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Abstract

Tricalcium silicate C3S has been widely employed in model systems to interpret

the complex mechanisms of cement hydration. The present study aims at pro-

viding an accurate description of the dissolution rate of C3S by implementing a

new approach based on holographic interferometry. We propose a protocol that

allows the measurement of the pure dissolution rate constant of the C3S phase

by experiments performed in supersaturated conditions with respect to C–S–H.

In these experiments, a flat polycrystalline surface of C3S was monitored in

a quiescent solution. The amount of calcium released within the holographic

cell was measured and the aqueous solution composition was constrained to the

C–S–H stoichiometry at the interface. An equilibrium approach was applied to

assess interfacial pH, saturation indexes, and C–S–H precipitation at the exper-

imental conditions. Providing the rate constant allowed tracing the rate law of

the pure dissolution of C3S from far to close-to-equilibrium conditions.
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1. Introduction

Tricalcium silicate (Ca3SiO5) controls Portland cement hydration kinetics

and properties of the cement binder at early age. Therefore, tricalcium silicate,

referred to as C3S by following the cement chemistry notation (C = CaO and S

= SiO2), has been widely employed as a model phase to interpret the complex5

mechanisms of cement hydration. First principle calculations based on density

functional theory (DFT) showed that oxygen atoms not covalently bound to

silicon atoms and ionically bound to calcium atoms are the source of the high

reactivity of the C3S phase [1]. In light of the above, the coordination number

of the surface calcium ions also plays a significant role in surface reactivity.10

An electrical double layer forms on the surface of the C3S phase upon contact

with the mixing water and the hydration of C3S begins with the dissociative

adsorption of water molecules on the mineral surfaces [2]. In the first layer, the

oxygen ions from dissociated water molecules adsorb on calcium ions and weaken

the Ca-O bonds on the mineral surface [3]. Pustovgar et al. [4] have experi-15

mentally shown the hydroxylated state of the surface of C3S through 29Si{1H}

cross-polarization (CP) magic-angle-spinning (MAS) NMR measurements.

The surface of C3S can be seen as formed by Ca2+, OH− and H4SiO0
4 species,

the latter formed by protonation of monomeric silicate ions. Deprotonation of

H4SiO0
4 species varies the surface charge and may alter mineral-water interac-20

tions [5]. In general, H3SiO−
4 species are stable above pH 9.8 and below pH

13.2. In this frame, although the detachment of calcium ions is energetically

favorable compared to silicon ions and the interface may be prone to multiple

reactions upon wetting, C3S may dissolve stoichiometrically with Ca:Si = 3:1.

The hydration proceeds through dissolution, diffusion of the chemical species25

in aqueous solution, nucleation, and growth of the hydration product. The

reaction of C3S in water leads to the precipitation of the calcium-silicate hydrate

phase, or C–S–H by adopting the cement chemistry notation (H = H2O and

hyphens denote a variable stoichiometry), which primarily conveys cohesion and

mechanical properties during cement setting and hardening. Subsequently, the30

2



continuous increase of Ca concentration in solution, due to the stoichiometry

difference between C3S and C–S–H, leads to the precipitation of portlandite

(CH).

The nanostructure of the C–S–H phase has been commonly described by

models based on dreierkette silicate chains [6, 7, 8]. It presents a disordered layer35

structure that can entrap water in the interlayer space that separates the calcium

silicate sheets as well as into micropores [9, 10]. Following the notation used

in 29Si NMR spectroscopy, where silicon tetrahedra are classified as monomers

(Q0 silicate species) and oligomers (Qn silicate species), the precipitation of the

C–S–H phase results from the polymerization of Q0 formed by dissolution of40

C3S to build Q1 and Q2 units. A key feature of the C–S–H phase is the variable

Ca/Si ratio as a function of the solution composition during the hydration.

The process acting as a rate-limiting step during the hydration of C3S is

still a matter of debate and many authors highlighted the role of the initial slow

reaction stage of C3S, usually called induction period. If on the one hand the45

number of initial C–S–H nuclei may control the length of the induction period

during the hydration of the C3S phase [11], on the other hand, by following the

dissolution theory [12], the nature and dynamics of the surface defects controls

the kinetics of the release of matter in the solution. Evidence of the link between

etch pit nucleation rate and dissolution rate of C3S was reported by Juilland50

and Gallucci [13].

The dissolution rate of a mineral in aqueous solution can be measured

through batch experiments using crushed particles [14] or resorting to rotat-

ing disk set-ups using polished surfaces [15]. In typical dissolution protocols,

the granular solid dissolves in a stirred batch and the dissolution rate is cal-55

culated from the time evolution of the average batch concentration, using for

example an inductively coupled plasma (ICP) spectrometer. Other devices use

flow-through cells, where the dissolution rate is obtained from the observation

of the dissolving surface measured ex-situ by vertical scanning interferometry

(VSI) or in-situ by atomic force microscopy (AFM) [16]. In any case, the calcu-60

lated rate is a combination of the dissolution rate at the grain-liquid interface,
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the diffusion rate within the mass-transport boundary layer developing around

the grain, and the advection rate of the dissolved species [17].

These techniques, batch measurements [18, 19] as much as flow-through cells

[13, 20, 21], have already been used successfully to the study C3S dissolution.65

Nevertheless, in all these techniques, as the solid dissolves in a stirred or

flowing solution, a diffusive contribution, taking place in the vicinity of the

reacting surface, sums up to the pure dissolution rate, depending on the intensity

of the flow, which may likely affect the results [13]. Therefore, in classical

dissolution measurements assumptions have to be made about the limiting step70

of the kinetics (diffusion-limited vs reaction-limited).

The present study aims at providing an accurate description of the disso-

lution rate of C3S by implementing a new approach based on holographic in-

terferometry, a method already used to measure the dissolution rate of gypsum

and anhydrite [22] and the corrosion kinetics of hardened cement [23]. Here, we75

propose a protocol that allows the measurement of the pure dissolution rate con-

stant of C3S by analyses performed in supersaturated conditions with respect to

C–S–H that do not necessitate assuming the experiment as reaction-driven or

transport-driven. Our experiments were carried out in a stagnant solution, by

monitoring in real-time the concentration of calcium species released within a80

holographic cell from a flat polycrystalline surface of C3S, and separately quan-

tifying the diffusive contribution. This paper, by a detailed analysis of both

the fluid mechanics and the surface chemistry at our particular experimental

conditions, provides new measurements of the dissolution rate of C3S from far

to close-to-equilibrium conditions and aims at contributing to the development85

of models of cement hydration kinetics.

2. Materials and methods

The C3S used in this study (triclinic polymorph with a B.E.T. specific sur-

face area of 0.4 m2/g) was provided by Mineral Research Processing (Meyzieu,

France) [24]. C3S powder was placed between the two anvils of a hand press90
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(Quick Press KBr Pellet Kit) and the pressure was applied by a handshake to the

handle of the press for 15 min. Platelets of pressed C3S powder with a diameter

of 7 mm and a height of 0.5 mm were obtained by this procedure. The grain size

was small enough for the surface of these samples to be quasi-continuous. There-

fore, the polycrystalline surface was treated as a topographically flat interface95

of a single crystal with a geometric surface area of ∼38.5 mm2.

Previous dissolution experiments, using flow-through cells, have been per-

formed on polished cross-sections of minerals after embedding the sample in a

thermosetting polymer [13, 20] or solid-state sintering [25, 26]. However, our

methodology is extremely sensitive to any change in the refractive index possibly100

caused by foreign agents, e.g. solvents released by an epoxy resin. While these

chemicals are rapidly evacuated in a flow-through cell, these may accumulate in

a closed cell and possibly induce unwanted artefacts. For this reason, despite

the brittleness of the platelets, our C3S samples were merely compacted without

embedding. The samples, when carefully handled, could be introduced into the105

holographic cell with no need for a sintering process that may modify porosity

and surface properties.

These platelets were hydrated in a transparent cell with a total volume of

4 cm3, either in deionized water or in solutions of 0.6 mM Ca(OH)2. Calcium

hydroxide solutions were kept under gentle stirring and left to cool before their110

introduction within the holographic cell. The concentration of [CaO]aq into

the initial solution was very small compared to other studies [13, 18]. The

choice was owed to the impracticability to fully isolate the cell from the exter-

nal environment during the experiments. Therefore, only solutions with initial

concentrations below (or close) the solubility of CaCO3 in condition of atmo-115

spheric CO2 exposure can be studied. Each experiment was repeated at least

three times to estimate the standard deviation.

2.1. Holographic interferometry

Whereas standard interferometry generates interferences between objects

separated in space, holographic interferometry generates interferences between120
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objects separated in time [27]. This was achieved by the acquisition of a refer-

ence hologram of a transparent object, here a spectroscopic cell containing the

solution, illuminated by green laser light. Subsequently, the analyzed sample,

i.e. the C3S platelet, was introduced at the bottom of the cell, and new digital

holograms of the system (cell + sample) were recorded at regular intervals. The125

interferences between each hologram and the reference hologram were then nu-

merically computed. The interferograms display the evolution of the refractive

index δn between the reference hologram (pure solution) and the hologram at

time t (solution + dissolved C3S). As the solid dissolves and the ionic species

migrate upward by diffusion, the refractive index change is visualized as a series130

of ascending horizontal fringes (Figure 1).

Figure 1: Digital holographic interferograms of the dissolution of the C3S platelet in deionized

water at different times from left to right (10, 25, 45, 120, and 220 min) after the introduction

of the sample at the bottom of the cell. The total cell width and length are 10 mm and 40

mm respectively, and the displayed interferograms are 5.9 mm wide and 12.9 mm high. The

pixel size is 12 µm.

Knowing the evolution ∂n/∂c of the refractive index of the solution n with

the concentration of dissolved species it is possible to compute the spatial varia-

tion of the ionic species concentration from the solid-liquid interface toward the135

top of the cell. The conversion of the spatial evolution of the refractive index
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δn inside the cell to spatial change of concentration δc follows Equation 1.

δc =
δn

(∂n/∂c)
(1)

The quantification of the absolute ionic concentration requires a reference

value, therefore we have assumed that the solution at the top of the cell was still140

pure (ctop = 0 in pure water, and ctop = 0.6 mM of Ca2+ in calcium hydroxide

solutions) and the concentrations were computed from this position. Therefore,

the concentration in all points was c = ctop +δc. The experiments were stopped

as soon as a fringe reached the top of the cell.

Once converted the refractive index change to concentration change (see145

Equation 1), the latter was averaged over the horizontal axis perpendicular to

the laser beam by assuming a one-dimensional phenomenon, and δc(z, t) was

calculated as a function of the vertical coordinate within the cell (z-axis) and

the time t. An example of the evolution of the ionic concentration along the

vertical axis at different times is shown in Figure 2.150

A theoretical expression of the c(z, t) curves was derived by solving Fick’s

second law by assuming a semi-infinite medium upward and continuous matter

supply at the bottom following a first-order dissolution rate law. Indeed, as the

sample is never completely dissolved at the end of the experiment, an infinite155

reservoir of solid can be assumed. The solution of Fick’s equation with these

boundary conditions [28] is displayed in Equation 2:

δc(z, t) = csat

[
erfc

(
z

2
√
Dt

)
− exp

[
k(sr/sd)z

Dρcsat

+

(
k(sr/sd)

Dρcsat

)2

Dt

]
× erfc

[
z

2
√
Dt

+
k(sr/sd)

Dρcsat

√
Dt

]]
(2)

where the erfc is the complementary error function, k is the dissolution rate

constant, D is the diffusion coefficient, sr is the surface area, sd the horizontal160
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Figure 2: Time-variation of the calcium concentration as a function of the vertical position

z during the dissolution of a C3S sample lying at z = 0 in pure water. The interfacial

concentrations evolve over time along the ordinate axis from the bottom (first hydration time)

to the top (last hydration time). Each experimental curve (in blue) progressively displaces

from the interface (z = 0) to the top of the cell according to the diffusion of the ionic species.

The blue curves were recorded at 5, 10, 30, 30, 40, 60, 85, and 170 min elapsed time since the

introduction of the sample in the solution. The green curves correspond to the best fit of the

experiments with the theoretical law (Equation 2).

section of the cell, ρ is the density of the solution and csat is the concentration at

saturation. In our case, sr is a geometric surface area that neglects the surface

roughness and the presence of defects at the atomic scale.

A typical fit of the experimental data with this analytic expression was shown

in Figure 2. The agreement between the experimental data and the theoretical165

law was good in all our experiments, which is a posteriori validation of our

choice of the diffusion equation and of the first-order reaction used as boundary

condition. The fitting of the holographic concentration curves by using Equation
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2 provides the values of k, D and csat. These three parameters are independent

of space, time, and concentration. Therefore, one single value for each of them170

is obtained by fitting the whole dataset of a given experiment with Equation 2.

Compared to classical dissolution devices, holographic interferometry presents

the advantage that the solid dissolves in a quiescent solution, no stirring is im-

posed on the liquid, and the concentration of ionic species is monitored in real-

time at any position within the dissolution cell. The sample surface was directly175

monitored and the interfacial concentration of the ionic species c(z = 0, t) was

extrapolated. With regard to the kinetics, no assumption such as diffusion-

limited, reaction-limited, or a combination of both is required because the con-

tribution of diffusion is quantitatively measured. Hence, the pure dissolution

rate is accessed free from mass transport and taking into account the precipita-180

tion as will be discussed hereafter.

3. Results and discussion

3.1. Surface morphology

The nucleation of the C–S–H phase is a heterogeneous phenomenon that oc-

curs at the surface of the dissolving C3S grains. The fitting of experimental data185

by means of Boundary Nucleation and Growth (BNG) models, which assume

heterogeneous nucleation on the substrate of tricalcium silicate, indicated that

the nucleation of the C–S–H phase is almost spontaneous [29, 30]. Nucleation

times of the order of minutes or seconds were also reported by applying the

classical nucleation theory [31].190

Under the stagnant conditions used during the holographic experiments, the

supersaturation with respect to the hydration product may be higher inside the

etch pits than on the rest of the surface. Indeed, crystal dissolution proceeds

with the opening of holes from surface defects [12]. In our conditions, far from

the equilibrium with respect to C3S, etch pits may represent preferential sites195

for the nucleation of C–S–H [32]. Moreover, the null or very low concentration of
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[CaO]aq into the initial solution may produce a higher number of initial C–S–H

nuclei [11]. This condition may favor the rapid growth of the C–S–H phase.

In order to provide a correct interpretation of our results, we performed SEM

analyses of hydrated C3S surfaces at the end of some holographic interferometry200

experiments, with the aim of assessing the possible precipitation of C–S–H.

As shown in Figure 3, the surface of the C3S grains was partially covered by

characteristic C–S–H needles [19, 33], thus suggesting rapid precipitation of this

reaction product, whereas portlandite was not observed in the investigated time

interval (220 min).205

Figure 3: SEM micrograph of the surface of the hydrated platelet of C3S at 45 min (left) and

120 min (right). The C–S–H needles are distributed on the surface of the hydrated sample.

SEM micrographs were collected on dried surfaces coated with a layer of graphite. The

secondary electron images were acquired with a TESCAN Solaris FEG-SEM at low voltage

(2 KeV) to avoid surface charging and high vacuum mode.

3.2. Index of refraction

The central quantity that is needed to obtain the variation of the concentra-

tion c in the cell (see Figure 2) is the evolution of the refractive index n of the

solution with the concentration of c ions it contains. Here, holointerferomet-210

ric measurements were combined with analyses by inductively coupled plasma

atomic emission spectroscopy (ICP-AES) in order to determine the unknown

value of ∂n/∂c.
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Holographic curves were collected at various total times (5, 15, 30, 45, 75,

and 120 min) in independent experiments. The refractive index change δn(z)215

along the cell (z vertical position) was recorded by the interferometric device

for these six different times. The average value δnavg(t) in the whole cell was

computed from the integral of the holographic curve at the mentioned hydra-

tion times. Afterwards, the average concentrations of calcium cCa(t) and silicon

cSi(t) at the end of the six experiments were measured by ICP-AES. The time220

evolution of their concentration in the cell during the hydration of C3S is dis-

played in Figure 4. We stress that the cell where we measured the average

Ca and Si concentrations is a system out of equilibrium where the species are

spatially distributed. Therefore, these data can not be located in an averaged

cCa − cSi diagram [19].225

The aqueous solution in the cell was significantly enriched in Ca, roughly

one order of magnitude more than Si. This gap between the concentration of

Ca and Si may have two origins: the incongruent dissolution of C3S, which may

change the Ca:Si ratio of dissolution compared to how expected from the mineral230

stoichiometry, or the precipitation of the C–S–H phase, which may control the

evolution of the ionic concentration mainly by silicon depletion from the aqueous

phase.

In virtue of our SEM observations, we assumed a congruent dissolution of

C3S, driven by the degree of saturation, which occurred simultaneously with235

the precipitation of C–S–H. Regardless of the saturation state, the precipitation

of C–S–H consumes less than the 3 moles of Ca2+ released by dissolution of

C3S, thus leading to a continuous increase of Ca in solution, while most of the

silicon is incorporated into the C–S–H phase during the hydration. Therefore,

we considered that the variation of the refractive index was solely associated240

with the change of concentration in Ca, and a link between δnavg(t) and the

Ca concentration was established. The variation of the refractive index with Ca

concentration was calculated for each of the investigated times and the average

value with the relative standard deviation was ∂n/∂cCa = δnavg/cCa = 0.023±
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Figure 4: Average concentration of calcium and silicon in the holointerferometric cell. Platelets

of C3S were hydrated in deionized water and the final composition of the solution was analyzed

by ICP-AES at different times. Data were reported with the measurement error due to the

dissolving surface area of the C3S discs.

0.005 L/mol. In the following, all the calcium concentrations were computed245

according to Equation 1, provided that no fringe reached the top of the cell (see

Section 2.1). To help clarify, c stands for the calcium concentration in Figure 2.

3.3. Dissolution rate constant of C3S

To estimate the number of calcium ions liberated in the cell and not captured

by the C–S–H precipitation, we turned to the stoichiometry of the hydration250

product. As stated in Section 3.2, we have discarded the assumption of incon-

gruent dissolution of C3S and we considered that each C3S mole released three
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moles of Ca2+ along the reaction Ca3SiO5 + 5 H2O → 3 Ca2+ + H4SiO4 +

6 OH−. Moreover, the SEM analysis showed that CH did not precipitate during

our experiments. Thus, the matter conservation imposes 3 = x + z, being z255

the number of moles of Ca2+ in solution per mole of dissolved C3S and x the

number of moles of Ca2+ in one mole of C–S–H (see equilibrium reaction in

[34]). In this frame, the question of the value of x, i.e., the Ca/Si ratio of the

C–S–H phase, arose spontaneously.

As mentioned in Section 1, the stoichiometry of the C–S–H evolves during the260

hydration process. A feature of the C–S–H phase is the replacement of bridging

silicate tetrahedra with calcium site and of silicate dimers with hydroxyl groups

[35]. This mechanism may account for stabilizing the structure of the C–S–H

phase at a high Ca/Si ratio during the hydration. Allen et al. [10] determined

the mean formula of the nanoscale C–S–H phase in hydrated cement through265

the aid of small-angle scattering techniques. The mean Ca/Si ratio of the C–S–

H phase within hydrated Portland cement pastes was reported to be about 1.7

[36].

According to water content, saturation state, lime concentration in solution,

and hydrodynamic experiment conditions, the hydration of C3S may require270

time to stabilize the composition of the C–S–H phase. The ideal solid solution

model developed by Bullard and Scherer [37] predicts the composition of the C–

S–H phase as a function of the aqueous solution composition during hydration.

The model is based on three C–S–H end-members with Ca/Si ratios equal to

0.8, 1.0, and 1.8. These three end-members were chosen as the best combination275

to fit the solubility data [38] and to approximate the Ca/Si ratios of C–S–H

reported by Haas and Nonat [39].

We have used the reaction equilibria of these three end-members to de-

termine the total supersaturation with respect to C–S–H. Through the aid of

Minteq [40], we increased the concentration of C3S step-by-step until reaching280

the saturation of the solid solution. This condition was achieved by dissolving

0.5 mM of C3S. The total activity of calcium species at equilibrium in solution

was 1.14 mM. This calculation allowed the estimation of the point at which sat-
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uration with respect to C–S–H was reached within our experimental conditions.

The evolution in calcium concentration at the solid-liquid interface, where the285

dissolution-precipitation reactions occur, is displayed in Figure 5.

0 40 80 120 160 200 240

Time (min)

0

2

4

6

8

10

12

14

16

18

20

[C
a
] 

(m
M

)

BEST FIT (water)

C
3
S (water)

C
3
S (0.6 mM CH)

CH

C-S-H

Figure 5: Concentration of calcium versus time at the solid-liquid interface during the dis-

solution of the C3S platelet in deionized water and lime solution. Errorbars represent the

standard deviation calculated from three repeated measures. The best fit of the average in-

terfacial concentration (Equation 2 with z = 0) of the experiments in deionized water was

illustrated with a black curve. The solubility of C–S–H and CH were calculated with the aid

of Minteq [40] and depicted with red dashed lines.

The range of interfacial concentration approached the solubility of CH after

220 min of hydration, i.e. at the end of our experiments. For this reason,

the calcium concentration was free to increase and no local sink was observed.290
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Then, following the model proposed in [37], we correlated the amount of calcium

released in solution at the interface with the C–S–H stoichiometry. In such a way,

we determined the x moles of Ca into C–S–H and, by mass balance, the z moles

of Ca into the solution (see Section 3.4). Adopting this strategy we were able

to pass from the dissolution rate constant experimentally determined through295

holography, which was based on the calcium release rate, to the dissolution rate

constant of the C3S phase according to Equation 3:

kC3S =

∑(
k

z

)
N

(3)

where the k was weighted on the number z of moles of calcium in solution

per mole of dissolved C3S and N was the number of holographic curves for300

each experiment. The mean dissolution rate constant of C3S in pure water was

kC3S = 19.8 ± 4.4 µmol·m−2·s−1. The dissolution rate constant in the lime

solution was inside the experimental uncertainty. We stress that this value is

the pure thermodynamic coefficient, free from any other phenomenon, such as

mass transport.305

The dissolution rate constant kC3S calculated from our experiments is in

agreement with the ‘first dissolution rate’ obtained from VSI measurements by

Kumar et al. [41]. Specifically, the rate obtained with an optical profilometer

was measured through rain-drop experiments that considered the first seconds

contact between the mineral surface and deionized water and repeated cycles310

using the virgin solvent. The value of 25.7 µmol·m−2·s−1 from [41], which relied

on topographical changes with time in the average height of the particles over

a scanning area, should be a good approximation of the dissolution rate con-

stant. The agreement with our value of kC3S, as well as the comparability with

dissolution rates provided by other VSI measurements [13, 20, 21], contributes315

to the validation of our methodology.

In light of the progress in geochemistry, the changes in the reactive surface

area during the hydration have been long debated [34, 42, 43]. Pustovgar et al.
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[4] have shown that hydroxylated Q0 silicate species were predominant during

the induction period of the hydration and persisted constantly up to the be-320

ginning of the deceleration regime at longer times of hydration. These silicate

monomers were not part of the polymerized structure of the C–S–H phase.

Therefore, we considered that the coverage of the hydration product may not

dramatically reduce the reactive surface area, as inferred by the distribution of

the above mentioned hydroxylated Q0 silicate species, during our experiments.325

We support the idea that, as long as the reactions occur on the substrate,

the loss of available surface may in part be compensated by the surface active

mechanism such as local etching [32]. For this reason, the surface area used in

this study was the geometric surface of the C3S discs (see Section 2).

In a recent work performed with the aid of fast nano X-ray computed to-330

mography, it has been assessed that different particle sizes of C3S grains may

dissolve at a similar rate per surface area [59]. This consideration, which ap-

pears less aligned with a dissolution driven by particle sizes [60], strengthens

the consensus towards our surface area treatment. On the other hand, spatial

dissolution rates obtained with the aid of beamline techniques, for instance by335

combining microstructure evolutions with phase-selective signals [61], beyond

not comparable with our methodology since never representative of far-from-

equilibrium conditions with respect to C3S, may vary with the particle sizes

and the stage of cement hydration.

The thermodynamic framework described in the next section illustrates the340

conditions under which our holographic experiments were carried out.

3.4. Interfacial pH and saturation state

An equilibrium approach was applied to assess the saturation state at which

our experiments were carried out. This approach started with the designation of

model points. In particular, five calcium concentrations of the aqueous solution345

included within the range of our experimental points were selected. These molar

concentrations corresponded to five Ca/Si ratios of the C–S–H phase [37]. A

third relationship with the time was defined by knowing the empirical law that
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connected our experimental points (black dashed line in Figure 5). In doing so,

we got the time at which the model points presented the model (Ca/Si)CSH .350

The model points’ conditions describing the time the aqueous solution was at

equilibrium with a particular C–S–H composition is reported in Table 1.

Table 1: List of model points’ conditions.

Time (min) [Ca]aq (mM) (Ca/Si)CSH

6.5 6.0 1.1

14.4 7.9 1.2

28.3 9.9 1.3

55.2 12.3 1.4

111.8 15.4 1.5

An empirical law that links the Ca/Si ratio of C–S–H to the equilibrium

constant of reaction has been reported by Blanc et al. [44]. Inspired by this

work we assigned a reaction stoichiometry to the five C–S–H end-members used355

as model points and we solved the equilibrium. The thermodynamic equilibria

are reported in Table 2.

Table 2: Equilibrium reaction and solubility product of the five C–S–H end-members.

REACTION log(KCSH
SP )

Ca1.1SiO2(OH)2.2(H2O) → 1.1Ca2+ + H3SiO−
4 + 1.2OH− -9.44

Ca1.2SiO2(OH)2.4(H2O) → 1.2Ca2+ + H3SiO−
4 + 1.4OH− -10.14

Ca1.3SiO2(OH)2.6(H2O) → 1.3Ca2+ + H3SiO−
4 + 1.6OH− -10.80

Ca1.4SiO2(OH)2.8(H2O) → 1.4Ca2+ + H3SiO−
4 + 1.8OH− -11.44

Ca1.5SiO2(OH)3.0(H2O) → 1.5Ca2+ + H3SiO−
4 + 2.0OH− -12.05

In order to determine the number of OH− ions, and thus the interfacial pH,

and partition the calcium species, a system composed of four equilibria was

solved for each C–S–H composition. The system included the equilibrium for360

C3S, the equilibrium for C–S–H, the chemical speciation of Ca, and the total

amount of Ca at equilibrium in solution (see Table 1). The solubility product of
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C3S extrapolated from dissolution rates was used [18]. In our system, we consid-

ered a deprotonated surface formed by H3SiO−
4 species. The equilibrium of C3S

was computed by considering the equilibrium for the silicic acid in Equation 4.365

[H4SiO
0
4] =

[H3SiO
−
4 ]

[OH−]
· 10−4.16 (4)

Through this operation, we simplified the system by getting rid of the H3SiO−
4

species. Indeed, only a tiny quantity of silicon was expected to lie on the in-

terface compared to calcium ions. We thus initially neglected the influence of

silicon on the interfacial pH. The mass balance was solved in the system below:370



[Ca2+]3[H3SiO
−
4 ][OH−]5 = 1.4 · 10−18

[Ca2+]r[H3SiO
−
4 ][OH−]s = t

[CaOH+] = [Ca2+][OH−] · 101.3

[CaOH+] + [Ca2+] = c

. (5)

where r and s are stoichiometric coefficients of equilibrium, t is the equilibrium

constant (see Table 2), and c is the total calcium concentration in solution (see

Table 1). The final graph of the evolution of the interfacial pH is shown in

Figure 6 (right).375

The pH of fresh and hardened cement pastes, among the available practices

[45], has been generally obtained by pore solution extraction [46, 47], and has

been measured either with a calibrated pH electrode or by titration. It has

been reported that the pH of Portland cement lies between 12.5 and may get

above 13 [45]. The interfacial pH values obtained for the experimental points380

by implementing the previously described approach ranged from 10.8 and 12.3.

These values took into account the coupled reactions (C3S dissolution and C–

S–H precipitation) occurring at the surface. We recall that these values did not

consider the pH buffering due to the precipitation of CH during the hydration

because our working concentration always remained below the CH solubility.385
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Figure 6: (Ca/Si)CSH versus time (left): model points and experimental points were used to

trace a trendline; pH versus time (right): the best fit of the model points follows a power law

and the experimental points were added to the curve.

The concentration of Ca2+ ions in the model points was calculated by rear-

ranging the equilibria (see system in Equation 5). The concentration of Ca2+

in the model points differed from the one in the experimental points by a fac-

tor that concerned the ratio between the equilibrium of C3S and the equilibria

of the C–S–H end-members. In such a way, the concentration of Ca2+ in the390

model points took into account the coupled reactions, while the concentration

of Ca2+ in the experimental points simply resulted from the calcium balance.

This difference was used to estimate the number of interfacial H3SiO−
4 species

at equilibrium. Accordingly, the average quantity of silicon species not captured

by the C–S–H phase was 1.6·10−4 mol/L. Lastly, the molar concentrations of395

Ca2+, H3SiO−
4 and OH− were used to compute the saturation index of C3S,

C–S–H and CH as shown in Figure 7.

The estimated index of saturation of C3S was -8.7 at 5 minutes of hydration

and approached the equilibrium at the end of our experiments. The index of

saturation of CH was -3.3 at 5 minutes, and similar to C3S, the interfacial400

solution composition stayed below its solubility for almost the entire length

of our experiments, as already shown in Figure 5. Any slight saturation in

CH toward the last investigated times is associated with our computation of
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Figure 7: Evolution of the saturation index of C3S, C–S–H, and CH. The curves included

the model points (empty markers) and the experimental points (filled markers). Equilibria of

C3S and C–S–H considered Ca2+, H3SiO−
4 , and OH− species. The equilibrium constant of

portlandite was KCH
SP = {Ca2+}eq {OH−}2eq = 5.1 · 10−6.

OH− species. As regards the C–S–H phase, the evolution of the saturation

index considered the variation of (Ca/Si)CSH during the hydration. The model405

predicted a slight undersaturation with respect to C–S–H up to 10 minutes

of hydration. These conditions corresponded to (Ca/Si)CSH lower than 1.2.

However, as predicted by implementing the ideal solid solution model [37], the

precipitation of C–S–H may occur almost spontaneously during our experiments

(see Figure 5). Therefore, the slight undersaturation with respect to C–S–H may410

arise out of a different C–S–H stoichiometry or a higher concentration of silicon

in the aqueous solution.
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Nevertheless, this strategy allowed the definition of the approximate inter-

facial saturation state at the hydrodynamic conditions used in this study. Fol-

lowing this approach, we make clearer how we succeeded in computing the pure415

dissolution rate of C3S by separating the effect of C–S–H precipitation occurring

at the surface of our platelets during hydration.

3.5. C–S–H precipitation

Determining the number of Ca2+ species, either in solution or incorporated

into the C–S–H phase was possible by following the previously described ap-420

proach (Section 3.3 and Section 3.4).

The molar concentration of Ca2+ ions within C–S–H was calculated from

Equation 6:

Ca2+CSH = Ca2+aq ·
x

z
(6)

where x and z are the moles of Ca2+ respectively in one mole of C–S–H and in425

solution.

The sum of Ca2+ ions released in solution and the ones used to build the

C–S–H phase gave the total amount of Ca2+ dissolved from the C3S surface

during the hydration. The amount of H3SiO−
4 ions dissolved from C3S and used

to form C–S–H was obtained from the dissolution stoichiometry of tricalcium430

silicate. The total concentration of Ca2+ and H3SiO−
4 detached from the C3S

surface during the hydration is shown in Figure 8. The evolution of H3SiO−
4

species may approximate the precipitation of the C–S–H phase. The interfacial

growth rate of C–S–H has been specifically studied in [48].

3.6. Dissolution rate law of C3S435

The standard rate law of dissolution is based on the transition state theory

(TST). For instance, rate laws based on the TST have been implemented on

the HydratiCA reaction-diffusion model [49] and have been used to model the

rate processes during the hydration of the C3S phase [50]. Describing a rate
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process by resorting to the classical TST means dividing the overall rate of440

reaction into elementary reactions that account for the reaction mechanism. The

slowest elementary reaction represents the rate-controlling step that regulates

the overall rate process.

The dissolution proceeds along the minimum Gibbs free energy path. The

undersaturation (Ω < 0) or deviation from the Gibbs free energy of reaction445

(∆rG < 0) is the driving force for the dissolution. Far-from-equilibrium con-

ditions are characterized by a dissolution plateau. Moving toward close-to-

equilibrium conditions a sharp linear decrease in the dissolution rate occurs in

a nonsigmoidal fashion.
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Recent studies of C3S dissolution, inspired by the progress of the under-450

standing of the atomic mechanisms underlying mineral dissolution, have led to

the refinement of the TST. Sigmoidal functions that describe the variation of

the rate with the deviation from the equilibrium have been observed for C3S

dissolution [18] and this functional form was interpreted as the signal of the

presence of dissolution stepwaves generated by etch pits at the crystal surface455

[12]. This model argues that the walls of pre-existing pits at the crystal surface

generate steps that propagate along the edges of the same atomic defects and

dissolve the crystal surface layer by layer. In this frame, the sigmoidal pat-

tern testifies the non-steady-state rate when passing from dissolution controlled

by the etch pit nucleation (far-from-equilibrium) to dissolution limited by the460

step retreat generated by screw dislocation lines intersecting the crystal surface

(close-to-equilibrium). These reaction mechanisms have been reported in cases

of study on the albite feldspar [51, 52], before being successfully applied to the

case of C3S [42, 43].

The methodology used in our study has assumed a first-order dissolution465

rate (see Section 2.1), thus the change of the dissolution rate of C3S from far to

close-to equilibrium was traced in Figure 9 (black curve) by using Equation 7:

R = kC3S ·
(

1− Π

Keq

)
(7)

where kC3S is the dissolution rate constant determined in this study, which is in-

trinsically normalized to the geometric surface area, Keq = {Ca2+}3eq {H4SiO4}eq470

{OH−}6eq = 9.6 ·10−23 is the equilibrium constant of C3S [18], and Π is the ionic

activity product in solution calculated accordingly.

As shown in Figure 9, the change of the dissolution rate was plotted as a

function of lnΠ(C3S), and our experimental values of lnΠ ranged from -90 to

-50.7. The first corresponded to the level of undersaturation of the solution475

with respect to C3S that can be reached at different times moving away from

the solid-liquid interface along the z-axis of the holographic cell (see Figure 1),
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while the second corresponded to the solubility of C3S. Our curve provided a

coherent view of the dissolution kinetics of C3S, characterized by the dissolu-

tion plateau far from the equilibrium and the linear decrease of the dissolution480

rate when approaching the equilibrium. There are still discrepancies between

the various experiments about the dissolution kinetics when moving toward

the equilibrium. Methods with a flowing or stirred solution are less suitable

for reaching so close-to-equilibrium conditions. The strength of our technique

relies on the fact that dissolution proceeds in a quiescent solution. This ab-485

sence of imposed stirring allowed the monitoring of a wide range of ln Π in the

cell, primarily making our methodology particularly appropriate for close-to-

equilibrium investigations. For this reason, we support that our dissolution law

may provide reliable values close to the solubility of C3S. Moreover, we would

stress that this curve, which relies on the classic TST, may well describe the490

real dissolution kinetics of C3S in consideration of the quality of the fitting of

our datasets assuming a first-order reaction.

Further dissolution data available in the literature, from samples dissolved

in deionized water or lime solution, were added in Figure 9. Dissolution rates

higher than as set forth in our confidence interval (see upper bound marked495

with a black dashed line in Figure 9) were not included.

Nicoleau et al. [18], who resorted to batch experiments and ICP measure-

ments, were the first ones to clearly exemplify the sigmoidal shape of the dis-

solution rate law of C3S and ascribed it to the presence of etch pits. The data

with the same [CaO]aq in the initial solution (5, 5.5, 8.5, 10.5, 11, and 15 mM)500

and a water-to-solid ratio of 10 were averaged and included in Figure 9. Juil-

land and Gallucci [13] performed VSI measurements on C3S surfaces dissolved

in solutions of different [CaO]aq concentration and back-calculated the satura-

tion state of the reacted solutions from the amount of dissolved material. The

data collected with the aid of a flow-through cell at fluxes of 9, 18, and 36 ml505

·min−1·mm−2 and having the same [CaO]aq in the initial solution (0, 2, 4.7,

7.85, 11.5, 15, 18, 20 mM) were averaged, normalized to zero-flow conditions by

linear regression and included in Figure 9. Interestingly, in the experiments of
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these last authors, dissolution rates from C3S samples reacted in deionized wa-

ter increased with the imposed flow rate and the rate at the dissolution plateau510

corresponded to 22.2 µmol·m−2·s−1 at zero-flow, hence close to our kC3S. Fur-

thermore, dissolution rates of C3S provided by other VSI measurements from

Robin et al. [20] and Marchon et al. [21] were included in in Figure 9. It is

worth noting that Robin et al. [20] have been able to evidence the discrepancy

between the dissolution rate of various single crystal faces of C3S and pointed515

out the non-monotonous shrinkage rate of the C3S grains during their hydra-

tion. Therefore, given the dispersion of the rates measured along different C3S

orientations, just a few averaged values were shown in our figure.

Beyond the degree of undersaturation, empirical laws used to describe the

dissolution of minerals may be expressed as a function of the solution pH and520

may take into account the dependency of the rate on the ionic strength of the

solution and/or ion-specific effects [57, 18, 41, 50, 58].

Here, in light of the selected data from the literature, we furnished possible

functions that can be used to describe the reduction of the dissolution rate of

C3S by approaching the equilibrium, assuming that our kC3S was independent525

of the [CaO]aq concentration of the hydrating solution. In compliance with the

TST and the dissolution theory by crystal lattice defects, we arranged Equation

7 by introducing fitting parameters with the aim of providing empirical laws for

the fitting of the data from the literature.

According to Equation 8, a TST-based curve with n = 0.2 was shown in Fig-530

ure 9, in order to highlight how this single exponent may vary the dissolution

path. For example, a similar rate law was adopted in the study of the disso-

lution of albite [53], and, in that case, the n-parameter was varied from 0.1 to

0.5. Sigmoidal curves were then obtained by the adjustment of both the fitting

parameters n and m. In particular, the m-parameter was varied to describe the535

non-linear dependency of the dissolution rate when approaching equilibrium due

to the control of crystal defects at the interface [54, 55, 56]. We observed that

the dataset from Nicoleau et al. [18] and the one from Juilland and Gallucci [13]

follow approximately the same trend and their close-to-equilibrium dissolution
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rates were empirically described by acting on the m-parameter.540

R = kC3S ·
(

1−
(

Π

Keq

)n)m

(8)

The sigmoidal fashion predicts that the dissolution of C3S is controlled by

pre-existing lattice defects that may drive the dissolution rate from higher levels

of undersaturation than what is predicted by using the TST formulation. Reduc-

ing the gap between the rates determined in literature with different methods, as545

well as the uncertainty associated with the computation of the activity of ionic

species, may help in providing the optimal combination of fitting parameters.

However, we would stress that, from a physical standpoint, these parameters

should be implemented in the solution of Fick’s equation (see Equation 2) to be

properly estimated along with the value of k. This strategy turns into consid-550

ering a higher reaction rate order, but this choice was discarded in light of the

quality of our data fitting.

At present, the availability of experimental techniques to determine pure

constants of reaction is still limited. Holographic interferometry may provide

reliable data on mineral phases, and previous implementations of this technique555

led to uncertainties on the dissolution rates lower than 15%, i.e., much lower

than standard dissolution methods [22]. The two main advantages of holo-

graphic interferometry for the study of dissolution are the ability to carry out

measurements with no flux imposed and to access in real-time the concentra-

tion field in the solution. The corresponding drawbacks lie in the fact that the560

technique is purely optical, and does not provide any chemical analysis. For this

reason, the computation of the concentration of the solution from its change of

index of refraction requires strong assumptions based on validating observation

techniques, like SEM, and chemical analyses, like ICP-AES. The application of

holographic interferometry is particularly convenient when the mineral present565

a simple stoichiometry and the surface is not affected by multiple reactions.

In the present study, as two reactions were occurring simultaneously, a careful

26



analysis of the data, including speciation calculations, was carried out to de-

duce correctly the dissolution rate from the concentration field. Therefore, the

processing of the optical data, resting on complementary techniques, makes this570

methodology less straightforward for the study of cement hydration than, for

instance, for the study of gypsum dissolution.

4. Conclusions

Accurate measurements of the dissolution rate are needed in order to in-

terpret the hydration of C3S. In this study, we turned to an unconventional575

optical technique with the aim of determining the dissolution rate constant of

the C3S phase in water and tiny quantities of [CaO]aq in the initial solution.

The experiments were carried out in supersaturated conditions with respect to

C–S–H and below the saturation of CH. A flat surface of C3S was monitored

in a quiescent solution. We related the variation of the index of refraction to580

the concentration of calcium ions released within the holographic cell and, with

attention to previous studies [37, 44], we constrained the aqueous solution com-

position to the C–S–H stoichiometry at the interface. The pure dissolution rate

constant of the C3S phase was determined: kC3S = (19.8 ± 4.4) µmol·m−2·s−1.

This rate corresponds to the rate at far-from-equilibrium conditions, hence not585

affected by the variation of the saturation state. Interestingly, the rate constant

obtained by the holographic interferometry study, which quantified interfacial

concentrations, was in close agreement with rates determined by topographic

investigations [41]. The variation of the dissolution rate towards the equilibrium

was obtained from our experiments with the rate law: R = kC3S(1−Π/Keq). To590

strengthen the consensus toward this new protocol, further details on interfacial

pH, saturation index of the phases, and precipitation of the C–S–H phase during

our experiments were provided. We encourage the use of our thermodynamic

constant on stochastic simulations to model cement hydration kinetics.
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Figure 9: Dissolution rate of C3S as a function of the natural logarithm of the ionic activity

product of the solution (Ca3SiO5 + 5H2O→ 3Ca2+ + H4SiO4 + 6OH−). The black solid line

represents the dissolution of C3S in deionized water and is a non-sigmoidal function complying

with TST (black dashed lines below and above display the experimental uncertainty due to

the standard deviation on the rate constant kC3S. Blue circles: data from Nicoleau et al. [18]

and collected in a reactor connected to an ICP spectrometer. The data with the same [CaO]aq

into the initial solution (5, 5.5, 8.5, 10.5, 11 and 15 mM) and w/s = 10 were averaged. Black

triangles: data from Juilland and Gallucci [13] collected with the aid of a a flow-through-cell

and VSI measurements. White diamonds: data from Robin et al. [20]. White squares: data

from Marchon et al. [21]. Functions including n and m parameters were added in different

colors.
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[55] J. W. Morse, R. S. Arvidson, A. Lüttge, Calcium carbonate formation and

dissolution, Chemical reviews 107 (2) (2007) 342–381.

[56] S. L. Brantley, Kinetics of mineral dissolution, in: Kinetics of water-rock

interaction, Springer, 2008, pp. 151–210.755

34



[57] D. Damidot, F. Bellmann, T. Sovoidnich, B. Möser, Measurement and
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