induction time of nucleation.

Thanks to the speciation model developed in papers 1 and 2, the saturation index and thus the driving force for the nucleation could be determined. The analysis of those results within the framework of the classical nucleation theory revealed that the organic molecules primarily affects the kinetic prefactor, C0. That is the rate of attachment/detachment of the C-S-H constitutive ions to the C-S-H nuclei. Figure 1 compares the retarding power of the organic molecules on the C-S-H nucleation at an organic concentration of 10 mM, expressed as C0 m /C0 0 , where C0 m and C0 0 are the kinetic prefactor in presence and in absence of molecules, respectively.

Figure 1 Retarding power of the organic molecules (RP) on the C-S-H nucleation, expressed as the ratio of the kinetic prefactor in the presence of organics (corg = 10 mM) to the kinetic prefactor of the reference system (without organics).

As shown in Figure 1, the charged gluconate molecule retards nucleation the most. However, the neutral hexitols (D-mannitol, D-galactitol and D-glucitol) also induce a retardation of the C-S-H nucleation, which differs depending on the stereochemistry of their hydroxyl groups. Thus, the retarding power of organics on the C-S-H nucleation is not only a function of its charge but also varies according to the stereochemistry of its hydroxyl groups. In paper 1 and 2, we observed that theses molecules retarding the C-S-H nucleation form complexes with calcium ions. Although gluconate is the molecule that retards nucleation the most and is observed to form the strongest complex with calcium ions, a simple rule relating the complexing power of the molecules with calcium ions and their power to retard the nucleation could not be established. Indeed, the complexing power of mannitol with calcium is superior to galactitol, however its retarding power is much lower than this last molecule. On the other hand, the organic molecules were also found to complex with silicates. Figure 2 seems to show that a correlation exists between the complexing power of the molecules with the silicates and their retarding power on nucleation. However, the retarding power of the molecules to the C-S-H nucleation is not only a function of their complexation power with the silicates. Indeed, mannitol induces a delay of the nucleation despite its very weak complexation with silicates. Moreover, the detailed analyses of the organic-ions complexes performed in paper 2 have shown that the complexation of silicates by the organics only occurs in concomitance with that of calcium ions and at high pH, through the formation of hetero-polynuclear organic complexes. In other words the complexation of the organics with calcium seems to act in a synergistic manner with the complexation of silicates by the organics on the retardation of the C-S-H nucleation. We were also able to confirm in papers 1 and 2 the relationship established by Nalet (1) that exists between the adsorption of organic molecules on the C-S-H and their complexation strength with calcium ions. The organic adsorption was found to increase with the complexing power of the molecules with Ca 2+ . On the other hand, the complexation of the organic molecules with silicates does not seem to influence their adsorption. Thus, the retarding power of the organic molecules does not seem to be directly linked to their adsorption as it had been supposed previously by some authors

(2) (3)

A new hypothesis can be formulated based on the observations at the very early stages of nucleation described in paper 3, the analysis of the complexes obtained in paper 2 and the pre-nucleation silicate clusters identified in the study by Krautwurst et al of the homogeneous nucleation of C-S-H in the pure system (4). Let us recall some of the results of these papers before to formulate this new hypothesis. In the paper of Krautwurst et al, the formation of silicate dimers surrounded by calcium ions, of the form Si2O7 6-+ 3 Ca 2+ , were identified. These silicate dimers were further interpreted as the primitive C-S-H bricks responsible for the formation of the amorphous spheroids which eventually result in the formation of the final C-S-H crystal. In paper 2, the organics were found to form hetero-polynuclear complex involving also two silicates: that is Ca3Gluc2(H3SiO4)2(OH)2 0 , Ca3Hex2(H3SiO4)2(OH)2 0 and Ca2Hex2(H2SiO4)(OH)4 2-. These results thus lead us to make the hypothesis that the retarding power of the molecules on the C-S-H nucleation may be due to the stabilization of the silicate dimers in solution or the hindered formation of the same by the organics.

The added effect of the Ca 2+ complexation by the organics on the C-S-H nucleation can also be understood within the framework of this hypothesis. Indeed, the Ca 2+ complexation would weaken the attractive correlation forces (mediated by the free Ca 2+ ions) required for the formation of the metastable C-S-H amorphous spheroids. In other words, the Ca 2+ complexation by the organics would further stabilize the silicate dimers.

In all cases, the speciation of silicates in equilibrium solutions and in supersaturated conditions with respect to C-S-H appears to be a key parameter in the understanding of the nucleation of C-S-H in the presence but also in the absence of organic molecules. It would be interesting to use spectroscopic methods such as solid state NMR. In particular, the dynamic nuclear polarization technique, which allows, thanks to the principle of transferring the polarization from the electron spin to the nucleus, to overcome the low sensitivity of the NMR technique, would be a method particularly suitable. The combination of the results of papers 1, 2 and 3 also showed the importance of the nucleation of C-S-H on the delay of the hydration of C3S in the presence of organic molecules. This is illustrated in Figure 3, which shows the clear relationship between the retardation of the C3S hydration and that of the nucleation of C-S-H induced by the various organic molecules. However, the role of the molecules on the dissolution of C3S on the retarding effect of its hydration has to be considered.

Indeed, if the hexitols have only a very limited effect on the dissolution of C3S, this is not the case for gluconate. This becomes evident when one compares the evolution of the C3S saturation index over time in the presence of gluconate and in the reference system. This is shown in Figure 4, where the speciation model developed in papers 1 and 2 is used to calculate the SI of C3S from the pure dissolution measurements of C3S performed by C. Nalet (5). Thus in the case of gluconate both the slow down of the precipitation and the dissolution processes participates to the retardation of the C3S hydration.

Impact of the retarding molecules on the pre-nucleation / nucleation process of C-S-H: comparison with the CH nucleation and implication for C3S hydration

The influence of the gluconate and the neutral sugars alcohols on the prenucleation/ nucleation of C-S-H has been addressed in paper 3, and showed a clear influence of the organic molecules on the C-S-H precipitation. The monitoring of the C-S-H pure system precipitation via turbidity measurement showed two mains drops characteristics of the two steps nucleation mechanisms elucidated by Krautwurst et al (4).

The first drop is associated to the formation of amorphous spheroids. The second drops corresponds to the aggregation of these spheroids and the simultaneous crystallization of the calcium silicate hydrate particles. In the case of neutral molecules, this non-classical nucleation pathway was maintained, while in the presence of gluconate no second drop was observed, not even after days.

Moreover, the addition of the organic molecules in the C-S-H system interestingly showed a non activated phenomenon (contrary to nucleation) that occurred at the very beginning of the experiments, and more pronounced with gluconate: an immediate decrease in the optical transmittance. This behavior was interpreted as being due to the formation of complexes or, more probably, complex clusters between the organics and the calcium, hydroxide and silicate ions and could lead to a different nucleation pathway. The latter assumption was supported by SAXS results that highlighted a different shape and size of the nanoparticles, where the nuclei formed are more dispersed in presence of the organics, compared to the pure C-S-H. Also cryo-TEM revealed the formation of much bigger metastable C-S-H amorphous spheroids in presence of gluconate, as compared to the pure C-S-H system. Whatever it is, the very early increase of the turbidity associated with the formation of those clusters of organic-ions complexes as well as the marked increase in size of the metastable C-S-H amorphous spheroids in the presence of gluconate are indicators for the hypothesis proposed in the last section to explain the observed slow down of the nucleation rate of C-S-H. Some authors, e.g. (6), hypothesized that the retardation of the C3S hydration induced by retarders could be explained by the slow down of the nucleation of portlandite. Similar to the precipitation of C-S-H, the rate of formation of portlandite can indeed cause a slowing down or acceleration of the dissolution of C3S.

The induction time of portlandite nucleation in presence of the organics was thus also measured. The results obtained are presented in Figure 5 and compared with those obtained for C-S-H with the same organic molecules at the same concentration. The induction time at which portlandite starts to nucleate is also delayed in the presence of the organics. The general trend is similar to that obtained with C-S-H, although no clear difference between the hexitols could be observed. This suggests that portlandite nucleation is probably not the main factor for the observed retardation of C3S hydration in the presence of the hexitols. In the case of gluconate, the marked slowing down of portlandite nucleation indicates, on the other hand, that the hindered precipitation of portlandite may also contribute to the retardation of C3S hydration.

Clearly, these preliminary results will require further measurements to elucidate both the reaction path of portlandite nucleation and its role in cement hydration in the presence of retarders. However, it may be noted that previous studies conducted in our laboratory on pure C3S systems under controlled conditions have shown that the end of the dormant period of the hydration is not caused by the formation of portlandite, c.f. ( 7) (8).

The goal of this thesis was to understand how organic molecules can impact the hydration of cementitious compounds, and more precisely how they can affect the nucleation of C-S-H and portlandite. The selected molecules were organic components, neutral and negatively charged, i.e. hexitols and gluconate. Their interactions with the ions composing C-S-H have been highlighted and linked to their delaying effect, while their impact on the nucleation-precipitation of C-S-H occurring during hydration of the anhydrous compounds was also studied in the presence of these organic molecules.

The retarding effect of these molecules was quantified and correlated with the strength of complexes formed with calcium and silicon thanks to the development and application of a speciation model of the organic containing aqueous phases. The adsorption isotherms of the organics molecules on portlandite and C-S-H were determined and further compared to the strength of organic-ions complexes. The strength of complex formation with calcium decreases in the order gluconate >> sorbitol > mannitol > galactitol, which follows the same order as sorption on portlandite and C-S-H.

The organic molecules were also shown to form polynuclear complexes with silicates, calcium and hydroxide ions in the typical conditions of the cement pore solution, i.e. high pH and calcium content.

The strength of complexation with both calcium and silicon decreases from gluconate > sorbitol > galactitol, while for mannitol no significant formation of organic-calcium-silicon complexes was observed. In addition, a stronger complex formation was observed at higher pH values and in the presence of more calcium.

The presence of hexitols and gluconate increased the time and the maximum heat flow during the hydration of C3S (which includes both dissolution and precipitation processes) in the decreasing order gluconate >> sorbitol > galactitol > mannitol. The complexation strength with Ca (and organic affinity with portlandite and C-S-H) cannot fully explained this sequence. This is particularly true for the hexitols for which galactitol was observed to retard more the C3S hydration than mannitol while complexing less calcium.

The induction time of nucleation for both C-S-H and portlandite was measured in the presence and in absence of the organic molecules. The presence of gluconate and hexitols was observed to increase the induction time of C-S-H, following the same sequence as that observed for the C3S hydration.

They were not only found to prolong the induction time, but also seems to modify the pathways of the nucleation process. In particular, SAXS revealed different shape and size of the nanoparticles, where the nuclei formed are more dispersed in presence of the organics, compared to the pure C-S-H. In addition, cryo-TEM showed the formation of much bigger particles in presence of gluconate, compared to C-S-H without any organic. The organic also prolonged the induction time for portlandite precipitation, but the effect of the hexitols could not be distinguished.

The analysis of the induction time by the classical nucleation theory showed no strong effect of the organic on the surface tension and thus little effect on the interfacial properties of the C-S-H nuclei, but a clear impact on the kinetic prefactor.

The strength of organics to form complexes containing silicates seems to be closely related to their ability to increase the kinetic prefactor.

The results thus highlight that sorption of these organics on C-S-H and portlandite is closely related to their ability to form Ca-complexes, while nucleation in contrast depends on the ability of the organics to form ternary or quaternary complexes with silicon and calcium.

It can be speculated that the ability to form ternary or quaternary complexes with silicon will lead to an increased presence in the forming nuclei which hinder the formation of the complex structure of C-S-H nuclei, although the underlying processes are not yet completely understood and will have to be unfolded in future studies. The effect of the stereo chemical arrangement of the functional organic groups on their ability to form complexes and to interact with the nucleation of C-S-H and portlandite could be further elucidated based on molecular modelling studies. The present study concentrated on a few molecules with relatively similar structure. An extension of such investigations to different classes of organic molecules with different sizes, with different functional groups and different structural arrangement will be fundamental to generalize the knowledge gained in the present study.

[galactitol] mM 

2-Organic adsorption

Figure S1 : Adsorption isotherm of gluconate (black crosses), sorbitol (black circles), mannitol (black squares) and galactitol (black triangles) on calcium hydroxide (Ca(OH)2). The increase of the adsorption with the concentration is observed to follow a typical Langmuir isotherm. The hexitols (sorbitol, galactitol and mannitol) are observed to adsorb much less than gluconate. 

3-Titrations

C. Impact of gluconate and hexitol additives on the precipitation mechanism and kinetics of C-S-H

Figure 1

 1 Figure 1 Calculated portlandite solubility in the Ca(OH)2 -NaCl system at 25°C

Figure 2 :

 2 Figure 2 : Plot for crystallization free energy vs. particle radius (solid line). The cross-over of the bulk with the volume term 4 3 πr 3 ∆G(v) and surface terms 4πr 2 γ (in dashed lines) combined with their opposing signs leads to a free energy barrier. rc and ∆G N are the critical radius of the nucleus and the corresponding free energy.

  illustrates how strongly the induction time until nucleation, being the reciprocal to JN, varies with the saturation index.

Figure 3 :

 3 Figure 3: Correlation between the induction time, at which the nucleation process starts, and the saturation index. Picture extracted from De Yoreo (2)

Figure 4 :

 4 Figure 4 : The different periods of a calorimetric curve obtained during the hydration of C3S in a saturated solution of calcium hydroxide at l/s=50 (37).

Figure 5 :

 5 Figure 5: Hydration progress curve of C3S in a saturated calcium hydroxide solution at l/s=50, obtained from the calorimetric curve given in Figure 3.

Figure 6 :

 6 Figure 6: Evolution of the solution concentration in calcium and silicates over time during the hydration of tricalcium silicate started in a 17 mmol/l calcium hydroxide solution with a l/s of 50.

Figure 7 :

 7 Figure 7: X-ray diffractogram of C-S-H (C/S ratio 0.83), from the work of Courault (49).

Figure 8 :

 8 Figure 8: Stoichiometry change of Ca/Si in C-S-H following the equilibrium concentration of CaO in solution. Data from (50) (51) (52) (53) (47) (54).

Figure 9 :

 9 Figure 9: Crystallographic representation of tobermorite 11 A (58).

Figure 10

 10 Figure 10 Simplified structure of C-S-H as a function of Ca/Si ratio. Only one silicate chain of each sheet is represented. Water molecules are not represented.

Figure 11 .

 11 Figure 11. Electrokinetic potential of C-S-H as a function of the calcium hydroxide concentration in the bulk solution. Exp: experiments; GCMC: grand canonical Monte Carlo simulation (64).

Figure 12 .

 12 Figure 12. Measured solubility diagram in the CaO-SiO2-H2O system and the corresponding stoichiometric Ca/Si ratio of the solid phases formed(36) 

[ 28 ]

 28 . As it can be seen the solubility diagram plotted according to Eq. 28 now reduces to three straight lines corresponding to three different phases, namely silica, C-S-H and C-S-H. The y axis intercept and the slope (x) of this straight lines defines respectively log(Ks) and x=C/S of these.

Figure 13 .

 13 Figure 13. Data presented in Figure 11 according to Eq. [28] (36)

Figure 14 .

 14 Figure 14 . Schematic representation of the C-S-H bricks used in thermodynamic model of Haas and Nonat (36).

Figure 15 :

 15 Figure 15: Representation of the two-step pathway theory versus classical nucleation theory The evolution of the turbidity is representing as the red curve where the different species emerge along the reaction. (I) Supersaturated solution, (II) liquid amorphous intermediate, (III) crystalline domains and (IV) final ß-C-S-H platelets (22).

Figure 16 :

 16 Figure 16: Crystal structure of portlandite down the directions [100] and [001] (83) (84). The black box on the picture represent one unit cell.

Figure 17 :

 17 Figure 17: Equilibrium concentration of calcium ions, [Ca 2+ ]T, as a function of the total concentration of NaOH, [NaOH]T, in an aqueous solution saturated with solid portlandite CH, at 25.00 ± 0.020°C. Reproduced from Pallagi (87).

Figure 18 :

 18 Figure 18: Product [Ca 2+ ]T [OH -]T 2 as a function of the [OH -]T in NaCl and NaOH mixtures with I=1.0 M , at 25.00 ± 0.020°C. [Ca 2+ ]T is the total concentration of calcium at equilibrium with a solution saturated with portlandite. [OH -]T is the total concentration of hydroxide ions. Reproduced from Pallagi (87).

Figure 19 :

 19 Figure 19: Initial and final setting periods of a cement paste containing different amounts of CaCl2 (96).

Similarly,

  Milestone et al. (113) made the hypothesis that the delaying effect of sugars and sugar acids on hydration is due to an adsorption onto Ca(OH)2 nuclei, poisoning their growth. He also assumed that inhibition of hydration happens, if the nucleation sites of C-S-H are poisoned by adsorbed sugar-acid anions. Based on calorimetric and solutions analysis, Thomas et al. (103) came to the same conclusion, noting that no evidence of possible complexation between sugars and silicates was observed. According to Jolicoeur et.al. (114), organics which bear charged groups (COO-for example) can interact with the particle surface through electrostatic forces, i.e. the surface charges of the particles and the ionic groups of the additive. Also, polar functional groups such as OH groups of organics like sugars can also highly interact with the polar hydrated phases, via electrostatic forces and Hbonding. He thus assumed that these molecules could hinder the nucleation/growth of C-S-H.

Figure 20 :

 20 Figure 20: Calorimetric curves followed during the hydration of C3S with and without the presence of different sugar alcohols and sugar acid anions, liquid/solid = 0.4, from (115)

Figure 21 :

 21 Figure 21: Comparison of retarding power of small molecules on the C3S hydration as obtained by Nalet (115)

Figure 1 :

 1 Figure 1: Structure of (from left to right) D-gluconate, D-sorbitol, D-galactitol and D-mannitol. "T" corresponds to the threo diastereoisomer configuration. "E" corresponds to erythro diastereoisomer configuration.

of 29 .

 29 4 mV at 23°C. The pH was determined with a pH electrode (Metrohm pH Unitrode with Pt 1000, 6.0259.100), which allows reliable measurements up to pH = 14. The pH electrode was calibrated prior to the measurements with standard buffer solutions (pH 9, 10, and 12.45 from Sigma Aldrich).

Figure 3 :

 3 Figure 3: Schematic representation of the experimental titration set up: the reactor contains the titrated solution, the calcium specific electrode, the reference electrode, and the pH electrode.

5 and 1 M

 1 extrapolated to 0 M ionic strength in this study using the WATEQ Debye Huckel equation (1); -: not reported; a values from Thoenen et al. (37); b value from Pallagi et al. (23); c notation GlucOH 2represents the two times deprotonated C6O7H10 -2 as suggested in (24) ; d recalculated from reaction formulated with H+ (26) using a log Kw of -13.62 at 1 M NaCl; e fitted in this study

Figure 4 :

 4 Figure 4: Evolution of total calcium concentrations in equilibrium with portlandite (initial pH 12.6, final pH 12.8) as a function of the gluconate concentration.The crosses represent the total concentrations determined experimentally, while the solid lines represent the cumulative calcium complexes concentrations calculated using the data compiled in Table1.

Figure 5 :

 5 Figure 5: Ca 2+ activities, aCa, in a solution containing 0.25 mM Ca(NO3)2 and increasing amounts of 200 mM K-gluconate solution at pH a) 11.3, b) 12.3, c)12.7 and d) 13.0. The dots indicate the mean of three repetitions of the measurements and the dotted lines the observed standard deviations. The solid red lines show the modeled aCa based on the data compiled in Table1.

Figure 6 :

 6 Figure 6: Calculated calcium concentrations (in mM) in a solution of 0.25 mM Ca(NO3)2 during the titration with 200 mM K-gluconate at pH a) 11.3, b) 12.3, c)12.7 and d) 13.0. The calculations are based on the thermodynamic data compiled in Table1.

Figure 7 :

 7 Figure 7: Evolution of the total calcium concentration in equilibrium with portlandite as a function of the sorbitol concentration. The crosses represent the total calcium concentrations determined experimentally, while the lines represent the calcium concentrations calculated using the data compiled in Table 2. The cumulative calcium concentrations due to Ca 2+ (black, dashed line), CaOH + (green, solid line), CaSorb 2+ (grey, solid line), CaSorbOH + (black, solid line) and Ca2Sorb2(OH)4 0 (purple, solid line) are also plotted.

Figure 8 :

 8 Figure 8: Ca 2+ activities, aCa2+, in a solution containing 0.25 mM Ca(NO3)2 and increasing amounts of 0.2 M sorbitol solution at pH a) 11.3, b) 12.3, c) 12.7 and d) 13.0. The solid red lines show the modeled aCa2+ based on the data compiled in Table2.

Figure 9 :

 9 Figure 9: Calcium concentrations (in mM) in a solution of 0.25 mM Ca(NO3)2 during the titration with sorbitol at a) pH 11.3 and b) pH 13.0 calculated based on the thermodynamic data compiled in Table2.

Figure 10 :

 10 Figure 10: Evolution of calcium concentrations in equilibrium with portlandite at a pH value of 12.6 as a function of a) mannitol and b) galactitol concentration. The crosses represent the total calcium concentrations determined experimentally, while the lines represents the calcium concentrations calculated using the thermodynamic data compiled in Table 2. The cumulative calcium concentrations of Ca 2+ (black, dashed line ), CaOH + (green, solid line), CaMan 2+ or CaGal 2+ (grey, solid line), Ca2Man2(OH)4 0 or Ca2Gal2(OH)4 0 (purple, solid line) and CaManOH + or CaGalOH + (black, solid line) are also plotted.

Figure 11 :

 11 Figure 11: Ca 2+ activities, aCa2+, in a solution containing 0.25 mM Ca(NO3)2 and increasing amounts of 0.2 M mannitol solution at pH a) 11.3, b) 12.3, c)12.7 and d) 13.0. The experimental points are shown by the empty circles. The solid red lines give the modeled aCa2+, based on the data compiled in Table 2, for comparison.

Figure 12 :

 12 Figure 12: Simulated speciation of calcium in a solution of 0.25 mM Ca(NO3)2 during the titration with above a) galactitol at pH11.3 and b) galactitol at pH 13.0, and below, a) mannitol at pH 11.3 and b) mannitol at pH 13.0 . The calculations are based on the thermodynamic data compiled in Table2.

Figure 13 :

 13 Figure 13: Calcium distribution (expressed as mM Ca) in a solution containing a) 2.5 mM of Ca , b) 25 mM of Ca and 50 mM of gluconate in the pH range 10 to 13.5.

Figure 14 :

 14 Figure 14: Calcium distribution (expressed as mM Ca) in a solution containing a) 2.5 mM of Ca , b) 25 mM of Ca and50 mM of sorbitol in the pH range 10 to 13.5.

Figure 1 :

 1 Figure 1: Structure of (from left to right) D-gluconate, D-sorbitol, D-galactitol and D-mannitol. "T" corresponds to the threo diastereoisomer configuration. "E" corresponds to erythro diastereoisomer configuration.

Figure 2 :

 2 Figure 2: Schematic representation of the different series of C-S-H with 0 mM, 11 mM, 20 mM and saturated with Ca(OH)2, used for the solubility and adsorption experiments. The flask used for the solubility measurement contains a dialysis bag filled with 200mg C-S-H powder, immersed in a solution containing the organic molecule. The second flask containing the organic molecule solution only is used as a blank/reference to verify the organic concentration introduced initially. This allows the determination of the organic adsorption on C-S-H by mass balance based on the measured difference. Note that the same stock solution is used for each sample pair.

Table 3 . 6  4 *

 364 2Gal 0 + 2OH -+ 2H3SiO4 -= Ca2Gal2(H3SiO4)2(OH)2 0 14.60 This study 2Ca +2 + 2Gal 0 + 4OH -+ H2SiO4 -2 = Ca2Gal2(H2SiO4)(OH)4 -2 13.00 This study *NA: Not available: no constants could be fitted in this study due to the weak complexation of mannitol with Si. Solubility and surface complexation constants of the C-S-H phases (23) Log K -C-S-H: Ca4Si5O16H4 0 + 8H + + 4H2O = 4Ca +2 + 5H4SiO4 0 53.5 -C-S-H: Ca2Si2O7H2 0 + 4H + + H2O = 2Ca +2 + 2H4SiO4 0 29.-C-S-H: Ca6Si4O15H2 0 + 12H + + H2O = 6Ca +2 + 4H4SiO4 0 104.5 ≡SiOH 0 = ≡SiO -+ H + -9.8 ≡SiOH 0 + Ca +2 = ≡SiOCa + + H + -7.0 ≡SiOH 0 + Ca +2 + OH -The indicated value is for b-C-S-H and g-C-S-H; log K = 4.4 for a-C-S-H

Figure 3 : 2 (

 32 Figure 3: Measured solution concentrations of calcium in equilibrium with C-S-H and portlandite (red symbols, from (3)) as a function of the equilibrium concentration of hexitols. The C-S-H (C/S = 0.75) containing dialysis bags were immersed in 250 mL of ultra-pure and degassed water containing initially 0 mM Ca(OH)2 (blue symbols), 11 mM Ca(OH)2 (orange symbols), and 20 mM Ca(OH)2 (grey symbols). The black symbols provide the results for C-S-H in buffered portlandite conditions. Sorbitol, mannitol and galactitol are represented by circles, squares and triangles, respectively.

Figure 4 :

 4 Figure 4: Measured solution concentrations of a) silicate and b) relative increase of the silicate concentration in the solution, in equilibrium with C-S-H (C/S 0.75) prepared in the same conditions

Figure 5 :

 5 Figure 5: Total experimental (symbols) and simulated (lines) concentrations of aqueous calcium and silicate species at equilibrium with C-S-H (C/S 0.75) immersed in 250 mL of solution containing various initial concentrations of Ca(OH) 2 , [Ca(OH) 2 ]i, and varying the equilibrium concentration of hexitols.

nSiO4) 0

 0 .5z(OH)2(z-n) -z leads exactly to the same modelling results. Again the choice of y=2 and z=2 was guided by previous works by Pallagi et al. (27) (29) and ourselves (3), but is somewhat arbitrary.

Figure 6 :

 6 Figure 6: Simulated speciation of calcium and silicate species in a 250 mL solution containing 200 mM of hexitols in equilibrium with 200 mg of C-S-H with varying C/S ratio. (a) and (c) provides the results for sorbitol; (b) and (d) those for mannitol.

Figure 7 :

 7 Figure 7: Total experimental (symbols) and simulated (lines) concentrations of silicate species in the aqueous phase in equilibrium with C-S-H buffered with portlandite (C/S 1.5) and varying the equilibrium concentration of hexitols.

Figure 8 :

 8 Figure 8: Experimental (symbols) and simulated (lines) concentrations of aqueous calcium and silicate species at equilibrium with C-S-H for various initial concentrations of Ca(OH) 2 in the solution, [Ca(OH) 2 ]i, as detailed in materials and methods. The simulations were performed with the complexes listed in Table1.

Figure 9 :

 9 Figure 9: Simulated speciation of calcium and silicate species in a 250 mL solution containing 200 mM of sodium gluconate in equilibrium with 200 mg of C-S-H with varying C/S ratio.

Figure 9

 9 Figure 9 highlights the calculated calcium and silicate speciation as a function of the C/S ratio in C-S-H in solutions in equilibrium with 200 mM of sodium gluconate. The calcium concentration is dominated by Ca-gluconate-hydroxide complexes, while the ternary Ca3Gluc2(H3SiO4)2(OH)2 0 ,

  These chemicals alter different processes occurring in cementitious systems, including their hydration behavior. Extensive experimental work has shown that numerous additives have a retardation effect on the hydration of C3S (8) (9) (10) (11) (12) (13), mainly by disrupting the nucleation and/or growth process of C-S-H. In addition, it has been shown that the dissolution kinetics of cement and/or C3S are not limited by different retarders, such as yellow dextrin and cellulose ethers (12) (14) (15) (16)(17). Thus, in order to develop more efficient cement additives, a detailed understanding of the initial formation of C-S-H in the absence and presence of these additives is needed.In a recent work by Krautwurst et al.(18), time-resolved potentiometry coupled with transmittance measurements, small angle X-ray scattering and cryo-TEM experiments were used to study the homogeneous nucleation of C-S-H from diluted solutions. It was found that C-S-H formation follows a two-step pathway. The first step, identified by an decrease of the transmittance of the solution, corresponds to the formation of amorphous spheroids which subsequently crystallized into typical sheet-shaped C-S-H particles during a second step of transmittance decrease(18). In another study,[Plank et.al. (reference)]. TEM imaging indicated the initial presence of metastable C-S-H

Figure 1 .

 1 Figure 1. Stereochemistry of the different organic molecules used in this study.

Figure 2 .

 2 Figure 2. Evolution of the relative transmittance of the solution as a function of time for pure system of precipitating C-S-H as reference experiment (black line), and in the presence of 10 mM gluconate (blue), 10 mM sorbitol (green), 10 mM mannitol (orange), and 10 mM galactitol (pink). The final concentrations of Si is set at 0.10 mM, Ca at 15 mM. The total solution volume is set at 150 ml. After an initial drop of the transmittance (stage I) corresponding to the formation of amorphous droplets, a plateau is reached (stage II). A final decrease of the transmittance is observed (stage III), which has been assigned to C-S-H crystallization.

Figure 3 .

 3 Figure 3. Enlargement of the initial part of the transmittance curves, before the first transmittance drop of stage I, with Sifinal=0.15mM and Cafinal =15mM. 3.a: Transmittance as a function of the time for the pure system. 3.b: Addition of sorbitol at 10mM in C-S-H system. 3.c: Addition of gluconate at 10 mM in C-S-H system.

Figure 4 .

 4 Figure 4. Transmittance as a function of time for the C-S-H system in presence of gluconate at 10mM, at different supersaturation degrees: [Si]=0.08mM, [Si]=0.10mM, [Si]=0.15mM and [Si]=0.20mM.

Figure 5 .

 5 Figure 5.Logarithm of the induction time as a function of the saturation index for the pure system (black) and in presence of gluconate (blue), sorbitol (green), mannitol (orange) and galactitol (pink). The saturation index was calculated using the speciation software PHREEQC, taking into account the condition of the different precipitation experiments, including components concentrations and temperature, but also the complexes existing between calcium, silicate and the organic molecules (b). The apparent SI* was also calculated, which does not take into account the aqueous complexes involving the organics (a).

(

  x axis) and the saturation index of the solution (y axis). The range of values in both x and y axes have been set to values that are used or found in the experiments reported here. The results show that the nucleation barrier can vary between very small values (< 5) where nucleation can happen spontaneously, to values in the order of ~30 at which induction times for nucleation tend to infinite. This sensitivity analysis leads us thus to make a cautionary note about the results of the interfacial free energies: the relatively large error bars precludes any detailed discussion about the implications of the values found in terms of the height of the nucleation barrier.

Figure 6 .

 6 Figure 6. Left: Values of the interfacial free energies, , obtained for the pure and organic-containing C-S-H systems. Right: Values of the kinetic pre-factor, C0. The concentration of the organics is 10 mM. The light blue color used for gluconate in the right figure, gives C0 as obtained for a concentration of 1 mM.

Figure 7 .

 7 Figure 7. Height of the nucleation barrier (in kBT units) as a function of the interfacial energy and saturation index of the solution with respect to -C-S-H.

Figure 8 .

 8 Figure 8. Cryogenic TEM images of the early stages of C-S-H precipitation in the presence of 1mM gluconate (a,b) and 5 mM Sorbitol (c,d). White arrow in (b) indicates the particle that was used for selected area diffraction (SAED) shown in the inset of (b). Times elapsed between the onset of the reaction and the cryo-quenching of an aliquot of the reacting solution.

Figure 9 .

 9 Figure 9. SAXS patterns and evolution of the SAXS invariant over time for the pure and gluconatebearing systems. The arrows indicate bumps in the intensity coming from particle scattering within the precipitates.

Figure 2 :

 2 Figure 2: retarding power of the molecules (RP) on the C-S-H nucleation(C0 m /C0 0 ) as a function of the complexation power of the molecules with silicates

Figure 3 :

 3 Figure 3: Retarding power of the molecules (RP) on the C3S hydration as determined by Nalet (Chapter 1 Fig. 21) as a function of the retarding power of the molecules on the C-S-H nucleation

Figure 4 .

 4 Figure 4. Comparison of the time evolution of (left) the silicon concentration and (right) the saturation index (SI) of C3S during the pure dissolution of a C3S grain dispersion (L/S = 10 000) in presence and in absence of organics. The solution always contains 11 mM of Ca(OH)2. The organic concentration is 7.5 mM. The SI values were calculated from the ion concentrations with the speciation model developed in papers 1 and 2. The experimental data are from Nalet et al (1). The ion concentrations were measured in-situ with an ICP-AES.

Figure 5 .

 5 Figure 5. Logarithm of the induction time as a function of the saturation index (1/SI2 ) for the pure system (black) and in presence of gluconate (blue), sorbitol (green), mannitol (orange) and galactitol (pink). Left figure corresponds to the C-S-H system, the right figure corresponds to the Ca(OH)2 system. The organic concentration was 10 mM. The saturation index was calculated using the speciation software PHREEQC, taking into account the condition of the different precipitation experiments, including components concentrations and temperature, but also the complexes existing between calcium, hydroxide, silicate and the organic molecules.

Figure 1 .

 1 Figure 1.A: Total experimental (symbols) and simulated (lines) concentrations of aqueous calcium and silicate species at equilibrium with C-S-H (C/S 0.75) immersed in 250 mL of solution containing various initial concentrations of Ca(OH)2, [Ca(OH)2]i, and varying the equilibrium concentration of galactitol.

  

  

  

  

  

  

  

Table 1 .

 1 of 64-70 wt.% CaO, 20-25 wt.% SiO2, 2-7.5 wt.% Al2O3, 1-4.5 wt.% Fe2O3, 0.7-4.5 wt.% MgO and traces of other oxides (e.g.Na2O and K2O).Table1. Principal mineral compounds in Portland cement.

	The clinker thus produced is composed of silicate phases, alite (C3S) and belite (C2S), as well as
	aluminate phases, celite (C3A) and brownmillerite (C4AF). These four minerals were first discovered
	in the past century by Le Chatelier and Tobernhom. Their names, formula and symbols in cement
	notation are given in Compounds	Names	Formula	Cement notation 2	wt.%
	Tricalcium	Alite	3CaO•SiO2	C3S	50-70
	silicate				
	Dicalcium	Belite	2CaO•SiO2	C2S	15-30
	silicate				
	Tricalcium	Celite 1	3CaO•Al2O3	C3A	5-10
	aluminate				
	Tetracalcium	Brownmillerite 1	4CaO•Al2O3•Fe2O3	C4AF	5-15
	aluminoferrite				

Ordinary Portland cement, OPC, is the most used and widespread hydraulic cement. It is obtained from a mixture of lime and clay burned at high temperature, 1450 °C. The average oxide composition of the initial mixture is made 1 These names are not commonly used 2 Cement notations are the following: C for CaO, S for SiO2, A for Al2O3, F for Fe2O3, H for H2O and $ for SO4. The clinker is then finely co-ground with about 5% calcium sulfate (CaSO4•xH2O) to obtain Portland cement.

Table 2 :

 2 Values of the equilibrium constants for silica and C-S-H phases of the thermodynamic model of Haas and Nonat(36).

	Chemical equilibra		Log K
	SiO2 +2 H2O ⇋ H4SiO4		2.7
	Ca4H4Si5O16 + 8H + + 4H2O ⇋ 4 Ca 2+ + 5 H4SiO4; (-C-S-H)	53.5
	Ca2H2Si2O7 + 4H + + H2O ⇋ 2 Ca 2+ + 2 H4SiO4;	(-C-S-H)	29.6
	Ca6(OH)2(HSi2O7)7 + 12H ⇋ 6 Ca 2+ + 4 H4SiO4;	(-C-S-H)	104.9
	≡SiOH ⇋ ≡SiO -+ H +		-9.8
	≡SiOH + Ca 2+ ⇋ ≡SiOCa +		-7.0
	≡SiOH + Ca 2+ + OH -⇋ ≡SiOCaOH + H +		-9.0
	≡SiOH + 0.5 H4SiO4 ⇋ ≡SiOSi0.5OH + H2O		2.9 (2.2 for -C-S-H)
	2≡SiOH + Ca 2+ ⇋ (≡SiO)2Ca + 2 H +		-11.4
	With the addition of 5 surface complexation reactions, see Table 2, this surface complexation model
	for C-S-H allows a very good description of thermodynamic properties of C-S-H, that is its solubility,
	stoichiometry and interfacial properties. This is the model used in the present PhD work. It should
	be mentioned that the thermodynamic model of Kulik (69), based on a solid solution approach, gives
	equivalent results.		

Table 1 .

 1 Complex formation constants K, expressed in log K, between calcium and gluconate (Gluc - ) at standard conditions (1 bar, 25°C) reported in literature and determined in the present study.

	Sayer (28)	Masone (27)	Zhang (35)	Pallagi (24)	Bretti (36)	Kutus (26)	This study
		0M	(0.5M) 0M 1	(0.1M) 0M	(1M) 0M	0M	(1M) 0M	0 M
	Solid							
	Ca 2+ + 2OH -= Ca(OH)2	-	-	-	-	-	-	-5.20 a
	Aqueous complexes							
	Ca 2+ +OH -= CaOH +	-	-	-	(0.97) 1.83	-	-	1.22 a
	GlucH 0 = Gluc -+H +	3.7	-	(3.30)3.53	(3.24) 3.64 b	3.71	-	3.64
	Gluc -+ OH -	-	-	-	(0.08) -0.44	-	-	-0.44
	= GlucOH 2-c							
	Ca 2+ + Gluc -	1.21	(1.05) 1.79	-	(0.37) 1.23	-	(0.70) 1.56	1.56
	= CaGluc +							
	Ca 2+ + 2Gluc -	-	(1.88) 2.98	-	-	-	(1.65 d ) 2.9	2.85
	= CaGluc2 0							
	Ca 2+ + OH -+ Gluc -	-	-	-	(2.82) 4.07	-	(2.86 d )4.11	3.95 e
	= CaGlucOH 0							
	2Ca 2+ + 3 OH -+ Gluc -	-	-	-	(8.04) 10.48		-	-
	= Ca2Gluc(OH)3 0							
	2Ca 2+ + 4 OH -+	-	-	-	-	-	(9.49 d ) 11.34	11.25 e
	2Gluc -=							
	Ca2Gluc2(OH)4 2-							
	3Ca 2+ + 4 OH -+ 2Gluc -	-	-		(12.44) 16.07	-	(12.59 d )	16.10 e
	= Ca3Gluc2(OH)4 0						16.22	

Table 2 .

 2 Complex formation constants, expressed in log K, between calcium and sorbitol (Sorb), mannitol (Man) and galactitol (Gal) at standard conditions (1 bar, 25°C) reported in literature and determined in the present study.

		Kieboom (30)	Haas (29)	Kutus (25)	This study
		(0.2-0.8M) 0M	(0.7M) 0M	(1M) 0M	
	Ca 2+ +Sorb 0 = CaSorb 2+	(0.11) 0.08	(-0.52) -0.54	(0) -0.06	0.10 a
	Ca 2+ + Sorb 0 + OH -= SorbCaOH +				2.85 a
	2 Ca 2+ + 2Sorb 0 + 4OH -=				9.75 a
	Ca2Sorb2(OH)4 0				
	Ca 2+ + Man 0 = CaMan 2+	(-0.05) -0.08	(-0.62) -0.64	(-0.3) -0.36	-0.36
	Ca 2+ + Man 0 + OH -= CaManOH +				2.65 a
	2 Ca 2+ + 2Man 0 + 4OH -=				9.65 a
	Ca2Man2(OH)4 0				
	Ca 2+ + Gal 0 = CaGal 2+		(-0.51) -0.53		-0.53
	Ca 2+ + Gal 0 + OH -= CaGalOH +				2.80 a
	2 Ca 2+ + 2Gal 0 + 4OH -= Ca2Gal2(OH)4 0				9.29 a
	a Fitted in this study				

Table 1 .

 1 Solubility and complex formation constants of calcium, silicate, hydroxide and gluconate (Gluc -) containing species at standard conditions (1 bar, 25°C) reported in literature and determined in the present study.

	Log K	References

Table 2 .

 2 Complex formation constants of calcium, silicate, hydroxide and sorbitol (Sorb), mannitol (Man) and galactitol (Gal) containing species at standard conditions (1 bar, 25°C) reported in literature and determined in the present study

	Log K References

  Table 2 are several log units weaker than those obtained for Ca 2 Sorb 2 (H 3 SiO 4 ) 2 (OH) 2 0 and Ca 2 Sorb 2 (H 2 SiO 4 )(OH) 4 -2 consistent

  2 Hex/Si. At low where the availability of Ca-concentration is limited as well as the lower sorption at low C/S C-S-H clearly indicates that the binding of gluconate and hexitols on C-S-H is mediated by calcium ions, in agreement with the finding of Androniuk et al. (31) on gluconate and of Labbez et al. (33) on the adsorption mechanism of sulfate ions.

Table 1 .

 1 Conditions used for the SAXS experiments.

	Additive	[Si] (mM) [Ca] (mM) [NaCl] (mM) [NaOH] (mM) [additive] (mM)
	Pure	0.10	15	25	18	-
	Gluconate	0.10	15	25	18	0.03
	Gluconate	0.10	15	25	18	0.07
	Gluconate	0.10	15	25	18	0.15
	Gluconate	0.10	15	25	18	0.30

Table S2

 S2 Initial condition used in PHREEQC to simulate the titration experiments with gluconate, sorbitol, mannitol and galactitol at pH 13.0.

	B. C-S-H solubility in presence of
	gluconate and hexitols		
	1-Solubility experiments			
	Solution 1	Potassium gluconate Sorbitol Mannitol Galactitol
	Temperature (°C)	25	25	25	25
	pH	7 charge	7 charge 7 charge 7 charge
	Density (kg/L)	1	1	1	1
	Ca (mol/kg H2O)	0.00025	0.00025 0.00025	0.00025
	K (mol/kg H2O)	0.2500	0.2500	0.2500	0.2500
	NO3 (mol/kg H2O)	0.1005	0.1005	0.1005	0.1005
	Water (kg)	0.1	0.1	0.1	0.1
	Solution 2	Potassium gluconate Sorbitol Mannitol Galactitol
	Temperature (°C)	25	25	25	25
	pH	7 charge	7 charge 7 charge 7 charge
	pe	4	4	4	4
	redox	pe	pe	pe	pe
	density(kg/L)	1	1	1	1
	K (mol/kg H2O)	0.2	--	--	--
	Organic molecule	0.2	0.2	0.2	0.2
	(mol/kg H2O)				
	Water (kg)	0.1	0.1	0.1	0.1

Table 1 .

 1 A : Composition of the equilibrium solutions of the experiments of C-S-H solubility in the presence of gluconate, sorbitol, mannitol and galactitol. Experimental data were recorded after 4 weeks of equilibration at 23°C. The organic concentrations have been measured by TOC, calcium and silicate concentration by ICP-OES.

	[CaO]initial = 0 mM, equilibrium Ca/Si in C-S-H = 0.75	
	[gluconate] mM	[Calcium] mM	[Silicate] mM	pH
	0.00	0.63	1.12	-
	9.32	0.8	1.38	-
	29.36	1.13	1.85	-
	59.86	1.41	2.28	-
	79.29	1.73	2.66	-
	100.12	1.79	2.7	-
	130.66	2.36	3.47	-
	140.32	2.14	3.13	-
	177.18	2.52	3.35	-
	191.59	2.57	3.26	-
	[sorbitol] mM	[Calcium] mM	[Silicate] mM	pH
	0.92	0.85	1.39	10.61
	39.49	0.85	1.33	10.6
	75.36	0.8	1.49	10.55
	116.94	0.95	1.57	10.49
	161.81	1.02	1.65	10.48
	200.49	1.03	1.74	10.48
	[mannitol] mM	[Calcium] mM	[Silicate] mM	pH
	0.89	0.79	1.54	10.59
	39.41	0.81	1.55	10.51
	79.10	0.83	1.52	10.48
	115.49	0.9	1.56	10.48

Table 1 .

 1 B : Isotherm adsorption values of the experiments of C-S-H solubility in the presence of gluconate, sorbitol, mannitol and galactitol. Experimental data were recorded after 4 weeks of equilibration at 23°C. The organic concentrations have been measured by TOC. calcium and silicate concentration by ICP-OES.

	[gluconate] mM	Org/Si
	0	0
	5.53	0.05
	30.29	0.18
	72.21	0.23
	117.75	0.17
	170.36	0.04
	[sorbitol] mM	Org/Si
	0	0
	11.23	0.01
	46.70	0.03
	91.75	0.1
	139.84	0.13
	191.47	0.04
	[mannitol] mM	Org/Si
	0	0
	11.48	0.01
	45.91	0.03
	94.037	0.02
	142.46	0.04
	187.91	0.03
	Buffered with Portlandite, equilibrium Ca/Si in C-S-H = 1.5
	[gluconate] mM	Org/Si
	0	0
	2.11	0.09
	18.01	0.39
	44.29	0.64
	76.67	0.75
	109.32	0.79

[CaO]initial = 11 mM, equilibrium Ca/Si in C-S-H = 1.1

Portlandite only [gluconate] mM Org/Ca(OH)2

  

	1.47	0
	33.73	0.12
	68.94	0.22
	109.95	0.25
	149.39	0.32
	191.78	0.33
	[sorbitol] mM	Org/Ca(OH)2
	2.89	0
	42.84	0.05

Table S1 .

 S1 A. Concentrations of the different complexes formed in the supersaturated solutions, obtained from the PHREEQC simulations, using a gluconate concentration of 10mM. The concentration of calcium was fixed at 15mM. Silicate concentration values were fixed at 0.08mM, 0.10mM, 0.15mM and 0.20mM.

	pH	Gl Ca Si Ca 2+ CaOH + GlCaOH Gl2Ca2OH2 2-Gl2Ca3(OH)4	CaGl + Ca3Gl2(H3SiO4)2(OH)2
	12.63 10 15 0.08 6.09	1.62	1.81	0.05	0.00	0.26	0.01
	pH	Gl Ca Si Ca 2+ CaOH + GlCaOH Gl2Ca2OH2 2-Gl2Ca3(OH)4	CaGl + Ca3Gl2(H3SiO4)2(OH)2
	12.63 10 15 0.10 6.08	1.62	1.81	0.05	0.00	0.26	0.02
	pH Gl Ca Si Ca 2+ CaOH + GlCaOH Gl2Ca2OH2 2-Gl2Ca3(OH)4	CaGl +	Ca3Gl2(H3SiO4)2(OH)2
	12.63 10 15 0.15 6.07	1.62	1.81	0.05	0.00		0.26	0.03
	pH Gl Ca Si Ca 2+ CaOH + GlCaOH Gl2Ca2OH2 2-Gl2Ca3(OH)4	CaGl +	Ca3Gl2(H3SiO4)2(OH)2
	12.63 10 15 0.20 6.06	1.61	1.80	0.05	0.00		0.26	0.05

Table S1 .

 S1 B Concentrations of the different complexes formed in the supersaturated solutions, obtained from the PHREEQC simulations. Simulations include experiments with sorbitol and sodium gluconate at a fixed concentration of 10mM. Calcium and silicate concentration values were fixed at 15mM and 0.15mM respectively.

	ppH S Sorb Ca Si Ca 2+ CaOH + CaSorb 2+ SorbCaOH + Sorb2Ca2(OH)4 Ca2Sorb2H2SiO4(OH)4 -2 Ca2Sorb2(H3SiO4)2(OH)2
	12.7 10	15 0.15 10.54 3.04	0.12	1.21	0.017	0.010	0.023
	pH Gl	Ca Si Ca 2+ CaOH + CaGl + GlCaOH	Gl2Ca3(OH)4	Gl2Ca2OH2 2-	Ca3Gl2(H3SiO4)2(OH)2
	12.6 10	15 0.15 6.07 1.62	0.26	1.81	0.00	0.053	0.030
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CHAPTER I. GENERAL PRESENTATION CHAPTER III. RESULTS

Figure 2: Schematic representation of a pair of samples used for the solubility and adsorption experiments. The flask used for the solubility measurement contains a dialysis bag filled with portlandite powder, immersed in a solution containing the organic molecule. The second flask contains the organic molecule solution only and is used as a blank/reference to verify the organic concentration introduced initially. This allows the determination of the organic adsorption on C-S-H by mass balance based on the measured difference. Note that the same stock solution is used for each sample pair.

The bulk concentration of organics at equilibrium was measured as total organic content with a TOC VCPN instrument (Shimadzu). This method is based on the oxidation of organic molecules contained in solution by gaseous oxygen with a platinum-based catalyst in an oven raised to a temperature of 720°C. The CO2 formed is detected by Infra-Red Non-Dispersive (NDIR). The detection threshold for this device is very low (4µg/L).

Titration of Ca 2+ with the ion selective electrode

The chemical activity of calcium ions was also determined from potentiometric titration measurements using an automatic titrator instrument (Metrohm 905 Titrando); the setup is detailed in Figure 3. All measurements were performed in a titration reactor thermostated to 23.0 ± 0.1°C.

The titrated solutions were continuously stirred at a constant rate 430 rpm. A nitrogen flow circulated continuously above the solution to avoid the ingress of CO2. It was taken care that the gas did not enter the solution to avoid any disturbance of the electrodes. In the reactor, 100 mL of a solution containing 0.1 M KNO3 background electrolyte and 0.25 mM Ca(NO3)2 was thermostated for approximately 20 minutes before the start of the titration. After 3 minutes of equilibration time, and only if the change in the electrode signal was < 0.5 mV/min, a titrant solution containing 0.2M of organic molecule was added drop by drop (0.2 ml, 50 times for a total volume added of 10 ml) at the maximal speed registered in the software "Tiamo" (Metrohm). The adsorption isotherm of organics at C/S = 1.1 is not monotonic. Upon progressive addition of organics, it first increases to a maximum and decreases at higher organic additions. Such a behavior is not observed when C-S-H is buffered with portlandite, that is when the calcium hydroxide activity is maintained constant. Instead, in the latter the organic adsorption follows a typical Langmuir isotherm. At C/S = 1.1, there is no calcium reservoir (no portlandite excess) and the calcium (and hydroxide) activity decreases progressively with increasing the organic concentration, because of the increasing formation of calcium-organics aqueous complexes. This complex formation leads to the progressive desorption of the calcium ion from the C-S-H surface, up to the point where the calcium mediated organic adsorption reaches a maximum and finally drops. This generic behavior was well described and predicted by Turesson and co-authors (32) 

Abstract

The present paper investigates the influence of gluconate and hexitol additives on the precipitation mechanism and kinetics of C-S-H. To this end, wet chemistry C-S-H precipitation experiments were performed under controlled conditions of solution supersaturation -under varying silicate concentration, while the transmittance of the solution was followed. This allowed determining induction times for the formation of C-S-H precursors in the presence and absence of gluconate and three hexitol molecules. Characterization of the precipitates was performed via small angle X-ray scattering and cryo-transmission electron microscopy experiments, which allowed the identification of a multi-step nucleation pathway also in the presence of the organics. Analysis of the induction time data in the framework of the classical nucleation theory revealed a significant increase of the kinetic pre-factor, which is associated to physical rates of cluster collision and aggregation during the nucleation process. Values of the kinetic pre-factor increase in the same order as the complexation constants of calcium and silicate with the each of the organics. This points to a retarding mechanism of crystallization related to steric hindrance of the aggregation of the early formed clusters via adsorption of the organics at their surfaces.

In order to follow the formation of the first particles of C-S-H in absence and in presence of the small organics, an optical electrode (Metrohm Optrode, 6.1115.000) measuring the light transmittance of the system is added. A stable electrode signal is obtained with the use of a background electrolyte.

The titrations were thus performed in 25 mM NaCl to ensure a stable signal and to limit the influence of the background electrolyte on the complex formation. One particular wavelength (among eight) using the software tiamo may be selected. For the experiment, the wavelength at 470 nm is chosen.

The calcium potential was also measured during the experiment, using the ISE Ca 2+ electrode (Metrohm Ca ISE 6.0508.110), coupled to a reference electrode (Metrohm Ag, AgCl/3 M KCl, 6.0750.100). By plotting the measured mV against the calculated Ca 2+ activity calculated with PHREEQC as detailed below, the calcium activity can be extracted. The pH was determined with a pH electrode (Metrohm pH Unitrode with Pt 1000, 6.0259.100), which allows reliable measurements up to pH = 14. The pH electrode was calibrated prior to the measurements with standard buffer solutions (pH 10, 12.45 and 14 from Sigma Aldrich).

Thermodynamic simulation: saturation index calculation.

The saturation index (SI) was calculated with a speciation model solved by the geochemical software PHREEQC version 3 (3.6.2-15100) using the WATEQ4f database. SI is calculated by comparing the activity product of the dissolved ions of C-S-H (IAP) with their solubility product (Ksp); SI = log(IAP/Ksp).

Cryogenic Transmission Electron Microscopy

Titration experiments, as described in 2.2, were run in the presence of gluconate and sorbitol and at different time points of the reaction 4µl aliquots were retrieved from the solution in the reactor and applied to freshly glow discharged qauntifoil or lacey carbon grid and vitrified using a Thermofisher Vitrobot Mark IV system. The grids were then mounted on a Gatan 626 single-tilt cryo-transfer holder. Imaging and selected area diffraction (SAD) were performed under low-dose conditions on a Tecnai F20 microscope operating at 200 keV. Images were recorded on a Ceta CMOS camera whereas diffraction patterns were recorded on an Amsterdam Scientific Instrument CheeTah hybrid pixel camera.

Small Angle X-ray Scattering (SAXS)

SAXS experiments were performed at the NCD beamline of the ALBA synchrotron (Barcelona, Spain). The same Metrohm system described in section 2.2 was used to titrate a calcium chloride only relatively to each other. A second approximation made, inherent to the use of the master equation of CNT in eq. 1, is the fact that the same nature of precipitate is formed for all the supersaturation conditions. However, data fitted using all the supersaturation range and a supersaturation dependence of the pre-exponential term (C0) shows a deviation at high supersaturation values, which probably points to a change in the nature of the precipitate at high Ca and Si concentrations (see Figure S1). A way to fix this issue is to separate the experimental data in two parts: low and high supersaturations. Here, data from low supersaturation has been fitted using eq. 1, and considering C0 as a constant independent on the value of the saturation index, an approximation widely used in the literature.

Results of the fits yield values for the interfacial free energy or surface tension, , and of the kinetic pre-factor, C0 (Fig. 6). All the values of the interfacial free energies, , fall in the range between 5 and 13 mJ/m 2 , In agreement with the value (~13 mJ/m 2 ) obtained by Gauffinet and Nonat (35) with large uncertainties that make them indistinguishable within the error. The situation changes for the values of the kinetic pre-factor, C0. The gluconate system shows the higher values of C0. The systems with the hexitols sorbitol, galactitol and mannitol yield a similar value of C0, which is still slightly higher than that of the pure system. Interestingly, this order matches that found for the complexation constants of Ca 2+ and silicates with these organics: gluconate was found to form strong polynuclear complexes with Ca 2+ and silicates, followed by sorbitol, which showed a weaker complexation level, and than by galactitol and mannitol, with the weakest tendency to form complexes.

The fact that the presence of the organics does not modify (within the uncertainty) the value of the interfacial free energy would suggest that the nature of the C-S-H nuclei formed -their interfacial properties remains rather the same irrespective of the presence of the organic molecules. In that case, a plausible interpretation for all the data in Fig. 6 would consist in a process by which the organics interact physically with the nucleated particles, modifying their aggregation pathways. Indeed, as suggested by Krautwurst et al. from observations with the transmittance probe, the individual, precursor particles undergo crystallization at stage III, in a crystallization process that is concomitant to the aggregation of the amorphous spheroids. This type of effect, where an organic additive imposes steric barriers to the aggregation, modifying the crystallization kinetics, has already been observed by other systems such as CaSO4. (36) However, the interfacial free energy data have to be analysed carefully. The reason for this is that the nucleation rate is highly sensitive to the value of the interfacial free energy due to the cubic exponent in eq. 1. This fact makes that a small variation could change the height of the nucleation barrier (and therefore the nucleation kinetics) in a very significant way. This is exemplified in Figure 7, where a sensitivity analysis of this parameter, the interfacial free energy, is shown. Values of the height of the nucleation barrier -normalized by the thermal energy, kBT-are given in the colour bar, and are plotted as a function of the interfacial free energy Figure S3. Values of the power law exponent used to fit low q part of the data using a I = q -n law.

ABSTRACT

Superplasticizers are nowadays commonly employed in concrete to improve its workability and mechanical performance. They generally have the side effect of retarding the hydration of Portland cement which results from two simultaneous reactions: the dissolution of cement grains and the precipitation of cement hydrates. The mechanisms responsible for this retardation and thus delay the setting time of cement remain however largely unexplained. The present work intended to tackle this puzzle from the perspective of cement hydrate formation and employing four small organic molecules as model for superplasticizers. In particular, the impact of these organics on the homogeneous nucleation of calcium silicate hydrate (C-S-H) was studied in detailed. The work further focused on the determination of the driving force of the nucleation (and dissolution) and thus on the determination and modeling of the ion speciation and organic complex formation with calcium, silicate and hydroxide aqueous species. The selected organics whether charged or neutral were all found to form a rich zoo of mono-and poly-nuclear complexes not only with calcium and hydroxide ions but also with silicate species. They were further successfully modeled with the speciation program PHREEQC. This allowed to compare and quantify the impact of the selected organic molecules on the nucleation rate of C-S-H. The nucleation rate was correlated to the complexation power of the organics. A modification of the C-S-H nucleation pathway induced by the organics was found for which the organic complexation with silicate and calcium ions seems to play a crucial role. More generally, the retardation power of the molecules on the hydration of alite, the main mineral phase of Portland cement, was found to correlate well with their impact on the nucleation rate of C-S-H.