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A B S T R A C T   

Alkali-silica reaction (ASR) is one of the most important concrete durability issues worldwide. ASR products 
formed at high temperature have a structure similar to the natural mineral shlykovite. Reactive Grand Canonical 
Simulations were used to investigate sorption of K+, Cl− and Ca2+ on C-S-H and ASR products at different pH 
(10.0 to 13.0) and pore water chemistry. Divalent ions can overcompensate for the negative surface charge, in 
particular for C-S-H, which leads to a co-adsorption of negative species such as Cl− . At high K/Ca in solution, 
monovalent K+ can desorb calcium from C-S-H and shlykovite surface. The calculated Ca/K partition coefficient 
shows a higher affinity of ASR product for K+, while C-S-H favours Ca2+. The uptake of K+ by ASR products 
lowers the alkali concentration in the solution and could thus slow down the rate of ASR.   

1. Introduction 

The alkali-silica reaction (ASR) is one of the most important degra-
dation mechanisms affecting concrete structures worldwide [1,2]. ASR 
is a chemical reaction within the aggregate with significant volume 
change, which results in expansion and cracking of the concrete struc-
ture [3]. Despite the great number of research studies carried out in the 
last 80 years, the mechanistic link between chemical reactions and 
mechanical consequences is poorly understood. Certain minerals in the 
aggregates can react with the high-pH pore solution of the concrete to 
form a “gel”, as the ASR products are often referred to in literature. Such 
ASR products consist of alkali, calcium, silica and water with an 
approximate composition [(K2 + Na2)O]0.3–0.9(CaO)0–0.3[Si4O8]×nH2O, 
where calcium is mainly supplied by the concrete pore solution [4–6]. 
Various crystalline ASR products such as K-shlykovite and Na-shlykovite 
have been synthesized in the laboratory at 80 ◦C [7]. These ASR prod-
ucts have also been observed in concrete samples subjected to acceler-
ated ASR conditions between 60 and 80 ◦C [8]. The short-range atomic 
structure of crystalline K(or Na)-ASR products is similar to the structure 
of the natural mineral shlykovite (KCa[Si4O9(OH)]⋅3H2O) [7,9,10]. 
Shlykovite has a layered structure and crystallizes in the monoclinic 
P21/c space group (Fig. 1). The layers of Ca octahedra are located in the 

rectangular plane a × b plane with the 2D lattice dimensions 6.51 × 7.04 
Å. The layer of Ca octahedra is sandwiched in-between two sheets of Si 
tetrahedra forming 8-member rings. The center of these rings are 
occupied by potassium ions. One apical oxygen atom in the 8-member 
silica ring is represented by an OH group. This OH site is believed to 
be reactive in contact with electrolyte solution. Whether and to which 
extent other cations such as K+, Na+ or Ca2+ could replace H+ on the OH 
site is not known, although such a replacement is expected based on the 
variation in the measured K/Si, Na/Si and Ca/Si ratios on synthesized 
ASR products [7,11] and ASR products formed in concrete [4]. 

Calcium silicate hydrate (C-S-H) is the main phase in hydrated 
Portland cements. C-S-H is a poorly ordered solid phase with a variable 
Ca/Si ratio depending on the availability of Ca and Si. Its structure can 
be described assuming a defect tobermorite structure, i.e. a calcium 
oxide layer with wollastonite type silica chains (“dreierketten” struc-
tures, i.e. repeating sequence of three silica tetrahedral) attached to both 
sides of the Ca layer [12,13]. Two “pairing” tetrahedra are linked to the 
calcium oxide layer, while a third, bridging tetrahedron (omitted in 
Fig. 1) links the two pairing tetrahedra [14,15]. Several such sheets form 
poorly ordered stacks, which are held together by water, interlayer 
cations (calcium as well as alkalis and other ions) in the interlayer space 
[16,17]. The deprotonation of the hydroxyl groups on the silica and 
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calcium leads to a negative surface charge, which can be compensated 
by Na+ or K+ or even overcompensated by bivalent cations such as Ca2+

[18–20]. 
The uptake of Na+ and K+ on C-S-H lowers, significantly, the alkali 

concentrations in the surrounding solutions [16,17,21,22] and thus the 
pH values in the pore solution of the concrete [23,24]. Lower pH con-
ditions slow down the dissolution of the Si-rich aggregates in concrete 
and thus lower the tendency to form ASR products [25–28]. The uptake 
of Na+ and K+ by C-S-H is suppressed in the presence of high calcium 
concentrations as well as at high Ca/Si in the C-S-H [16,17,21]. Another 
important effect is the replacement of alkalis sorbed on the surface of C- 
S-H by Ca2+. These alkali ions released by C-S-H can then contribute to 
the formation of ASR product over long times. It has been suggested that 
the release of alkalis bound in ASR products due to the replacement by 
Ca2+, which is called “alkali recycling”, could be a main factor to drive 
the continuing formation of ASR at late ages [29,30]. The understanding 
of the sorption of Ca and alkalis on C-S-H and ASR products and their 
relative stability is thus of importance for the long-term stability of 
structures affected by ASR. 

The key mechanism responsible for the ion uptake by C-S-H and ASR 
product is the electrostatic attraction between ions and charged surface 
sites formed by deprotonation of the silanol groups in alkali solution. As 
shown in Fig. 1, the C-S-H and ASR product surfaces have very different 
density of surface silanol groups. Assuming similar hydrolysis constants 
for these groups on the C-S-H and ASR product surface, the net surface 
charge density is expected to be very different and therefore lead to 
different sorption ability and surface electrokinetic properties of both 
phases as function of pH. These atomic scale differences should result in 
macroscopically different sorption dynamics and partitioning of Ca and 
alkali ions between C-S-H and ASR products. 

Closely following the modelling approach earlier developed in 
[19,20,31], we apply reactive Grand Canonical Simulations to investi-
gate the uptake of Ca and alkali ions by the surface of ASR product and 
C-S-H phases. The model used in this work relies on the explicit 

treatment of the electrostatic interaction between specific surface sites 
undergoing to de− /protonation reactions and the finite ion size, 
whereas the solvent is treated as dielectric continuum. This model 
provides a mechanistic link between atomic scale structural properties 
of minerals and their thermodynamic sorption behaviour. 

2. Methods 

2.1. ASR structural model 

The structure of a shlykovite platelet was taken as the basis of 
structural model for the simulation of ion uptake by ASR product with 
reactive GCMC. In a similar way, the structure of tobermorite with 
omitted bridging tetrahedra is considered as structural prototype for C- 
S-H (Fig. 1). 

In the reactive GCMC simulations, the ions are represented by 
charged hard spheres with a finite size, whereas the solvent molecules 
are modelled implicitly by homogeneous dielectric continuum with the 
constant relative permittivity equal to the one of bulk water, ε = 78. All 
aqueous ions were assumed to have one and the same ionic radius equal 
to 2.0 Å. This effective radius represents the ion and its hydration shell. 
The model corresponds to the so-called restricted primitive model of 
electrolyte and has been successful in predicting thermodynamic prop-
erties of electrolyte solutions in a wide range of conditions [33]. The 
ASR product and C-S-H surfaces are represented by an infinite planar 
wall containing a rectangular lattice of point lattice sites. These surface 
sites are distributed according to the location of reactive ≡SiOH groups 
in the structure of tobermorite and shlykovite. These reactive ≡SiOH 
surface sites can protonate or deprotonate according to reaction 1. 

≡ Si(OH)
0
+H2O ↔ ≡ SiO− +H3O+ (1) 

The corresponding equilibrium constants are set to pKa = 9.8, which 
is the first protonation constant of silicic acid in aqueous solution. The 
details of the simulation algorithm and the statistical mechanics 

Fig. 1. Structure of natural mineral shlykovite (from [7,32]), tobermorite [12] with omitted bridging tetrahedra (top), and the model representation of ASR product 
and C-S-H in the GCMC simulations (bottom) as a set of point sized titratable silanol groups with site densities of 2.2 and 4.8 nm− 2, respectively. 

N. Krattiger et al.                                                                                                                                                                                                                               



Cement and Concrete Research 146 (2021) 106491

3

background are described elsewhere [19,20,22,34]. 

2.2. System setup in GCMC 

The reactive bridging tetrahedra in the tobermorite structure [12] 
are distributed on a 2D regular rectangular mesh with 5.65 × 7.36 Å2 

lattice dimensions. The average surface site density for the C-S-H model 
is 4.82 sites nm− 2, identical to our previous simulations [20,22]. The 
reactive surface sites in the shlykovite structure are also located on a 
rectangular grid with the surface site density 2.18 sites nm− 2. 

Equilibrium distribution of ions and the protonation state of the C-S- 
H surface is obtained by Monte Carlo simulations in the Grand Canonical 
ensemble (i.e., constant chemical potential, volume and temperature), 
using the standard Metropolis algorithm. In addition to the conventional 
GCMC insertion/deletion of ion pairs in the simulation box, the surface 
sites were allowed to titrate according to the reaction in Eq. (1). The 
deprotonation of the surface sites corresponds to a change of their 
charge state from “0” to “-1”. 

The simulation boxes for ASR product and C-S-H had 130 × 141 ×
200 Å3 and 181 × 177 × 200 Å3 dimensions, respectively, with an 
exception of the titration experiment in Ca(OH)2 at pH 10.0 and 10.5, 
where a bigger 500 Å long box normal to the surface was used to 
accurately represent diffuse double layers. The simulated ASR product 
and C-S-H surfaces comprise 400 and 1536 lattice sites respectively. The 
long-range electrostatic interaction was treated using charge sheet 
model [35]. 

Ion profiles and the electrostatic potentials in the system were ob-
tained by averaging the atomic configurations from at least 500′000 MC 
cycles. Each particle in the system is attempted to move within the MC 
cycles. At least 10% of the MC cycles included the GCMC steps 
attempting insertion/deflection of the ions in the system and de-re- 
protonation of the surface sites. Prior the production runs each system 
was equilibrated until the thermodynamic parameters (e.g. energy and 
composition) fluctuated around a constant mean value. The statistical 
variance of the results was estimated using block averaging. 

The adsorption properties of ASR product and C-S-H were investi-
gated for several systems containing mono and divalent cations in a 
range of pH between 10 and 13.0: in pure Ca(OH)2 solution, in a mixture 
of KOH and CaCl2 with constant calcium concentration of 2 and 20 mM, 
and in a mixture of KOH with 0.5 KCl and 0.1 KCl solution. In each 
simulation, the corresponding base concentration was adjusted to 
maintain the required pH of the bulk electrolyte solution, the possible 
precipitation of portlandite, and of C-S-H in the case of ASR product, was 
not taken into account. The chemical potentials of ions for GCMC 
simulation were calculated in a separate set of simulations of bulk 
electrolyte using modified Widom particle insertion method for elec-
trolyte solutions [36]. 

The excess surface adsorption of cations and anions at the interface 
was calculated according to Eq. (2). 

S(L) =
∫ L

0
(c(x) − c0 ) dx (2) 

In practical calculations, the box size is selected big enough that the 
bulk electrolyte concentration c0 is reached well within the box 
boundaries. It is important to realise that if the concentrations 
throughout the domain were constant and equal to the concentrations of 
the bulk electrolyte solution, the calculated adsorption for ions of finite 
size would have been negative, according to the Eq. (2). This is because 
the ions of finite size have a maximal approach distance, resulting in an 
exclusion volume near the surface. A positive value of the sorption 
suggests that the ion depletion in the exclusion volume is over-
compensated by the ion accumulation at the interface above the con-
centration of the bulk electrolyte. 

Partitioning of Ca and K between ASR and C-S-H is described by the 
exchange reaction (Eq. (3)) and the corresponding partitioning 

coefficient (Eq. (4)). Knowing the total concentration of the adsorbed 
potassium and calcium ions at the ASR product and C-S-H surfaces the 
thermodynamic partition coefficient can be calculated. 

[Ca]ASR + [K]C− S− H = [K]ASR + [Ca]C− S− H (3)  

KD =
[Ca]C− S− H

[K]C− S− H
:
[Ca]ASR

[K]ASR
(4) 

To obtain the total amount of ions adsorbed, we assume that the ion 
within the shear plane defined to be at 1.5 ion diameters to the surface 
belong to the surface. The total concentration of the ions adsorbed is 
calculated using Eq. (5). 

[X]solid =

∫ Lζ

0
cX,aq(x) dx (5)  

where [X]solid corresponds to the total amounts of adsorbed Ca or K on C- 
S-H or ASR product in Eqs. (3) and (4) and Lζ is the position of the shear 
plane. 

2.3. Simulation uncertainties and model assumptions 

The models used in this study are based on a number of approxi-
mations and assumptions, which need to be considered while inter-
preting the results. The ions are represented by charged hard spheres 
and the solvent is treated as dielectric continuum. All electrolyte species 
have the identical ion radii. Within this approximation, any ionic species 
carrying the same charge are indistinguishable. For example, OH−

groups and Cl− ions appeared to have identical interaction potential 
with the other species in the system. In principle, ion specific in-
teractions could be incorporated into the model adding dedicated short- 
range interaction potential. These parameters could be tuned either to 
reproduce ions specific structural properties, e.g. distance of closest 
approach or ion-ion pair correlation function, or to reproduce thermo-
dynamic properties of bulk electrolytes. The main aim of this study was, 
however, to discriminate the specific effect of ionic charge and to 
compare the behaviour of the system dominated by Ca and K. For this 
reason, the hard radii were selected for both ions (2.0 Å). This value 
corresponds approximately to the arithmetic mean of the radii for KCl (d 
= 1.63 Å) and CaCl2 (d = 2.38 Å) system derived to reproduce the 
thermodynamic properties of corresponding binary electrolytes [37]. 
Compared to the ion specific parameters, the ones used in our study 
predict weaker interaction for the K-X− and stronger interaction for Ca- 
X− (X− = OH− ,Cl− , ≡SiO− ). Accordingly, it can be expected that the 
corresponding ion specific parameters would predict smaller differences 
between the behaviour of K+ and Ca2+ dominant systems. Thus, the 
simulations reported in this study provide estimate of the maximal effect 
to be expected in K+ and Ca2+ pure and mixed electrolyte systems. 

The use of the dielectric continuum approximation smears out the 
short-range directional interaction between the ions and the solvent 
molecules. Such steric effects could be relevant for the stabilisation of 
specific geometry of the surface adsorbed ions by their coordination 
shell and hydrogen bonding interaction between the hydration shell 
molecule and the HB acceptor on the mineral surface. The specific steric 
interaction of ions with the surface can emerge when the ion dimension 
matches a specific structural topology at the mineral surface. Depending 
on the strength of the ion-solvent and ion-surface interaction, ions form 
either outer- or inner-sphere surface complexes. In the GCMC model 
used in this study, the sorption sites are assumed to have a point size. 
This assumption implies that the contact of closest approach to the 
surface sites corresponds to the inner-sphere surface complexes. 

Another source of uncertainties is the assignment of the intrinsic pKa 
value to the surface silanol sites. Recent ab initio simulations have 
shown that the acidity of silanol groups may depend strongly on the 
local environment [20,38–40]. For C-S-H, the ab initio derived acidities 
of the silanol groups range from 6.15 to 11.83 pK units. The sensitivity of 
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the C-S-H surface charge and its electrokinetic properties with respect to 
the acidity of the silanol groups was investigated by previous studies 
[20]. The GCMC simulations have shown that at pH above 10 (e.g. in the 
range of the C-S-H stability) the predicted properties of C-S-H obtained 
with ab initio derived acidity constants are well comparable with the 
ones obtained assuming that all the surface silanol groups have the same 
acidy equal to the first hydrolysis constant of silicic acid [20]. Earlier 
studies of C-S-H and other silicate minerals with GCMC method further 
confirm that simple models considering only one type of silanol group 
on the surface can successfully reproduce the experimental data 
[19,22,41,42]. The intrinsic acidity of the silanol groups at the ASR 
surface is not known. Without having any better estimate for ASR and 
for the sake of model simplicity we assume that the acidity of the silanol 
group in C-S-H and ASR is the same and equal to pK = 9.8. Despite its 
simplicity, this model was found to reproduce experimental data for C-S- 
H by molecular simulation over a wide range of experimental conditions 
[22]. 

The GCMC model applied in the simulations does not consider the 
dissolution precipitation phenomena, apart from the protonation- 
deprotonation reactions. It is known that the Ca:Si ratio at the C-S-H 
depend on the pH and Ca concentration in the solution [14,15]. 
Considering the tobermorite structure as the reference for C-S-H model, 
the chain of Si-tetrahedra becomes de-polymerised at higher pH. These 
leaching process is not considered in the applied GCMC model. Fortu-
nately, the leaching of Si from the C-S-H surface do not change the 
surface site density of the silanol groups, and can be neglected in the 
simulation of ion adsorption and the surface charge density within the 
applied GCMC model. 

3. Results & discussion 

3.1. Titration/surface charge 

This work aims to compare C-S-H and ASR product in different 
chemical environments. It is known that the presence of Ca2+ in the 
electrolyte solution has the most prominent effect on the electrokinetic 
properties and the surface charge of C-S-H [22]. A first set of simulations 
was conducted in the pure Ca(OH)2 system. The calcium concentrations 
were adjusted by titrating with Ca(OH)2, 5⋅10− 5 to 5⋅10− 2 mol/L, to 
model pH-conditions in the range from 10.0 to 13.0. The possible pre-
cipitation of portlandite at pH 12.5 and above was suppressed in the 
model calculations. The evolution of surface charge density and the 
fraction of deprotonated surface sites as function of pH is shown in 
Fig. 2a. If the fraction of the protonated sites is considered, the advance 
of deprotonation with pH is more efficient on the ASR product surface 
compared to C-S-H. Only 60% of the surface sites on C-S-H are depro-
tonated at pH 11.5, whereas nearly 80% of the sites are deprotonated on 
ASR product at the same conditions. 

The lower deprotonation of the surface sites on C-S-H compared to 
ASR product at a given pH (if expressed as surface site fraction) is related 
to the differences in the surface charge density of the two phases. The 
ability of the surface site to deprotonate is modulated by the electro-
static repulsion among the deprotonated sites. At low surface site den-
sity, the repulsion is less pronounced. Calculations show that for a given 
pH and electrolyte concentration, the fraction of the de-protonated 
surface sites is always higher for the ASR product. This effect is shown 
in Fig. 2b. If the deprotonated surface sites were not interacting elec-
trostatically with each other, the deprotonation would follow the titra-
tion curve of an isolated molecule of silicic acid in solution (pKa1 = 9.8). 
The higher the site density the stronger is the site-site electrostatic 
interaction and accordingly the lower is the increase of the fraction of 
deprotonated sites as a function of pH. 

Alternatively, the steepness of the slope at which absolute surface 
charge density increases in two phases as function of pH can be 
compared. The site density of C-S-H is nearly 2 times larger than that of 
ASR product. Accordingly, the absolute value the surface charge density 

of the C-S-H is always higher compared to the ASR surface. Therefore, 
the titration curve for the surface charge density is substantially steeper 
for ASR, whereas the C-S-H surface charge density is building up more 
slowly. This observation is related to the fact that ASR surface sites are 
less affected by the protonation state of neighbouring sites and the ob-
tained titration curve is closer to the one expected for a molecule of 
silicic acid in solution at infinite dilution. This effect is again underlined 
in Fig. 2b, showing that the titration curves for C-S-H are flatter than the 
ones for the ASR product. 

Similar comparative behaviour of surface charge density and the 
fraction of deprotonated sites in ASR product and C-S-H is observed for 
different compositions of background electrolytes (Fig. 2a). In general, 
the Ca ions are known to promote the deprotonation reaction of ≡SiOH 
groups by strong screening of the charged surface sites as illustrated 
clearly in Fig. 2a, where at pH 10 the fraction of deprotonated surface 
sites increases with the calcium concentration. The simulations per-
formed in 20 mM background CaCl2 solution suggest the most efficient 
build-up of the surface charge for both ASR and C-S-H systems. Thus, 
nearly 90% of the surface sites are deprotonated on ASR product and 
70% of the sites for C-S-H at pH 11.5. 

The titration in 2 mM background CaCl2 solution shows less efficient 
deprotonation than in the 20 mM solution, due to a lower screening of 
the deprotonated surface sites. At pH 11.5, nearly 80% of the surface 
sites on ASR product and 60% of the sites on C-S-H are deprotonated. 

Compared to the Ca rich system, the deprotonation is less efficient in 
the KCl system, in 0.1/0.5 KCl solution 50/70% of the surface sites on 
ASR product are deprotonated at pH 11.5 and only 30/40% on C-S-H. In 
both ASR product and C-S-H systems the surface charge increases qua-
silinear with pH. It is interesting to note that the absolute surface charge 
density in the system with monovalent cations is rather close for both 
ASR product and C-S-H in the entire pH range. This behaviour is clearly 
different to the observation for the Ca dominated electrolytes, where Ca 
has much more influence on deprotonation on C-S-H than on ASR 
product. Such an effect has been described and discussed by Labbez et al. 
in the systematic GCMC study of the electrokinetic properties of surfaces 
as function of surface site density and the electrolyte composition [31]. 

3.2. Cations adsorption 

The diagrams on the left compare cation adsorption in units of 
number of cations per nm2, on the right units of number of adsorbed 
cations per SiOH surface site were used. 

The adsorption of monovalent and divalent ions on ASR and C-S-H 
surface as a function of pH is shown in Fig. 3a. The sorption trends are 
qualitatively different on C-S-H and ASR product. On C-S-H the 
adsorption shows overall a linear trend for monovalent cations as a 
function of pH. The trend is also linear for divalent cations up to pH 12.0 
and then starts to flatten out. In general, the difference between the 
monovalent and divalent cations is not very large in units of #cations 
per nm2 or per surface site (Fig. 3a top). This relatively small difference 
can be translated into a corresponding shift in pH by approximately 0.5 
units. The observed amount of adsorbed ions increases from 0.5 ions/ 
nm2 at pH 10 to nearly 2.7 ions/nm2 at pH 13.0. 

The cation sorption behaviour is distinctly different on ASR product. 
The adsorption of divalent cations such as Ca2+ increases linearly with 
the pH up to pH 11.5. At higher pH values, the sorption of divalent 
cations flattens out at a value slightly above 1.1 cations/nm2. In 
contrast, the adsorption of monovalent cations linearly increases up to 
the pH of about 12.5 and levels off at higher pH. This behaviour is 
explained by the lower surface site density in ASR product and the 
evolution of the surface charge as a function of pH (see Fig. 2a). The 
maximal surface site density and the surface charge on ASR product is 
2.2 charge equivalents/nm2. The sorption levels off for divalent cations 
at ~1.1 sites/nm2; this translates into a charge equivalent concentration 
of 2.2 e/nm2, which is very close to the surface site density on ASR 
product (Fig. 3a bottom). Nearly all surface sites are deprotonated on 
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Fig. 2. a. Fraction of protonated sites (top) and the surface charge density (bottom) as function of pH in C-S-H and ASR product. 
b. Fraction of deprotonated sites for pure Ca systems (left) and pure K systems (right) in comparison with the theoretical titration curve for an isolated Si(OH)4 in 
solution (solid line). Data points are interpolated by a least square regression of a model function (1 + 10a∙pKa− b∙pH)− 1 (dotted lines). The minor discrepancies 
between the model fit and the data points are explained by the model simplicity. 
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ASR surface at pH above 11.5 and the sorption capacity of ASR product 
is consumed. A doubled amount of monovalent cations is necessary to 
compensate the surface charge in the system dominated by monovalent 
ions, i.e. K+. In addition, the surface charge evolution of the surface 
charge Fig. 2a shows that the complete deprotonation of the surface sites 
in the 0.5 M KCl solution is achieved at pH 13.0. 

A maximum cation uptake of 0.5 Ca2+ or ≈0.6 K+ per ≡SiOH surface 
site on C-S-H is calculated at pH 13, which translates into a maximum 
Ca/Sitot of 0.17 and K/Sitot of 0.2, if normalised to all Si groups in C-S-H. 
This calculated alkali uptake agrees well with 0.2 to 0.3 K/Sitot 
measured at 0.1 M KOH solutions [16,17] and also to the measured 
cation exchange in C-S-H [43]. For the ASR product, where 1 ≡ SiOH 
surface site per 4 silica groups is present, a maximum cation uptake of 
0.5 Ca2+ or ≈0.8 K+ per ≡SiOH surface site is obtained, indicating that 
the ASR product can contain more K and Ca than the mineral shlykovite 
(KCa[Si4O9(OH)]⋅3H2O) resulting in compositions in the range of K1.8Ca 

[Si4O9(OH0.2)]⋅3H2O) to KCa1.5[Si4O9(O)]⋅3H2O) or total K/Sitot = 0.25 
to 0.5 and Ca/Sitot = 0.25 to 0.38. In systems where ASR products form 
experimentally, low calcium concentration (0.01 to 1 mM Ca in syn-
thesized lab samples [5,7]) and relatively high K concentration (≈500 
mM) are present, i.e. conditions comparable to the calculation [KCl +
KOH] = 0.5, such that mainly an increase of the alkali content can be 
expected. In fact, (K + Na)/Si in the range of 0.2 to 0.5 and Ca/Si of ≈0.2 
to 0.3 are reported for synthetic ASR products and in field samples 
[4,5,8,11,30]. At higher Ca concentrations, ASR products would be 
destabilised to C-S-H in experiments [5]; this was supressed in the cal-
culations here, to be able to study and compare a more complete range 
of conditions. 

In Fig. 3b (top) the cation adsorption on C-S-H surface is directly 
plotted against the cation adsorption on ASR product to enable direct 
comparison. The left part of the figure shows that for a given pH more 
cations will absorb per unit surface area of C-S-H compared to ASR 

Fig. 3. a. Adsorption of positively charged species on C-S-H and ASR product respectively in units of #cations nm− 2 and #cations/SiOH (top) and in units of charge 
equivalents e nm− 2 and e/SiOH (bottom). 
b. Top: direct comparison of cation adsorption on C-S-H (y-axis) and ASR surface (x-axis). Bottom: ratio of cation adsorption on C-S-H and cation adsorption on ASR 
product as a function of pH. The dotted lines indicate equipartitioning of cations between either phase. 
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product, if both ASR and C-S-H are brought into equilibrium. This is 
because C-S-H has a higher surface charge density than ASR product at 
the same pH conditions; the dotted line shows hypothetical equi-
partitioning. In the diagram on the right the same cation adsorption data 
are normalised by the number of cations per reactive ≡SiOH surface site. 
Again, the dotted line indicates equipartitioning. For a given pH, the 
density of adsorbed cations per silica surface site is higher on ASR 
product compared to C-S-H because the fraction of deprotonated surface 
sites at a given pH is higher on ASR product. Even though the number of 
cations absorbed per surface site is higher on ASR product, the total 
cation adsorption on C-S-H is still larger because the surface site density 
and the surface charge density are higher on C-S-H. This effect becomes 
clearer if we look at the plots of the KCl systems in Fig. 3b (bottom left). 
The ratio of adsorbed cations per nm2 on C-S-H and on ASR product is 
about 1.3 on average in the pure alkali systems. At the same time, there 
are approximately two times more negatively charged surface sites per 
unit area on C-S-H than on ASR product due to the differences in silanol 
density (if we assume all silanol groups to be deprotonated). So in the 
case of C-S-H, the factor of 1.3 times higher cation adsorption per unit 
area divides by a factor of two due to the higher surface site density. This 

leads to a value of ~0.65 for the ratio of adsorbed cations per silanol on 
C-S-H and on ASR product, as can be observed in Fig. 3b (bottom right). 

Fig. 3b (top) also shows that Ca has stronger affinity towards C-S-H 
surfaces compared to K. This effect can be shown even better if we 
consider the ratio of absorbed cations on C-S-H and absorbed cations on 
ASR surfaces as a function of pH (Fig. 3b bottom). This ratio can be 
interpreted as a partition coefficient between the two solids. The higher 
the value, the higher the affinity of cation to C-S-H with relation to ASR 
product. A value greater than 1 means overall preferred adsorption on C- 
S-H. The partition coefficients for Ca are about 30 to 50% higher than for 
K, which underlines the strong affinity of Ca for C-S-H or, in other words, 
the stronger ability of C-S-H for attracting divalent cations vs mono-
valent cations such as K+. 

3.3. Anions adsorption 

The anion adsorption calculated with Eq. (2) is shown in Fig. 4. For 
the system with monovalent cations, K+, the adsorption value for anions 
is negative in the entire pH range, indicating an anion exclusion. The 
corresponding concentration profiles are reported in supplementary 

Fig. 3. (continued). 
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materials. Remarkably, the predicted values of the anion exclusion in 
the presence of K+ for ASR product and C-S-H are very similar and show 
very weak dependency on pH. 

In the presence of Ca2+, a limited anion adsorption on C-S-H is 
predicted at higher Ca2+ concentrations and pH values. In the pure Ca 
(OH)2 system, the calculated anion adsorption is close to zero and turns 
slightly positive at pH above 12.0. The pH dependence of anion 
adsorption in 20 mM CaCl2 system is a bit more complex. On C-S-H the 
excess anion adsorption is positive above 10.5 and increases linearly at 
intermediate pH and changes to decreasing trend above the pH 12.5. 
These calculated trends are in agreement with experimental observa-
tions on C-S-H in the presence of CaCl2, where weak co-sorption of 
monovalent anions has been measured [44]. On ASR product, the anion 
adsorption is slightly negative to close to zero in the range of pH from 
10.0 to 12.5 and decreases prominently above pH 12.5. The observed 
behaviour of ASR product and C-S-H in 2:1 electrolyte is the combined 
result of the anion exclusion at the negatively charged surface and the 
co-adsorption of the monovalent anions with the divalent cations 
covering the mineral surface. The concentration profiles supporting this 
interpretation are provided in supplementary materials. These profiles 
show that in either systems anions are excluded from the first 5 Å (C-S- 
H) and 6 Å (ASR product) to the surface due to the strong electrostatic 
repulsion. We defined ions to be excluded in the range where the local 
density is lower than the bulk concentration. However, a local maximum 
showing an excess of the anion is observed at the distance 7 Å and 8 Å, 
respectively. Smaller exclusion volume at C-S-H surface compared to 
ASR indicates more efficient screening of surface charge by cations. This 
maximum superimposes with the local minimum on the density profiles 
of the Ca ions. 

For the pure Ca(OH)2 system, the calculated anion adsorption in the 
range of pH up to pH = 12.0 is close to zero, for both ASR product and C- 
S-H. At higher pH values, the anion adsorption increases and becomes 
slightly positive. This indicates that a significant amount of anions ac-
cumulates at the interface and compensates for the steric exclusion of 
cations and anions from the surface due to the finite ions size. The 
concentration profiles providing clear indication for the co-adsorption of 
anions are reported in supplementary materials. 

The behaviour of the ASR product in pure Ca(OH)2 and CaCl2 + KOH 
solution becomes qualitatively different above pH 12.5 (Fig. 4). In the 
former system, the value of the anion adsorption is close to zero or 
slightly positive and increases linearly with pH and Ca2+ concentration. 
In equilibrium with 20 mM CaCl2 solution, anion adsorption is close to 
zero up to pH 12.5. At higher pH, the anion adsorption decreases to 
strongly negative values. In 2 mM CaCl2 solution, the decrease in excess 

adsorption starts already at pH 12. The origin of this effect is explained 
by the competing effect of anion exclusion and co-adsorption. It is 
important to realise that the calculated ‘zero’ excess adsorption of an-
ions indicates a weak enrichment of the anions at the interface, which is 
compensating the steric exclusion of anions due to the final ionic size 
and electrostatic anion repulsion of anions from the negatively charged 
surface. This enrichment is controlled by co-adsorption (ion pairing) of 
anions with Ca2+ ions adsorbed on the negatively charged surface. This 
effect is responsible for the steady increase of excess anion adsorption in 
the Ca(OH)2 system, where the Ca concentrations increase with pH. In 
the mixed system (CaCl2 + KOH) the concentration of base (KOH) at 
high pH becomes comparable, or even higher than the concentration of 
the background electrolyte CaCl2. At these conditions, K+ is competing 
with Ca2+ for the sorption sites and causes desorption of Ca2+ from the 
surface (see Fig. 5). Accordingly, the de-sorption of Ca2+ leads to 
decrease of co-adsorbed Cl− ions. It can be concluded that K+-rich or 
highly alkaline solution promote de-sorption of Ca2+ from the ASR 
product surface in general. Such a sorption competition effect is also 
qualitatively present on C-S-H but becomes relevant only at very high 
concentration of monovalent cation or in systems with relatively low Ca 
concentrations (2 mM). Furthermore the de-sorption of Ca2+ from C-S-H 
is energetically less favourable due to the higher surface charge density 
of the C-S-H surface. In fact, experimentally significant replacement of 
Ca2+ sorbed on C-S-H by K+ or Na+ has been observed only at signifi-
cantly higher Na+ and K+ than Ca2+ concentrations [17]; no such 
experimental sorption data are available for ASR product. 

3.4. ζ-Potential 

Finally, we discuss the electrokinetic properties of C-S-H and ASR 
systems. The ζ-potential is calculated as the value of the electrostatic 
potential at the distance to the surface corresponding to 3 ionic radii, 
which can be related to the position of the shear plane [22]. The elec-
trostatic potentials are reported in supplementary material. The overall 
qualitative behaviour of ζ-potential on C-S-H and ASR product has a 
number of similarities (Fig. 6). The ζ-potential is negative and 
decreasing with increasing pH in the system with monovalent electro-
lyte solution. In Ca(OH)2 system the apparent surface charge mono-
tonically increases with pH. The simulations predict the charge reversal 
to occur on ASR and C-S-H surfaces at pH 12.5 and 12.0, respectively, 
due to the accumulation of Ca2+ near the surface. In the 20 mM CaCl2 
system the C-S-H has positive potential in the range of pH from 11.0 to 
12.8, whereas ASR product is slightly negative nearly in the entire pH 
domain studied, illustrating again the lower affinity of Ca to ASR 

Fig. 4. Adsorption of negatively charged species on C-S-H and ASR product respectively. Negative values indicate anion exclusion from the surface.  
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product. In 2 mM CaCl2 system, the potential is negative for all 
considered pH values on both C-S-H and ASR product, with a local 
maximum at pH 12.5. 

In KCl systems, the behaviour of both ASR product and C-S-H is 
qualitatively similar. Both systems are expected to have more negative 
ζ-potential at higher pH values due to the progressive de-protonation of 
the ≡SiOH groups. At higher ionic strength (0.5 M KCl), less negative 
values of the ζ-potential are calculated. The charge reversal in the 
presence of higher calcium concentrations as well as the decrease of zeta 

potential with increasing pH agrees with experimental and simulated 
zeta potential of C-S-H as detailed in [16,19,22,45]. For ASR product no 
experimentally determined zeta potential data have been reported in the 
literature so far. 

4. Conclusions 

In this work, we apply the primitive model of electrolyte to study 
titration and sorption behaviour of ASR product in Ca2+ and K+-rich 
electrolytes and compare the simulation results with the behaviour of 
the most common cement phase, C-S-H. Both, C-S-H and ASR products 
have a negatively charged surface and thus preferentially adsorb cations 
at their surface; their surface charges become more negative at higher 
pH values due to the deprotonation of the ≡SiOH surface sites. The 
comparative study of C-S-H and ASR product shows that differences in 
the surface sites protonation state, evolution of surface charge and the 
ion adsorption as function of pH is largely determined by the distinct 
surface site densities in both phases. The density of the titratable ≡SiOH 
surface sites on C-S-H is nearly two times larger than that of ASR 
product. Accordingly, the highest expected surface charge of the C-S-H 
surface (e.g. 100% deprotonation of surface sites) is two times the 
maximum surface charge density expected for ASR product. Since the 
ion adsorption is primary driven by electrostatic interaction of ions with 
the charged surface sites, the C-S-H has higher sorption capacity than 
ASR product. At equilibrium with the same electrolyte solution C-S-H 
adsorbs more cations and anions per unit of surface area than ASR 
product. 

The higher surface site density of C-S-H leads to stronger electrostatic 
site-site interactions [22] such that deprotonation is shifted to a higher 
pH value. Thus 90% deprotonation of ASR product and C-S-H in a pure 
Ca(OH)2 electrolyte is achieved at pH 11.7 and 12.3, respectively. 
Divalent cations (e.g. Ca2+) have a stronger ability to promote the 
deprotonation of the surface sites and higher affinity to the surface than 
monovalent cations such as K+. Monovalent cations can compete with 
the divalent ones for the sorption sites, if present in excess and if nearly 
all surface sites are in deprotonated state. Ca2+ ions can be desorbed 
from ASR product at highly alkaline conditions more easily than from C- 
S-H because ASR product has lower surface charge density. It is worth 
emphasis that in both systems the competition becomes significant first 
at the condition corresponding to nearly complete deprotonation of 

Fig. 5. Comparative sorption behaviour of Ca and K in C-S-H and ASR product as a function of pH controlled by the addition of KOH. For each system, “Ca + K” 
adsorbed and “Ca” are plotted. Amount of “K” adsorbed is the difference between “Ca + K” and “Ca” curves for each system. 

Fig. 6. Evolution of ζ-potential in C-S-H and ASR product as a function of pH in 
different electrolytes. 
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surface sites, which onset takes place in ASR product at lower pH con-
ditions. This also emphasises the dominance of divalent cation in con-
trolling the deprotonation reactions on the surface. The calculated Ca/K 
partition coefficient (Fig. 7) shows that K+ has a higher affinity to ASR 
product while Ca2+ has a higher affinity to C-S-H. At low pH condition 
up to pH 11.0–11.5, the preferential partitioning of Ca to C-S-H and K to 
ASR is independent of pH. At higher pH the preferential partitioning of 
Ca to C-S-H and K to ASR linearly increases with pH. 

This study has also shown that shlykovite, our proxy for ASR prod-
ucts, can be expected to bind K+ and Ca2+, in addition to the K and Ca in 
its main layer, leading to solid phase compositions in the range of K1.8Ca 
[Si4O9(OH0.2)]⋅3H2O) to KCa1.5[Si4O9(O)]⋅3H2O) or total K/Sitot = 0.25 
to 0.5 and Ca/Sitot = 0.25 to 0.38, which corresponds to the variations in 
the alkali content observed for synthesized ASR products and observed 
in field samples [10]. 

The sorption of Ca2+ at the surface can result in a charge reversal at 
the surface [22]. The co-adsorption of anions (e.g. Cl− ) is thus controlled 
by the uptake of Ca2+ ions on the surface of both phases. Since C-S-H has 
a higher Ca2+ uptake capability and a higher affinity for Ca2+, larger 
quantities of Cl are co-adsorbed on C-S-H than on ASR product. 

The model used in this study suggests that the ζ-potential of the ASR 
product remains weakly negative at the most relevant conditions. A 
close to zero value of ζ-potential is predicted for the system in equilib-
rium with 20 mM CaCl2 in a wide range of pH. Modelling also predicts a 
possibility of charge reversal in ASR product-Ca(OH)2 system at pH 
above 12.5. Note that ASR product is expected to be less stable than C-S- 
H at high Ca concentrations [5]. For comparison, C-S-H is expected to 
have positive surface charge in the 20 mM CaCl2 and undergoes charge 
reversal in Ca(OH)2 at pH 11.8. 

The compensation of the negative surface charge of C-S-H by the 
uptake of K+ on C-S-H lowers significantly the alkali concentrations and 
thus the pH values in the surrounding solutions [44]. Lower pH values 
and alkali concentration are known to slow down or even prevent the 
formation of deleterious ASR products. Similarly the uptake of K+ (and 
Na+) by ASR products can lower the alkali concentrations and is thus 
expected to slow down the rate of ASR. Another important effect is the 
possible replacement of alkalis sorbed on the surface of C-S-H or ASR 
product by bivalent cations such as Ca2+, which then releases the alkali 
back into the pore solution, where they re-participate in ASR over long 
time periods. The present study shows that C-S-H has a higher tendency 
to replace K+ on its surface by Ca2+ than ASR product, such the alkali 
recycling will be more important for C-S-H than for ASR product. 
However, more significant than the replacement of surface bound K+ or 
Na+ by Ca2+ is the destabilisation of ASR product to C-S-H in the pres-
ence of high calcium concentrations as discussed in more detail in [5]. 
Such a destabilisation of ASR product will lead to the release of all al-
kalis bound and to higher KOH (and NaOH) concentrations in the so-
lution, which can contribute again to the dissolution of aggregates and 
the formation of additional ASR products within the aggregates where 
little Ca is present. 

The K+ ions' affinity to ASR products indicates that such ASR prod-
ucts act as scavengers for alkalis and that their formation lowers the 
aqueous alkali concentrations and thus pH values in the pore solution 
and within the aggregate. 
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