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The surface charge density of C-S-H particles appears to be one of the key parameters for predicting the
cohesion strength, understanding the ion retention, the pollutant leakage, and admixture adsorption in
hydrated cement pastes.

This paper presents a Monte Carlo simulation of the surface-ions interactions that permits the prediction of
surface charge density (0), electrokinetic potential () and ions adsorption of mineral surfaces in equilibrium
with a given electrolyte solution. Simulated results are compared to experimental data obtained by titration,
electrokinetic potential measurements and ions uptake in the case of C-S-H suspensions. An excellent
agreement is found between simulated and experimental results.

The wide spread idea that calcium is a potential determining ion in cement paste systems appears to be
incorrect. Instead, the pH controls the charging behaviour of C-S-H nano-particles. This paper also shows to

what extent the electrostatic interactions contribute to the measured Ca/Si ratio.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

It is now well established that calcium-silicate hydrate (C-S-H)
nano-particles are the main component of the cohesion of cement
paste. Attractive forces between them [1-5] lead to aggregation and
formation of the network that gives the mechanical and structural
properties of the cement paste and of the final concrete construction.
Recently, Delville et al. [6,7] and Jénsson et al. [8,9] have shown that
this attraction occurring between highly charged C-S-H particles
originates from the fluctuation of ion charges in the electric double
layer (EDL), so-called ion-ion correlations [10,11]. Hence, the surface
charge density of C-S-H particles appears to be one of the key
parameters for predicting the cohesion strength [12] and the structure
of the final concrete construction. On the other hand, the C-S-H
surface charge density is also a determinant factor for understanding
the ion retention and transport (diffusion and electro-migration), the
pollution leakage, and admixture (polyelectrolytes and polymers)
adsorption in cement materials [12-18]. But so far, little is known
about the ionization equilibrium of the silanol groups present at the
C-S-H/solution interfaces, i.e. variation of the C-S-H surface charge
with pH, ion concentration and valency, and so forth.

In a recent paper [19], we have presented a Monte Carlo simulation
(MC) method in the Grand Canonical (GC) ensemble [8,20,21], e.g. at
constant volume (V), temperature (T) and chemical potential (1), that
permits the simultaneous prediction of surface charge density (o) and
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electrokinetic potential (¢) of mineral surfaces in equilibrium with an
arbitrary electrolyte solution. The basic idea of the method is to
describe the macroscopic measurable surface charge density of a
mineral surface as the sum of the microscopic states of its surface
titrable sites interacting between themselves and with the surround-
ing ions. In a close relation to the “real world”, the surface charge
density of a mineral is thus determined by the probability to find an
ensemble of titrating sites in a deprotonated state. Following this
concept, a microscopic model of the solid/liquid interface have been
developed and reduced to its more simple form, see Fig. 1. That is, the
electrolyte solution is described by the primitive model where the
ions are represented as explicit charged hard spheres while the water
molecules are implicitly treated through a dielectric continuum. On
the other hand, only the titrable sites from the known structure of the
mineral surface are explicitly represented by charged or neutral
spheres (depending on their ionization state). The electrostatic and
hard-core interactions alone are considered in our approach. The
electrostatic being the more long-range and dominating interaction, it
is thought to be the main physical ingredient of a liquid system or a
solid/liquid interface. During our simulations, in addition to the usual
stochastic moves of a GCMC simulation (move of ion, exchange of a
salt pair with an infinite bath), the surface sites are individually
allowed to titrate. The MC simulations technique is described in
numerous text books. For a complete description of MC method, see
[22]. For each of these moves an associated energy is calculated which
involves all hard-core and coulombic pair interactions (ion-ion, site-
site, and ion-site). This constitutes the main difference with existing
charging process models [14,23-25] where all interactions and
titrations are averaged out through a mean field potential using the
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Fig. 1. A slab model of one C-S-H particle in contact with a salt solution. Titrating sites,
modelling silanol groups of the C-S-H surface, are treated as discrete and distributed on
a square lattice of dimensions 4.56 x 4.56 A2, Sites are allowed to titrate according to the
solution pH and composition. In the solution, red, dark blue and light blue spheres
represent OH ™, Ca?>* and Na™, respectively.

Poisson-Boltzmann equation. This means that in the latter the ion-
ion, ion-site and site-site correlations are neglected. However, as it
will be shown in this work, these correlations appear to be essential
for the understanding of ion adsorption, electrokinetic behaviour and
charge formation of C-S-H particles.

In the particular case of a C-S-H particle, the “macroscopic” surface
charge comes from the titration of many individual silanol groups
present at the C-S-H/liquid interface. The equilibrium reaction of one
particular silanol reads:

=Si-OH==Si-0 + H' (1)

Following basic thermodynamic and without losing any generality,
the intrinsic dissociation constant K, of one silanol group
corresponding to reaction (1) can be expressed as:

Ky = S0 2)
SiOH

Where as;o and as;oy are the surface activities of Si-O~ and Si-OH
groups respectively and ay is the activity of the proton. The latter can
be rewritten in a more convenient way:

oy Ysio _
ln(ﬁ) = ln(—SiOH> + In10(pH—pK,) 3)

Which relates the ionization fraction « of an individual silanol
group as a function of the activity coefficient y of its ionised and
protonated state, pH (—logay) and pKy ( —logKy).

From Eq. (3), one can recognize that the term on the left hand side
is the free energy change that we are looking for, e.g. change from
deprotonated to protonated state of a silanol group, and the first term
on the right hand side is the associated excess free energy change. It
follows that the free energy change for titration of a silanol group can
be expressed as [26]:

AU = AU, + kTIn10(pH—pKy)
AU = AU,—kTIn10(pH—pKp)

for protonation
(4)

for deprotonation

Where AU, is change in the total electrostatic energy (sum over all
species of the system) when a silanol is protonated or deprotonated, k
is the Boltzmann constant and T the temperature. These two last
equations define the energy for titration used in our Monte Carlo
simulations. No additional surface adsorption constant is used.

Obviously, within this model (see Eq. (4)), one can notice that AU
of silanol groups and thus their ionization states depends strongly on
the pH and electrostatic interactions AU, with the surroundings
species. AU, is also a strong function of the surface site density, salt
concentration and valency, suspension concentration as well as the
amount of other charged additives.

As we will show in this work, in addition to have a solid physical
basis, the main practical advantage of this new approach is that it
reduces the numerous fitting parameters (electric double layer
capacitances, effective adsorption constant of ions...) of the classical
Stern model [24,25] to two well-defined parameters, namely the
density py and the ionization equilibrium constant pKy of surface sites.
Here, py is taken equal to that of the homologue tobermorite
structure [27] (4.8 sites/nm?) and pK, to that of the first ionization
of the silicic acid (9.8).

The aim of this paper is twofold. On the one hand, we will show
how this new theoretical approach can improve the description and
understanding of the C-S-H/solution interface in terms of charging
process, electrokinetic behaviour and ion adsorption. On the other
hand, we will try to explain some of the implications of these results
for cement chemistry.

The paper is organized as follow: first a brief description of
materials and methods is given. Secondly, predicted and experimental
results of titration electrophoretic mobility measurements and
experimental adsorption isotherms obtained on C-S-H dispersions
are presented. After this, the results and their implications for cement
chemistry are discussed. Finally some conclusions are drawn.

2. Materials and methods

Since the experimental method and the technical details of our
simulations are described elsewhere [19] we shall only give in this
paper a brief description of them.

2.1. Experiments

C-S-H mother suspension has been prepared by mixing 5.946 g of
analytical grade calcium oxide (Prolabo), 9.724 g of colloidal silica
TA92 (Rhodia) and 791.50 g of distilled—deionised milli-Q water.
These proportions have been chosen in order to obtain C-S-H of Ca/Si
stoichiometric ratio equal to 0.66. The calcium oxide powder has been
decarbonated in a furnace at 1000 °C for 4 h. The milli-Q water has
been boiled to remove soluble CO,. Silica has not undergone any
treatment. The pH of the obtained suspension is 10.35 and the liquid
to solid ratio is 50.0. For the titration experiment, this suspension has
been used as it is while it has been diluted hundred times for the
electrokinetic measurements.

Titration experiments with C-S-H suspensions were carried out
between pH 10.35, the initial pH of our suspension, and 13.5. Care has
been taken to prevent contamination of solutions with CO,. Blank
solutions, having the same volume as batches used for the titration
experiments, that is 34.3 mL, were prepared to correct for minor CO,
contamination. The experiments were conducted by adding a known
amount of base (NaOH) to both blank solutions and suspensions.
Blank solutions and C-S-H suspensions were then aged and vigorously
shaken during 3 weeks to ensure a good equilibration. Finally, the pH
value and sodium and calcium content of both blank and supernatant
solutions of C-S-H suspensions (obtained after centrifugation) were
measured with a suitable high alkalinity pH electrode and inductively
coupled plasma absorption optical spectroscopy, respectively. The
resulting “adsorb” amount of sodium (Na®*) incorporated in the EDL,
the portion of sodium ions neutralizing the surface charge, and
consumption of hydroxide ions have then been deduced from
subtracting the total content of sodium and hydroxide remaining in
suspensions from that of blank solutions. The estimation of the surface
charge density from the pH variations has been done according to the
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procedure described in [39]. Shortly, it is the difference between the
OH™ added in the suspension and in the blank for a given pH value.
These results have been compared to the ones obtained from counter-
ions adsorption as described in [40]. In this case, it is the counter-ion
amount which is followed (difference between the counter-ions
added in the suspension and in the blank) considering that each
adsorbed counter-ion balances an ionised site at the surface when the
solid is isolated from the dispersion (electroneutrality of the solid). In
the present case, the C-S-H counter-ions are both Na™ and Ca?™ but
the concentration of the latter is negligible compared to the former
and has not been taken into account. Doing so, the error on the surface
charge density is less than 5%. We have not used the specific surface
area for analysing surface charge experiments, as it is often difficult to
measure properly. Instead, the total number of titrating surface sites
(silanols) have been determined from the known mass of reactant
used to synthesize the C-S-H and stoichiometric considerations. On
average, there are two OH functions per three silicon atoms from the
known structure and composition of C-S-H. By neglecting the
solubility of C-S-H (the solubility corresponds to a few millimolar of
silicates compared to more than 200 mM of silicates constituting the
C-S-H), one obtain: 2 Tsl"\‘,’fmz =1 0_791%734,\,,5{02 = 0.136 mol of
silanol groups per liter of suspension.

We consider all silanol groups as identical, that is, no distinction is
made between titrating sites situated at the inner or outer surfaces of
C-S-H crystallites. Therefore, in each batch used for titration, the total
amount of silanol equals: 0.136x34.3x103=4.66x10"> mol.
Table 1 gives the measured concentrations and pH in each suspension
and their corresponding blank solution. The variations of the
ionization fractions, calculated by both techniques (titration:
Ac(OH) and Na™ adsorption: Aa(Na)) are also listed.

Electrokinetic potential measurements of C-S-H particles were
conducted by electrophoresis using a COULTER DELSA 440 apparatus.
C-S-H suspensions used for this purpose were prepared in order to set
a liquid to solid ratio of 5000 in weight. The classical Smoluchowski
equation has been used to estimate the electrokinetic potential (¢)
from the electrophoretic mobility.

Retention of sodium ion by C-S-H was examined by Viallis et al.
[17,28] using the radioactive tracer technique. Sodium chloride
solutions were added to C-S-H suspensions (C/S ratios varying from
0.7 to 1.6 and liquid to solid ratio equal 20) so that the initial sodium
concentration varied from 10~ to 1 M in the various batches studied.
These batches were allowed to equilibrate while shaken for 10 days.
After that, 1078 M of 22Na isotope salt was added to the various
suspensions. After equilibration for a week, the suspensions were
centrifuged at 8000 rpm and the remaining 2?Na in the supernatant
were titrated by liquid scintillation. The “adsorbed” amount of sodium
ions was calculated to be the difference between the total amount of
added ??Na and the remaining 2?Na in the supernatant for each C-S-H
suspension studied.

Note that the usual term “adsorption” does not assume any specific
interaction or chemical binding between the ions and the C-S-H

Table 1

Data from the titration experiments. The sodium amounts are expressed in quantities
(mmol) in the C-S-H suspensions and in the corresponding (same quantity of NaOH
added) blank solutions. Ace(Na) is the variation of the ionization fraction calculated
from the sodium adsorption onto C-S-H. Aa(OH) is the variation of the ionization
fraction calculated from acid-base titration. See text for other details.

Napank  Nagusp Aa PHoiank ~ PHausp At [ca®*]  [si]
(mmol) (mmol) (Na) (OH) (mM) (mM)
0.00 0.00 0.000 10.35 10.35 0.000 132 2.50
0.28 0.25 0.006 1145 10.50 0.000 1.74 3.20
0.53 0.40 0.028 12.10 10.95 0.060 0.40 4.38
0.86 0.53 0.070 12.30 11.45 0.129 0.08 528
1.59 0.91 0.145 12.55 12.10 0.225 0.01 2.57
3.99 2.73 0.270 12.80 12.65 0.339 0.003 0.69
11.32 9.35 0.422 13.35 13.00 0.536 0.001 037

surface. It only refers to the ion uptake from the solution to the
surface.

2.2. Model

2.2.1. Parameters

In our model, the numerous fitting parameters (electric double
layer capacitances, effective adsorption constant of ions...) of the
classical Stern model [24,25] are reduced to two well-defined
parameters, namely the density py and the ionization equilibrium
constant pKj of surface sites. More precisely, the intrinsic equilibrium
protonation/deprotonation constant of the surface groups is taken to
the one of the first deprotonation of silicic acid (pKo=29.8) and the
surface site density is taken equal to that of the homologue
tobermorite structure [27] (4.8 sites/nm2). Beside, the radius of all
charged species is set to 2A for simplicity reasons. Finally, in
agreement with a recent theoretical work of Lund et al. [37] where
it was found that the low dielectric interior of a colloid, such as C-S-H,
is largely negligible, it is approximated with a uniform high dielectric
constant equal to that of the solvent (g.=78.6).

Despite its simplicity, the primitive model is generally found to be
extremely robust. Indeed, recently, Abbas et al. [38] performed
extensive series of MC simulations in order to explore the validity of
the primitive model of electrolyte solutions to describe the bulk
thermodynamic properties of real salt solutions. lonic activity and
osmotic coefficients were calculated for 1:1, 2:1 and 3:1 electrolytes
by adjusting only the cation radius while keeping the anion radius
fixed at its crystallographic value. Unexpectedly, a good agreement
between simulations and experiments could be obtained up to few
molars for 1:1 salt solutions without the need to reduce the dielectric
constant of the liquid medium. In the case of 2:1 and 3:1 salts, the
range of validity is more restricted i.e., below few hundreds mM, but
still more than enough for the present study and cement systems in
general.

A useful parameter that characterizes the ionization state of a
surface is the fraction of ionised groups defined as:

a=— 5)

where F is the Faraday constant, py the sites density and o the surface
charge density.

2.2.2. Simulation details

The dimensions of the C-S-H surface were always larger than
100% 100 A2 ensuring a total number of sites higher than 400. The
third dimension of the simulation box was scaled accordingly, but
never less than 100 A, imposing a number of ions larger than 300. 10°
moves per mobile particle were attempted in each GCMC run. A
method, introducing by Torrie and Valleau [21], is used to treat the
long-range contributions of the Coulomb energy in a slab geometry.

During the simulations, the ions are allowed to exchange with a
reference bulk solution of set chemical potentials p; and thus
concentrations c;. The chemical potentials of all ions (and thus pH)
is precomputed in a separate simulation using the modified Widom
method [29].

2.2.3. Zeta potential

The electric potential profile in the double layer is calculated from
the predicted ion concentration profiles by integrating twice the
Poisson equation [25]. The so-called electrokinetic or zeta potential §
is generally assumed to be equal to the “diffuse potential” [25]. In our
simulations, a shift of one and half ion diameter (6 A) per surface is
assumed for the plane where the zeta potential is thought to be
measured. It has to be noted that the choice of the latter is not crucial
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since the electric potential varies slowly for distances larger than one
ion diameter from the C-S-H surface.

Titrations were performed using the experimental conditions at
equilibrium i.e., the measured concentrations and pH at equilibrium.
In other words, simulations give the amount of adsorbed ions and
fraction of ionised site (charge density) for set chemical potential of
ions.

Ion adsorption was obtained by summing up (integrating) the
excess ion concentration profile at the C-S-H interface.

3. Results
3.1. Surface charge

The simulated increase in the ionization fraction (o) as the pH
goes up is illustrated in Fig. 2 for a C-S-H particle next to increasing
Ca(OH), salt concentration. The ideal curve corresponding to non-
interacting sites is given for comparison, in which case 50% of the sites
are by definition ionised for pH = pKo. In the case of fully interacting
sites (between themselves and with ions in solution) the strong
electrostatic repulsion between sites prevents them to be “ideally”
ionised. That is as;_o becomes different from cs;_o and thus the apparent
pK of sites (defined by the pH for which cs;_o/Csi_on=1) is shifted to
higher pH value. For the calcium curve a shift of more than 1 pH unit is
found. Obviously, the electrostatic interaction between titratable
groups depends strongly on the surface site density, salt concentration
and valency, suspension concentration as well as the amount of other
charged additives, see [19]. As a single example, if it would be possible
to replace calcium ion by sodium ion a significant decrease in o would
be found, see Fig. 2. This behaviour is mainly explained by the strong
ability of the divalent Ca?>* counter-ion to compensate (screen) the
surface charges. It has been found through MC simulations, not
illustrated here, that even a 1M 1:1 salt would result in a lower
surface charge density than 20 mM of a 2:1 salt for the same pH value.

The experimental and simulated titrating curves of a C-S-H
dispersion in a 2 mM calcium hydroxide solution are given in Fig. 3.
As mentioned before, C-S-H dispersions were chosen to contain a
small amount of calcium ions at low pH value, but, even under this
condition, the C-S-H surface is partially ionised and hence the
complete surface charge titration cannot be determined by experi-
ments alone. That is why the net increase of o (Aa) instead of « is
reported in the figure. A very good agreement is found between
simulated and experimental Act.

Fig. 2. Simulated ionization fraction, o, versus pH for various bulk conditions: dotted
line and squares Ca(OH); salt solution; dotted line and filled circles NaOH salt solution.
The ideal curve (solid line) is given for comparison.
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Fig. 3. Comparison between experimental (points) and simulated (line) net increase of
the ionization fraction (Aa) as a function of the pH for C-S-H nano-particles dispersed
in solution containing a low bulk calcium concentration.

3.2. Electrokinetic potential

In Fig. 4, the simulated electrostatic profile for a surface next to a
bulk electrolyte solution containing Ca(OH), salt is plotted. As it can
be seen, non-monotonic profiles are found for surfaces at large
concentration of Ca(OH),. Classically, the electrical potential (¢$) at
the surface is negative, having the same sign as the surface charge,
and increases for increasing distance from the C-S-H surface, but, for
[Ca(OH),]>2 mM and at distances larger than ~2 A (one half diameter
of a calcium ion), ¢ reverses its sign and increases further reaching a
maximum at ~5 A. The potential reversal is an increasing function of
pH and calcium concentration. In other words, with an increasingly
negative surface charge and high calcium concentration, ¢ both
becomes more negative at the surface and more positive at few A
from the surface. For such conditions a reversal of the electroki-
netic potential measured through electrophoretic measurements is
expected.

The predicted and through electrophoretic mobility determined
electrokinetic potentials (¢) as function of the Ca(OH), concentration
are compared in Fig. 5 for an increasing concentration of Ca(OH),. A §
reversal is found at a concentration of ~2 mM of Ca®* as predicted by
simulations. However, calculation based on the Poisson-Boltzmann
equation (PB) is not able to predict such a behaviour: it gives a
uniform negative zeta potential. The agreement between the GCMC
simulations and experiments is excellent for the whole range of lime
concentration and for various bulk conditions (mixed Na/Ca salt
solutions, pH, concentrations) [19].

3.3. Ion retention

Anion adsorption is illustrated in Fig. 7 for a C-S-H surface next to a
bulk solution of mixed CaCl,/Ca(OH), salts containing 20 mM Ca™
for varying bulk pH. It is found that the anion adsorption is an
increasing function of the pH and calcium concentration. In other
words, in the presence of calcium ions, the more the negatively
charged surface of C-S-H is high the more anions are adsorbed.

Adsorption isotherms of sodium ions for different C-S-H disper-
sions have been measured by Viallis et al. [17,28]. Two such isotherms
are presented in Fig. 8 for C-S-H dispersion of C/S 0.7 and 1.6 and are
compared to GCMC predictions. In the simulations, bulk solution
containing a calcium hydroxide concentration of 2 mM and 20 mM for
C-S-H having a C/S of 0.7 and 1.6 was assumed, respectively. When
increasing the sodium salt concentration, neither experiments nor
simulations show saturation of “adsorbed” Na* ions. Instead, a linear
response (of Freundlish type) is found. What is more, the amount of
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Fig. 4. Electrical potential (¢) profile as a function of the distance normal to the C-S-H
surface (x) for increasing bulk concentration of Ca(OH),.

“adsorbed” sodium ions is less for high C/S values, i.e. high surface
charge (high pH) and calcium concentration. The experimental results
are found to be in good agreement with the GCMC predictions.

4. Discussion
4.1. Surface charge of C-S-H

The first information of importance is that the surface charge of
C-S-H is seen from experiments in agreement with the theory (Figs. 2
and 3) to remain negative whatever the calcium concentration and the
pH is. At first sight, this result can appear to be in contradiction to the
observed reversal of the electrokinetic potential (Fig. 5). We will clarify
this apparent discrepancy below. On the other hand, it is in
disagreement with the previous statement [11,23,30] that calcium ion
is the potential determining ion of cement system (PDI). In this case,
one would observe a change in sign of the surface charge of C-S-H. We
will develop this issue in the forthcoming paragraph.

The very good agreement found between experiments and theory
(Fig. 3) indicates that electrostatic interaction is the main ingredient
that cause the titration of individual silanol groups of C-S-H nano-
particles leading to the macroscopically and observable surface
charge. This means that specific ion adsorptions, if they exist, seem
to play a negligible role in the charge formation of C-S-H. Our
microscopic approach can, thus, be coupled with our preceding

40 T T T

£ (mv)

-120 cemm R -

0 5 10 15 20 25
CeaoH), (MM}
Fig. 5. Zeta potential determined from GCMC (solid curve) and electrophoretic mobility

experiments (empty circles) versus bulk Ca(OH), for a C-S-H dispersion in pure lime
solutions. The results of the mean field theory (dashed curve) are given for comparison.

simulations of surface interaction, see [8,9], to predict the interacting
force between two C-S-H particles with well-defined physical
parameters. Hence, one can have a quick and qualitative picture of
the cohesion strength of the final material.

4.2. Charge reversal

Although the surface charge density of C-S-H remains negative
upon addition of lime the reversal of the zeta potential is accurately
predicted by our simulations (Figs. 4 and 5). This means that the
charge reversal is apparent: an ion at x>2 A feels an electrostatic
potential whose sign is opposite to that of the surface, see Fig. 4.
Physically, it is explained by an important accumulation of multiva-
lent counter-ions, here calcium, in a thin layer close to the surface of
C-S-H which more than neutralised its surface charge and results in its
overcharging. This phenomenon has been studied in numerous papers
[8,10,11,19,31] and is known to be manifestation of charge fluctua-
tions (ion-ion correlations) that occur in the EDL for strong surface
charge next to a solution containing multivalent counter-ions.
Comparison with zeta potentials, Fig. 5, predicted by the Poisson
Boltzmann equation (mean field theory), which, in opposition to
experiments, do not exhibit a sign reversal, emphasizes the important
role of ion-ion correlations.

Several conclusions can be drawn from these results. Firstly, it
confirms that the formal surface charge remains negative, even for the
highest lime concentration, while the charge reversal found through
electrokinetic measurements is only apparent. Indeed, the surface
charge becomes more and more negative as the Ca(OH), concentra-
tion (or pH) is raised, see Fig. 6. The calcium ions are not chemically
but physically adsorbed to the C-S-H surface. In other words, most of
calcium ions are not bound (chemically bound) to the C-S-H surface
but rather closely accumulated to the C-S-H surface due to
electrostatic interactions.

Secondly, according to the definition of Hunter and Lyklema [25],
adsorbates are best regarded as specifically adsorbed species rather
than contributing to the surface charge: they are not potential
determining ions (PDI). Consequently, the wide spread idea that
calcium is a PDI [11,23,30] in cement paste systems, even though it
dramatically affect the activity of the surface sites and thus the surface
charge, appears to be incorrect. Instead, the activity of the proton, and
thus the pH, controls the charging behaviour of C-S-H nano-particles
through the equilibrium Eq. (1). Hence, the proton is the PDI. Note
that this is not in contradiction with the fact that the electrostatic
interaction between titrable groups, and thus o, depends strongly on
the surface site density, salt concentration and valency, suspension
concentration as well as the amount of other charged additives.

Finally, we would like to point out that for lime concentrations
below 2 mM the surface charge density exhibits an abrupt change, see
Fig. 6, while, interestingly, for the same concentration range a phase
transition for C-S-H is known to occur [32]. The surface charge density
may be the significant physical parameter that drives this phase
transition.

4.3. Anion adsorption

A consequence of the build up of an overcompensating counter-ion
layer outside the surface as pH increases, is the formation of a co-ion
layer at 5-10 A from the surface, see Fig. 7. The co-ion layer (CI~ +0H™)
neutralizes the overcompensated surface charge of C-S-H by calcium
ions. It is promoted by the high surface charge of C-S-H and increases
with calcium ion concentration [8,19]. This result qualitatively explains
the adsorption of chloride, sulphate and phosphate ions as well as
negatively charged polyelectrolytes observed in cement paste and C-S-H
dispersion systems [17]. This is of prime interest, since chloride are
known for leading great corrosion damaged to reinforcement bars,
sulphate for the formation of ettringite and the successive expansion of
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Fig. 6. Predicted surface charge density (0p) as a function of the bulk Ca(OH), for C-S-H
nano-particles dispersed in pure lime solution.

cement or concrete, and poly-electrolyte for their properties as super-
plasticizer. However, it is the first time, to our knowledge, that the anion
adsorption in hydrated cement is explained by electrostatic alone, i.e.
without invoking the change in sign (from negative to positive) of
the C-S-H surface charge and/or the specific chemical adsorption of
species.

4.4. Cation adsorption

Again, the electrostatic interactions are the major contribution that
drive the cation “adsorption” at the C-S-H/solution interface, see
Fig. 8. The observed behaviour of Na*, non saturating adsorption, is
thus the result of the competition of Na*™ and Ca®* in the EDL. That is,
when the negative charge of C-S-H is high (high C/S), more sodium
ions are needed for replacing the calcium counter-ion and thus less
sodium are incorporated in the EDL. This is illustrated in Fig. 9 where
the counter-ion concentration profiles are plotted for a C-S-H surface
next to a bulk solution for pH 12.48 containing 100 mM NaCl and
20 mM Ca(OH)s. Fig. 9 clearly shows that in the vicinity of the C-S-H
surface, for x below ~6 A, the concentration of the monovalent Na™
counter-ion is much lower than ccq.+ even if cyg2+ is 5 time greater
than ccg - in the bulk.
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Fig. 7. Simulated monovalent co-ion profile as a function of the distance normal to the

surface for C-S-H nano-particles in equilibrium with a bulk solution of mix salts, Ca
(OH),/CaCl,, containing 20 mM Ca?* and varying the pH value.
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Fig. 8. Experimental and simulated amount of sodium ions “adsorbed” per silica (Na/Si)
versus bulk sodium concentration for two C/S ratio and Ca(OH),/NaCl mixtures. Dotted
lines are guides for the eyes.

4.5. C-S-H stoichiometry

Finally, let us discuss the stoichiometry of C-S-H in terms of
measured C/S ratio. We have shown that an apparent charge reversal
could occur at sufficiently high pH and calcium concentration and it is
the result of the overcompensation of the C-S-H charge by an
accumulation of calcium counter-ions close to the surface. A question
therefore arose: to what extent the electrostatic interactions
contribute to the measured C/S ratio? The answer is illustrated in
Fig. 10. The results are presented in term of physically “adsorbed”
calcium per surface sites (Ca/SiO). For the highest concentration of
Ca(OH), studied, a Ca/SiO as large as 0.48 is found. One is led to
conclude that the electrostatic contribution to measured C/S ratio is
important especially for high bulk pH values and calcium concentra-
tions. This means that calcium ions that are physically accumulated
at the C-S-H/solution interface cannot be neglected when interpret-
ing measurements of C/S. In other words, measured C/S does not
reflect only the chemical composition of C-S-H particles and thus,
caution should be used when manipulating such an apparent
parameter. As an example, S. Garrault [33] has found noticeable
decreases of measured C/S ratio when adding large amount of NaCl to
C-S-H dispersions. This can be simply explained in terms of
electrostatic interactions — see above. On the other hand, the high
C/S (>1.5) of C-S-H found by Nonat and Lecoq [33-35] cannot be
explained by electrostatics alone.
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Fig. 9. Simulated counter-ion concentration profiles for a C-S-H surface next to a bulk
solution containing 20 mM Ca(OH), and 100 mM NacCl at pH 12.48.
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Fig. 10. Simulated amount of calcium “adsorbed” per silanol group of C-S-H as a
function of the bulk Ca(OH), concentration.

5. Conclusion

In this work, we have reported results from grand canonical Monte
Carlo simulations of the surface charge density, ionic adsorption
isotherm and electrokinetic potential of C-S-H particles in equilibrium
with various electrolyte solutions. In these simulations, the C-S-H
surface is modelled by explicit ionizable surface sites, mimicking the
protonation and deprotonation of silanol groups, distributed on a
square lattice surface. Only two parameters are needed in order to
describe the surface titration, namely an intrinsic dissociation
constant and a surface site density. The density and the intrinsic
dissociation constant have been taken equal to that of the homologue
tobermorite structure (4.8 sites/nm?) and that of the first ionization of
silisic acid (pK, =9.8), respectively.

Computed and experimental data of C-S-H dispersion titration
have been compared. Results from both experiments and simulations
are in very good agreement with only two well-defined physical
parameters. This indicates that our theoretical approach has a sound
physical basis.

GCMC simulations have allowed us to predict quantitatively the sign
reversal of ¢ observed through electrophoretic measurements of C-S-H
dispersions in lime solution of varying concentration. The sign reversal
of ¢, often interpreted as charge reversal, is, in fact, caused by strong
physical adsorption of calcium ions in the vicinity of the C-S-H surface
induced by ion-ion correlations which leads to an overcompensation of
the still negative surface charge density, e. g. the charge reversal is
apparent. The affinity of calcium ions for the C-S-H particles is the result
of the electrostatic interactions alone: no specific chemical adsorption
occurs. As a consequence, the increase in the C/S ratio of C-S-H with
increasing lime concentration can be explained, until C/S = 1.5, without
invoking a specific binding of calcium ions.

Such a surface behaviour may be extended to the case of tri-
calcium-silicate surface as well. As a matter of fact before dissolution
and as soon as the surface is in contact with water, surface SiO4~ are
hydroxylated [33,34,36] and Cs3S surface presents then a silanol
surface density close to C-S-H. That is why, while it is not yet hydrated,
the electrokinetic behaviour of C3S suspensions in lime solutions is the
same as C-S-H suspensions [28,30].

Finally good agreement is found between experimental and
predicted adsorption isotherm of sodium for various NaCl/Ca(OH),
electrolyte mixtures. This leads us to expect that our theoretical
approach can be useful for the prediction of the cement ability to
retain pollutions such as heavy metal ions. Same kind of work
concerning the predicted adsorption of anions and polyelectrolytes
isotherms is in progress and will be published in a foregoing paper.
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